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This dissertation includes molecular and phytochemical investigations of the 

harmful, bloom-forming alga, Prymnesium parvum, including analysis of known 

polyketide metabolites as a function of salinity and growth.  Initially, the development of 

molecular and phytochemical tools was necessary for the detection and quantification of 

P. parvum and its associated toxins.  Suites of oligonucleotides and molecular beacons 

were designed for conventional and quantitative multiplex PCR to amplify four species- 

and gene-specific products simultaneously that were used for the detection and 

quantitation of P. parvum.  This built-in redundancy provided increased confidence in 

reactions with the positive confirmation of four discrete products.  Techniques were also 

developed for the chemical enrichment of toxins produced by P. parvum.  Until now, 

isolation of “prymnesins” has never been reproduced.  Polyketide prymnesins possess 

unique spectral properties that were used to generate an LC-MS fingerprint that 

comprised 13 ion species.  Preliminary investigations using chemifluorimetric methods 

were also capable of detecting prymnesins in the pico- and nano-molar range.  
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Environmental samples were tested as an independent assessment of these methods.  

Lastly, the roles of polyketide prymnesins were analyzed with respect to total hemolytic 

activity (HA) as a function of culture age and salinity.  Variation in HA of supernatants 

was statistically significant relative to both variables (p << 0.05).  Salinity was inversely 

related to HA wherein cultures growing in 5-25 psu were 150-200% more hemolytic.  

Total HA was inversely related to culture age during the first three weeks, but positively 

related to it during the next three weeks.  Interestingly, no hemolysis was detected in 

fractions containing prymnesins from culture supernatants and the majority of hemolysins 

remained in the aqueous phase.  Prymnesins extracted from cells varied significantly over 

the 6-week observation period (p << 0.05); HA was positively correlated during the first 

half and inversely related during the last half of the study.  Salinity was directly related to 

HA from cell extracts, but these effects were not significantly different until the last three 

weeks.  These investigations suggest that polyketide prymnesins are present at much 

lower quantities than previously believed, and they may not be the key compounds 

associated with hemolysis due to P. parvum. 
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Chapter 1:  Prymnesins - toxic metabolites of the golden alga, 
Prymnesium parvum Carter (Haptophyta) 

1.1 Introduction 

Several species of Prymnesium Massart are known to synthesize noxious 

chemicals as measured by their effects on erythrocytes and gill-breathing organisms 

(Table 1.1).  This organism is especially notorious for seasonal harmful algal blooms 

(HAB) wherein cell densities increase rapidly with the accompanying presence of potent 

ichthyotoxins (Reich and Aschner 1947, Edvardsen and Paasche 1998).  Persistent HAB 

involving Prymnesium can seriously threaten local wildlife, resulting in tremendous 

losses to the ecology and the economy of the affected regions (Hallegraeff 1993, 

Moestrup 1994).  Due to the breadth of its distribution and the frequency of toxic events, 

the majority of studies have implicated P. parvum and P. parvum f. patelliferum, which 

appear to be conspecific and may well represent alternate stages in a haploid-diploid life 

cycle (Larsen 1999).  The toxic principles of P. parvum f. patelliferum are similar in their 

effects and it is possible that they may be identical, or at least closely-related, compounds  
 

Table 1.1  Species of Prymnesium documented as toxic to aquatic life.  Adapted from 
(Ulitzur and Shilo 1966, Moestrup 1994, Edvardsen and Paasche 1998, 
Houdan et al. 2004), and others. 

Species Source 
Prymnesium parvum (from Moestrup 1994, Edvardsen and Paasche 1998) 
P. parvum f. patelliferum (Larsen et al. 1993) 
P. calathiferum (Chang and Ryan 1985) 
P. faveolatum (Fresnel et al. 2001) 
P. saltans (Conrad 1941, Fresnel et al. 2001, Kell and Noack 1991*) 
P. zebrinum (Fresnel et al. 2001) 
*Organism described with one fish kill may have actually been P. parvum (Moestrup 1994). 
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to those we review here (Larsen et al. 1993, Meldahl and Fonnum 1993).  The present 

review focuses on the toxic principles isolated from P. parvum, with exceptions noted. 

 

 

Figure 1.1  Light micrograph of two P. parvum cells (UTEX 2797).  The haptonema 
(arrow) is shown projecting between the two flagella in the upper cell. 

 

P. parvum is unicellular, ranging in size from 8-15 µm in length by 4-10 µm wide 

and having two flagella of roughly equal length positioned at the anterior end (Figure 1.1) 

(Manton and Leedale 1963, Green et al. 1982, Green and Hori 1994).  These oblong cells 

possess two prominent ochre-colored chloroplasts positioned on either side of a centrally-

located nucleus.  Plastids of these golden (chromist) algae contain chlorophylls-a, -c, and 

an abundance of carotenoids (Bjørnland and Liaaen-Jensen 1989, Jeffrey and Wright 

1994, Yoon et al. 2002).  A threadlike organelle, the haptonema, projects between the 

flagella and this structure is a unifying characteristic of the phylum (Parke et al. 1955).  

This structure can vary greatly in length and in function between species; it is very short 

and non-coiling in P. parvum (Manton and Leedale 1963).  Proposed uses for the 

haptonema include it being a sensory device, which is used to attach to substrates or to 

capture and aggregate prey (Inouye and Kawachi 1994, McLaughlin 1958).  The 

haptonema is secretory in species of the related Chrysochromulina where glycolipid 
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compounds are released from a region at the base of the organelle (Inouye and Kawachi 

1994).  Structurally, the haptonema of P. parvum closely resemble those of 

Chrysochromulina, but the secretory attributes have not been demonstrated to our 

knowledge. 

P. parvum was first identified by Liebert and Deerns (1920) in association with a 

bloom event in Denmark that reported diseased and dying fish.  This alga was later 

confirmed with another toxic bloom (Otterstrøm and Steemann-Nielsen 1940).  However, 

one report suggested that P. parvum may have been responsible for earlier fish kills in the 

Baltic Sea during the late 1800’s (Strodtmann 1898).  This alga has since been 

extensively documented as being associated with seasonal toxic blooms and mass 

mortality events in aquaculture ponds and in native populations of gill-breathing animals.  

Recurring HAB of P. parvum are a nuisance on several continents (Figure 1.2).  

 

 

Figure 1.2  Global distribution of P. parvum by country where reported.  Most blooms 
occur in temperate and subtropical zones.  Adapted from (Moestrup 1994, 
Edvardsen and Paasche 1998, Watson 2001), and others. 
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The majority of recorded blooms tend to be isolated to cooler waters located in 

the subtropic and temperate zones between the Tropic of Cancer and Arctic Circle and 

between the Tropic of Capricorn and Antarctic Circle.  HAB of P. parvum often form in 

brackish estuarine waters, but a large number of blooms are known to occur in mainland 

fresh water reservoirs (Dickson and Kirst 1987, Guo et al. 1996).  It is believed that this 

organism is principally of marine origin (Nicholls 2003).  Although reports of P. parvum-

related fish kills in freshwater reservoirs are growing in number, how this marine 

organism “invaded” freshwater reservoirs is presently unknown.  Proposed vectors of 

transfer include contaminated bilge water, bird guano and encystment (Green et al. 1982, 

Hallegraeff 1993). 

 

1.2 Prymnesins 

Toxin-based investigations with P. parvum and other toxic prymnesiophytes have 

been ongoing for 90 years, and there are several reviews available (e.g., Edvardson and 

Paasche 1998, Watson 2001).  However, a major synthesis of the literature on prymnesins 

themselves has not been conducted in 25 years (Shilo 1971, Paster 1973, Shilo 1981).  

Since last reviewed, two of these compounds have been isolated and chemically 

characterized (Igarashi et al. 1996, 1999, Sasaki et al. 2001, 2004), and recent 

phytochemical work indicates the existence of other toxic metabolites from this alga that 

are under study in various laboratories (Ulitzur and Shilo 1970a, Paster 1968, others).  

Also, we now know much more about the ecology, molecular biology, and secondary 

metabolism of this alga that warrant further consideration in this context (Larsen and 

Bryant 1998, La Claire 2006, Baker et al. 2007, Roelke et al. 2007).  Surprisingly little is 
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yet known regarding the molecular mechanisms of prymnesin synthesis, the mode of its 

transport, or the biological relevance of toxin production in this alga. 

 

1.2.1 Isolation and Characterization of Prymnesins 

The actual number of different substances that comprise the “prymnesins” is not 

presently known, but their broad range of biological activities support the notion that 

extracts from cells and from cell-free supernatants are composed of a complex and 

diverse mixture of toxic metabolites (Carter 1937, Yariv and Hestrin 1961, Shilo 1971, 

Paster 1973, Reich et al. 1965, Shilo and Rosenberger 1960, Yariv 1958).  For example, 

Ulitzur and Shilo (1970b) isolated 6 hemolytic fractions that were potentially chemically 

distinct from a hemolysin extracted by Kozakai et al. (1982) and the toxic compound 

isolated by Paster (1968).  Discrepancies between published investigations are likely due 

to the techniques used for the extraction of prymnesins, resulting in the isolation of 

unique sets of compounds that separate differently based on their affinity for different 

solvent(s).  Therefore, caution must be exercised when interpreting data and comparing 

studies.  Variations in toxicity reported for different extracts may well be attributed to the 

extraction methods resulting in extracts containing only a subset of all the possible toxic 

substances and activities. 

Prymnesins have been characterized as glycolipids, galactolipids, proteolipids and 

lipid-carbohydrate compounds (Paster 1968, 1973, Moran and Ilani 1974, Ulitzur and 

Shilo 1970b, Kozakai et al. 1982).  Crude extractions have been performed with both 

whole cells and culture filtrates of P. parvum and many different approaches have been 

taken to separate the toxic principles.  All of these methods are founded on the 

differential extraction of prymnesins using an organic mobile phase (Yariv 1958, Paster 
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1973).  As a rule, the toxic fractions have been found to be the most soluble in polar 

organic solvents, and they demonstrate low affinity (and extremely low solubility) in 

highly non-polar organics.  Toxins can be extracted, albeit very slowly, from cells using 

aqueous solutions; however, extracts from cells are greater than three times more 

concentrated when extracted with an organic solvent (Paster 1973).  Shilo and 

Rosenberger (1960) reported that prymnesins were not retained by either anion or cation 

exchange resins.  However, Yariv and Hestrin (1961) were able to obtain a concentrated 

sample of prymnesins by passing culture filtrates over precipitated Mg(OH)2, which 

suggests that some prymnesins demonstrate an affinity for this basic adsorbant material. 

Regarding the extraction of prymnesins from whole cells, cells are typically 

washed several times with cold acetone (Shilo and Rosenberger 1960, Paster 1968, 

Ulitzur and Shilo 1970b, Igarashi et al. 1996, 1999).  Shilo and Rosenberger (1960) 

found that prymnesins are not soluble in acetone, which makes this an ideal organic 

solvent to eliminate interfering compounds including chlorophylls and accessory 

pigments.  Afterwards, polar organics such as methanol, ethanol and/or n-propanol are 

usually employed to extract prymnesins from the cell remains (Dafni and Shilo 1966, 

Shilo and Rosenberger 1960, Paster 1968, Igarashi et al. 1996, 1999).  In some cases, 

multiple rounds of precipitation (e.g., using diethyl ether) are utilized to separate the toxic 

fractions; further purification of the target compounds can be achieved using column 

chromatography and/or additional rounds of partitioning between biphasic solvents (e.g., 

n-butanol) (Paster 1968, 1973).  Prymnesin extracts have also been prepared from whole 

algal cell suspensions by liquid-liquid chromatography using a CHCl3:MeOH phase 

system, wherein the toxins are extracted into the lower phase that consists of a suspension 

of CHCl3/MeOH (Ulitzur and Shilo 1970b, Meldahl et al. 1995, Lindholm et al. 1999).  It 

is reported that prymnesins are most stable when they are stored at cooler temperatures as 
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a dry powder; similarly, these extracts are more soluble in organic solvents than in water, 

and are less labile under acidic conditions near pH 5 (Paster 1973, Kvernstuen 1993). 

It wasn’t until the mid-1990’s that we had the first glimpse of what two of these 

compounds actually look like.  Prymnesin-1 (prym1) and prymnesin-2 (prym2) were 

meticulously isolated from whole algal cells by a group in Japan and these were the first 

toxic metabolites to be chemically characterized from any isolate of P. parvum using 

modern analytical methods (Figure 1.3) (Igarashi et. al 1996, 1999).  Purified prym1 and 

prym2 were shown to be potent polyketides with ichthyotoxic and hemolytic activities 

when present at nanomolar concentrations (ibid.).  Prym1 and prym2 are ladder-like, 

polycyclic ethers that posses several noteworthy features.  These complex compounds are 

remarkable in that they have double and triple carbon-carbon bonds in the unsaturated 

head and tail regions, an amino group, several chlorines, four 1,6-dioxadecalin units, and 

an assortment of sugar moieties (ibid.).  Structurally, prym1 and prym2 are homologous 

compounds with a common head and backbone: they differ only in the number and in the 

type of sugars in the tail region, with prym2 containing a rare L-xylose. Prym1 was 

shown to be slightly more polar (due to the additional sugar residues) and it elutes ahead 

of prym2 in reversed-phase C18 chromatography (ibid.). 

The structural elucidation of prym1 and prym2 has been especially challenging 

due to their poor solubility in the deuterated organic solvents used with analytical 

methods such as proton nuclear magnetic resonance (NMR).  However, chemical 

derivatives (e.g., N-acetylation) did demonstrate improved solubility and also provided a 

quantifiable shift in the mass/charge (m/z) for negative ion fast atom bombardment-mass 

spectrometry (FAB-MS) spectra (Igarashi et al. 1999).  However, chemical structures that 

have been elucidated from spectral analyses are often inaccurate and reassignments are 

common due to the complexity of many secondary metabolites (Usami 2009).  The 
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Figure 1.3  Structures of prym1 and prym2 (inset).  Synthesis studies have confirmed 
the absolute conformation of the ring series A-K and the sinistral (S) chiral 
centers at carbons 14 and 85.  Reproduced with minor modifications with 
permission from Sasaki et al. (2004), Organic Letters 6, 1501-1504; 
originally published by the American Chemical Society. 

 

backbone of prym1, comprised of rings A-N, were characterized using a computational 

approach (Glendenning et al. 1996).  Partial (in some cases, total) synthesis of 

compounds is also useful to reproduce structures and to determine the correct 

conformations.  Recently, investigators have synthesized truncated ring models of prym1 

and prym2.  This work has led to the verification of the HI/JK rings, the conformation of 

the chiral centers at C14 and C85, and the reassignment of the juncture between rings E-F 

(Figure 1.3) (Sasaki et al. 2001, 2004).  

 

1.2.2 Putative Synthesis of the Polyketides, prym1 and prym2 

Very little is known about the synthesis of prymnesins in vivo.  However, it is 

very likely that prym1 and prym2 are derived from acetate-related metabolism based on 

what we know about their structures.  In other organisms, the acetate pathway is 

responsible for the generation of fatty acids, as well as numerous secondary products that 
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include polyketides and non-ribosomal peptides (Figure 1.4) (Cane and Walsh 1999, 

Mann 2001).  Both primary and secondary metabolites synthesized in this pathway utilize 

2-, 3-, and 4-carbon basic skeletal types coupled to coenzyme-A (CoA) (Mann 2001, 

Baerson and Rimando 2005).  Subunits are subsequently combined by successive 

decarboxylative condensations resulting in chain elongation. 

 

 

Figure 1.4 The acetate pathway is responsible for the synthesis of primary and 
secondary metabolites including fatty acids, polyketides and non-ribosomal 
peptides.  Adapted from Mann (2001), with permission from Oxford 
University Press. 

The biosynthesis of polyketides has many features in common with fatty acid 

synthesis and it uses similar, perhaps some of the same, enzymatic domains.  Cane and 

Walsh (1999) described polyketide synthase (PKS) as a modular “megaprotein” 

possessing a core catalytic domain and auxiliary (carrier) domains.  The core domain 

contains the ketosynthase (KS), acyltransferase (AT) and the acyl carrier protein (ACP) - 

to which the growing polyketide molecule is tethered via an acyl-S-enzyme of the 20Å 

long phosphopantetheine arm.  The AT domain catalyzes priming of the donor ACP with 

monomers, and the carbon-carbon bond-forming step is performed by the KS domain.  

The auxiliary domains encode for ketoreductase (KR), dehydratase (DH), and enoyl 

reductase (ER). The growing polyketide is handed over from one reactive thiol group to 

the next by transacetylation reactions.  This process is repeated until the ultimate chain 
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length has been achieved, whereupon thioesterase (TE) facilitates the removal of the 

polyketide by hydrolysis at the distal end of the pantetheine prosthetic group.   The 

individual enzymes function to modify the elongating molecule before adding the next 

subunit. Chain elongation ceases when all of the “programmed” subunits are 

incorporated, resulting in a single-chain carbon backbone. Some PKSs also contain 

enzymes for cyclization (CYC) in addition to other secondary modifications (e.g., 

methylation) (Mann 2001, Baerson and Rimando 2005).  Note that cyclization may occur 

either prior to or after the release of the polyketide from TE.  

A minimal PKS operon contains only the gene for KS, whereas diverse PKSs may 

contain all, parts or none of the respective domain sequences (Hopwood and Kholsa 

1992, Baerson and Rimondo 2005).  Structurally, prym1 and prym2 resemble other 

heterocyclic algal toxins produced by Type I PKSs, such as okadaic acid produced by 

marine diatoms, and brevetoxin and maitotoxin synthesized by the dinoflagellates 

Karenia brevis and Gambierdiscus toxicus, respectively (Shimizu 1996, Murata and 

Yasumoto 2000).  These polyether polyketides are non-aromatic, which is characteristic 

of the Type I modular (non-iterative) PKSs found in bacteria, fungi, animals and some 

monocotyledonous plants.  There is still some debate as to whether PKS associated with 

dinoflagellates is actually of bacterial origin (Doucette 1995); in fact, the Type I PKS 

genes attributed to Prorocentrum have been isolated from associated bacteria 

(Roseobacter) (Perez et al. 2008).  Nevertheless, Type I PKS genes were recently isolated 

and sequenced from axenic cultures of P. parvum (La Claire 2006) and the related 

haptophyte Emiliania huxleyi (Haptophyta) (John et al. 2008), as well as from the green 

alga Chlamydomonas reinhardtii (Chlorophyta) (ibid.). 

In general, Type I PKS genes encode multiple catalytic domains organized into 

modules and each complete subunit may be composed of 2 or more modules (Figure 1.5) 
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(Perez et al. 2008).  Each module contains all functional domains required for exactly one 

round of chain extension and modification.  The complexity and diversity among 

polyketides and PKSs are a result of mutation, multiple gene duplications, deletions, and 

horizontal gene transfer (Baerson and Rimando 2005).  It is postulated by the author that 

these modules might also potentially operate independently of one another in P. parvum 

to generate a diverse array of smaller, yet related polyether molecules, as was 

demonstrated in mutational analyses using a bacterial PKS (Tsantrizos and Yang 2000). 
 

 

 

Figure 1.5 Organization of a putative gene cluster encoding a Type I PKS subunit.  The 
programming of complex polyketides is achieved by discrete modules 
containing multiple catalytic domains.  Adapted from (Hopwood and Kholsa 
1992, Tsantrizos and Yang 2000, Baerson and Rimando 2005). 

 

Type I PKS enzymes are analogous to the Type I FAS, and polyketide elongation 

is performed on an enzymatic framework prearranged into open reading frame modules 

encoding the mulitmeric protein complex (Figure 1.6).  Because of this, it is likely that 

polyketide synthesis occurs in the stroma of plastids, which is known to be the case for 

FAS in green algae (Guschina and Harwood 2006).  It should be noted that these 

mechanisms have not yet been elucidated for P. parvum.  Glycosylation is a common 

modification of secondary metabolites, and this might be a mechanism for tagging prym1 

and prym2 for transport.  This process changes the physical and chemical properties of 

the compounds, their bioactivity and their subcellular localization (Vogt 2000).  Post-
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synthesis modifications (such as glycosylation) probably occur at the Golgi apparatus or 

endoplasmic reticulum, where many different molecules are tagged and packaged for 

transport (Vaistij et al. 2009).  More information regarding subcellular location of 

polyketide synthesis, storage and transport would be of great importance in determining 

the biological significance of prymnesins to the alga (see later). 
  

 

 
 

Figure 1.6 Type I PKS is a modular multiprotein complex.  In this example, subunits 
are added successively by chain elongation tethered to an enzymatic 
framework.  After the ultimate chain length is obtained, the polyketide is 
released, whereupon it undergoes secondary transformation, such as 
cyclization.  Reproduced with minor modifications from Recent Advances 
in Phytochemisty: Evolution of Metabolic Pathways, Vol. 34, Tsantrizos 
and Yang (2000), Macrolide and Polyether Polyketides: Biosynthesis and 
Molecular Diversity, pp 91-108, Copyright (2000), with permission from 
Elsevier. 
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Until recently, there were very few gene sequences available for P. parvum.  An 

expressed sequence tag analysis of P. parvum identified a number of gene products that 

may be involved with acetate metabolism and polyketide synthesis (La Claire 2006).  

Interestingly, these transcripts have a high sequence similarity to bacterial Type I PKS 

genes.  More specifically, individual Type I PKS genes in P. parvum have their 

nucleotide sequence identities most similar to Roseovarius (a bacterium) and Nostoc (a 

cyanobacterium), and one PKS subunit is most closely related to that of a eukaryotic 

stramenopile (ibid.).  In addition, there are at least 43 different unique genes whose 

products have been classified as being involved with secondary metabolite synthesis, 

catabolism and transport, including ACP synthase, oligoketide cyclase, and DH that are 

potentially relevant to polyketide synthesis.  Another 40 unigenes are classified as 

encoding proteins involved with lipid synthesis and transport, which could also have 

parallel roles in the manufacture of polyketides.  Finally, there are a number of genes 

expressing vesicle transport-related proteins.  Interestingly, the most abundantly 

expressed gene transcripts have no known sequence homology (ibid.).  More work is 

needed in this area to determine which of these genes’ products directly participate in the 

synthesis or transport of prym1, prym2 and other toxic metabolites of P. parvum. 

The vitamins thiamine (B1) and cobalamin (B12) are required in culture media and 

are considered essential for the growth of most known P. parvum strains (McLaughlin 

1958, Paster 1973).  Several genes have been elucidated whose products are related to 

thiamine and cobalamin metabolism (La Claire 2006).  On the other hand, biotin (B7) and 

pantothenate (B5) have not been shown to be essential for growth, yet both vitamins are 

prosthetic groups essential to the synthesis of primary and secondary metabolites.  

Acetyl-CoA carboxylase is a biotin-dependent enzyme in the acetate pathway and an 

essential component in the synthesis of fatty acids and polyketides.  Similarly, 
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pantothenate is required for the production of CoA, and in turn ACP.  EST analyses 

indicate that P. parvum may possess several genes encoding enzymes involved in these 

B-vitamin synthetic pathways, and it is therefore likely that P. parvum is able to 

synthesize biotin and pantothenic acid de novo (ibid.). 

 

1.3 Modes of Prymnesin Toxicity 

Prymnesin extracts are reported to have saponin-like properties that are 

responsible for a host of deleterious effects including cytotoxicity, neurotoxicity, 

hemolysis, and ichthyotoxicity (Yariv and Hestrin 1961, Shilo 1971, Shilo 1981).  This 

broad spectrum of activities is owed in part to their amphipathic and ionophoretic 

properties (Ulitzur 1973).  Structurally, prym1 and prym2 are detergent-like compounds 

possessing both polar and non-polar ends.  It should be noted that most toxicity studies 

have tested crude extracts, which contain toxic fractions as well as other substances.  

Therefore it is difficult to determine which compound(s) is (are) accountable for any 

individual biological effect. 

Cytotoxicity in the presence of prymnesins is described as possessing two distinct 

stages.  The first response to exposure is cell swelling, which can be measured by the 

uptake of Trypan Blue dye; the second phase is death/lysis (Dafni and Shilo 1966).  Cell 

swelling and lysis can take less than an hour or may take several hours depending on 

temperature and pH.  Elevated pH and temperatures were found to be concomitant with 

an increase in cell lysis; however, this process could be halted by reversing the culturing 

conditions (ibid.).  Based on observations with bacteria and membrane preparations, it 

has been proposed that prymnesins interact directly with specific components of the 

plasma membrane (e.g., membrane sterols) (Paster 1973, Imai and Inoue 1974).  It is 
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believed that prymnesins form micelles in aqueous solutions (due to their detergent-like 

properties) and that these aggregates assemble within the plasma membrane of exposed 

cells to form negatively-charged pores that are permselective to cations (Yariv and 

Hestrin 1961, Moran and Ilani 1974).  Moreover, the prymnesins have been shown to 

increase membrane conductance, which can be measured as a fluctuation in 

transmembrane ion concentrations (Moran and Ilani 1974, Moran et al. 1975).  

Prymnesin toxicity is known to be dose-dependent and it responds in a linear manner 

when analyzing log prymnesin concentration vs. log membrane conductance. 

Prymnesin extracts also possess potent neurological toxicity where it is thought 

that they interfere with the re-uptake of neurotransmitters at the post-neuronal synapse.  

Parnas and Abbott (1965) demonstrated that this mechanism is carried out at the 

myoneural junction, where prymnesins inhibit acetylcholine and interfere with calcium 

signaling.  Shilo (1967) reported that an intravenous injection of prymnesins stops heart 

muscle by rapid depolarization and by altering the membrane permeability to calcium 

ions.  In another study, an injection of prymnesin evoked muscle contractions, which was 

followed by the reversal of the acetylcholine-induced contractions and paralysis (Paster 

1973, Meldahl et al. 1996).  An intravenous injection of prymnesins resulted in a sudden 

drop in blood pressure and respiratory arrest (Parnas et al. 1963).  Meldahl and Fonnum 

(1993, 1995) discovered that prymnesins from P. parvum f. patelliferum inhibit the 

sodium-dependent uptake of L-glutamate and γ-aminobutyric acid, and they enhance the 

calcium-dependent release of acetylcholine.  In accordance, Mariussen et al. (2005) 

found that prymnesins were responsible for the calcium-dependent release of glutamine 

at brain synaptosomes. 
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Prymnesins are also renowned for their potent erythrolytic capacity and prym1 

and prym2 are reported to be 5,000 times more hemolytic than a plant-based saponin 

(Padilla et al. 1973, Binford et al. 1973, Meldahl et al. 1994, Murata and Yasumoto 

2000).  Crude prymnesin extracts can be isolated from either culture supernatants or cells, 

however cellular extracts exhibit a higher degree of hemolytic activity (Yariv 1958, Yariv 

and Hestrin 1961).  Prymnesins isolated from culture media yielded approximately 6700 

hemolytic units (H.U.) per mg; by comparison, there was nearly six times this 

concentration found in cells, representing roughly 40,000 H.U. per mg (Paster 1973). 

The ichthyotoxic effects of prymnesins are by far the most noticeable, due to the 

frequency of blooms and distress caused by extensive fish kills.  Many species of fish are 

documented as being sensitive to these compounds, as well as many amphibians, 

mollusks and crustaceans (Shilo 1981).  Prymnesins are noted as being especially lethal 

to gill-breathing organisms and they can be fatal at nanomolar concentrations (Shilo 

1967, Meldahl et al. 1994, 1995, Hallegraeff 1993).  After Gambusia were treated with 

prymnesins in addition to co-factors, their gills became darkly-stained with Trypan Blue 

within 5 min (Ulitzur and Shilo 1966).  Interestingly, Shilo and Aschner (1953) found 

that tadpoles (Bufo) were resistant to the effects of prymnesins shortly after 

metamorphosis, indicating that prymnesins affected tadpoles during the gill-breathing 

stage only. 

Exogenous prymnesins are not documented as being harmful to mammals or 

mature, lung-breathing amphibians (Paster 1973); toxic waters mistakenly used for 

irrigation and rinsing vegetables had no deleterious effects (Lindholm et al. 1999). 
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1.4 Variables affecting the Presence and Toxicity of Prymnesins 

The presence of prymnesins differs with nutrient availability, salinity, light, 

temperature, pH, as well as growth stage of the alga (Yariv and Hestrin 1961, Rahat and 

Jahn 1965, Paster 1968, Shilo 1971, Dafni et al. 1972, Hallegraeff 1993, Kvernstuen 

1993, Larsen et al. 1993, Baker et al. 2007).  Moreover, it has been demonstrated that 

actual prymnesin toxicity varies in dynamic physical and chemical conditions (Shilo and 

Rosenberger 1960, Guo et al. 1996).  This is not unusual with toxin-producing 

microalgae.  It is well known that growth conditions greatly affect the synthesis of 

secondary metabolites, and these compounds often increase in the presence of limiting 

conditions (Demain 1992, Plumley 1997).  Interestingly, the intensity and range of 

noxious effects are also dependent on the activation of prymnesins in the presence of 

specific co-factors  (Ulitzur and Shilo 1964, Rijn and Shilo 1989).  The ratio of hemolytic 

to ichthyotoxic activity is also variable and dependent on certain environmental factors; 

the hemolytic principle is not always accompanied by toxicity to fish (Shilo and 

Rosenberger 1960, Simonsen and Moestrup 1997).  These studies clearly illustrate that 

toxin synthesis and activation are likely very complicated processes that are potentially 

synergistic in response to environmental stimuli.  As such, this may account for 

differences in observed toxicity under differing environmental and growth conditions. 

 

1.4.1 Nutrient Availability 

P. parvum can thrive in a wide range of physical conditions, but nutrient 

availability has been shown to greatly influence HAB and toxin formation in this 

organism.  Agricultural effluents and eutrophication of waters are commonly implicated 

in a growth surge in P. parvum populations (Collins 1978, Holdway et al. 1978, 

Hallegraeff 1993).  High nitrogen (in the form of nitrate or nitrite) and phosphorus 
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(phosphate) concentrations support the rapid growth and formation of blooms that 

subsequently result in an imbalance of N and P sources.  These limiting conditions 

ultimately slow the growth of P. parvum, which is usually accompanied by an increase in 

toxicity (as noted later) (Shilo 1971, Larsen et al. 1993, Sabour et al. 2000).  Mesocosm 

experiments over the course of five years indicated a reduction in toxicity in nutrient-

replete conditions (Roelke et al., 2007).  These observations suggest that extracellular 

prymnesins decrease appreciably when growth and nutrient conditions are favorable; 

therefore, it has been proposed that prymnesin toxicity can be controlled by nutrient 

manipulation (Legrand et al. 2001).  However, a decrease in exotoxins may also be 

concomitant with an increase in intracellular toxins (see later). 

Phosphorus and (to a lesser degree) nitrogen availability are probably among the 

most widely-studied factors related to prymnesin toxicity.  Shilo (1967) was the first to 

demonstrate elevated toxicity of P. parvum in association with low phosphorus 

conditions, and this trend has been confirmed in subsequent studies (Dafni et al. 1972, 

Meldahl et al. 1994, Larsen et al. 1993, Meldahl and Fonnum 1993, Johansson and 

Granéli 1999).  Shilo (1971) reported a 10- to 20-fold increase in the amount of 

intracellular prymnesins when grown in P-limited conditions; a rise in toxin 

concentration was also documented for culture supernatants.  Johansson and Granéli 

(1999) analyzed the effects of N and P levels on cell density, chemical composition and 

toxicity of P. parvum, being the first to show increased toxicity under N-limiting 

conditions.  Hemolytic activity was observed regardless of the nutrient conditions, so 

they proposed that cell stress (resulting in lysis and death?) was the cause for increased 

toxicity rather than the direct involvement of either N or P in toxin synthesis per se 

(Hagström and Granéli 2004).  This is also in agreement with analyses confirming 

increased toxicity in senescing/dying cultures of P. parvum (see later). 
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The addition of a carbon source has also been shown to augment toxicity in 

populations of P. parvum.  Dark-incubated cultures were able to grow in glycerol-

supplemented media (Rahat and Jahn 1965), and the addition of glycerol has been 

demonstrated to cause an increase in toxicity (Padilla 1970).  We postulate that this 

increased toxicity might be correlated to a surge in glycolytic activity from the exogenous 

carbon source.  This would provide precursor molecules from the acetate pathway that 

might be used for polyketide synthesis.  Conversely, glycerol and glucose have been 

shown to interfere with the formation of secondary metabolites in some organisms 

(Demain 1992).  It is obvious that more information is needed to determine the roles of 

various nutrients in prymnesin toxicity and possible inhibitory pathways. 

Beyond being photosynthetic, P. parvum is also known to phagocytose bacteria 

and other photosynthetic algae, which may provide exogenous N, P and carbon sources in 

times of nutrient limitation (Nygaard and Tobiesen 1993, Martin-Cerceda et al. 2003).  

Legrand et al. (2001) demonstrated that P. parvum f. patelliferum utilizes various sources 

of phosphate including inorganic, dissolved, organic and particulate forms; similarly, P. 

parvum has been shown to utilize ammonia, methionine and ethionine as alternative N-

sources (McLaughlin 1958, Rahat and Reich 1963). Recent findings by Carvalho and 

Granéli (2010) indicate that P. parvum is truly mixotrophic and therefore feeds 

heterotrophically under both nutrient-limiting conditions and in nutrient-replete cultures.  

Interestingly, bacterial suspensions of Proteus vulgaris and Bacillus subtilis decreased 

toxicity by 50% in one hour (Shilo and Aschner 1953), suggesting that these bacteria may 

be capable of metabolizing at least some of the toxins (Sundh 1989). 
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1.4.2 Salinity 

Due to the predominance of blooms in low salinity and brackish water systems, 

many studies have examined the effects of salinity on prymnesin toxicity.  The broad 

osmotic tolerances of P. parvum have been well-documented (McLaughlin 1958, Padilla, 

1970, Brand 1984, Larsen et al. 1993).  In most cases, P. parvum has been recorded in 

highly-mineralized freshwaters between 3 and 8 ppt (Guo et al. 1996, others); some 

assert that P. parvum can grow almost anywhere, in salinities ranging from 1 to 45 ppt 

(McLaughlin 1958, Brand 1984, Larsen and Bryant 1998).  However, low salinity 

conditions have been shown to have a negative effect on growth rates of P. parvum.  

Baker et al. (2009) illustrated that there is a decrease in growth rate concurrent with a 

decrease in salinity, even when grown in nutrient-sufficient conditions.  Interestingly, 

Dickson and Kirst (1987) postulated that the broad osmotic tolerance of P. parvum is 

related to their ability to synthesize a range of compatible solutes coupled to a partial 

exclusion of toxic ions.  The fact that gene transcripts encoding various ion transporters 

were among the most highly-expressed ones in log-phase cultures of P. parvum, may also 

help to explain how this alga is able to handle such a broad range of salinities (La Claire 

2006). 

Specific ions may play a role in prymnesin toxicity, but these assessments are 

limited and conflicting data have been reported.  Paster (1973) noted that the optimum 

NaCl concentration for growth and toxin production in P. parvum is between 0.3-5% (= 

3-50 ppt) (see also Ulitzur and Shilo 1966).  Salt begins to inhibit toxicity at levels 

greater that 5%-12% NaCl (ibid.).  This is not surprising as this represents salt 

concentrations of 50-120 ppt, exceeding two to four times the salinity of open ocean 

seawater.  Paster (1973) found elevated ichthyotoxicity for cultures grown in 5% (0.75 

ppt) artificial seawater (ASW that contained ~15 g/L salts) and the lowest toxicities are 
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documented for cultures grown in 30% (4.5 ppt) ASW.  Interestingly, there appeared to 

be an absence of ichthyotoxicity in salinities >30% seawater.  However, a lack of 

extracellular bioactivity is not directly related to intracellular toxin production, as there 

are still large quantities of toxins able to be extracted from the cells themselves (Reich 

and Rotberg 1958, Parnas et al. 1963, Paster 1973).  Shilo and Rosenberger (1960) 

reported that the hemolytic property of prymnesins was inversely related to salinity with 

the highest hemolysis observed for cultures grown in 1% salt (= 10 ppt).  In contrast, 

Larsen and Bryant (1998) found no significant differences in toxicity for P. parvum when 

grown at different salinities, which they felt could indicate metabolic differences among 

different strains of the alga.  Since a decrease in toxicity in the culture media was 

reported to coincide with an increase in intracellular toxins (Parnas et al. 1963), we 

conclude that both the cells and the supernatants need to be carefully analyzed in order to 

determine any relationships between salinity and toxicity. 

 

1.4.3 Light 

Light is a factor that is often associated with prymnesin toxicity, but published 

observations are somewhat inconsistent.  P. parvum has been documented as naturally 

occurring in moderate-to-low light conditions, but some isolates have shown a preference 

for (and grow better with) higher illumination (Reich and Parnas 1962, Parnas and 

Spiegelstein 1963, Larsen and Bryant 1998).  However, where P. parvum actually exists 

in the environment may be somewhat dependent on local community structure, which 

may also play a role in the stratification and distribution of P. parvum in the water 

column. 
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Many studies have shown that both light quality and light intensity are physical 

properties that are essential for the synthesis and activity of prymnesins (Guo et al. 1996, 

Yariv 1958, Shilo 1967).  On the other hand, some have concluded that light is not 

necessary for toxin production in P. parvum (Rahat and Kushnir 1971).  Dark-grown 

cultures reportedly have a reduced amount of intracellular toxins, which supports the 

latter claim; but an increase in toxin concentration was detected later in the stationary 

phase of culture (Rijn and Shilo 1989).  This finding is in agreement with growth studies 

that observed differences in toxicity and it suggests that toxic compounds are 

accumulating in the cells steadily throughout the exponential growth curve (see later).  

Since P. parvum is mixotrophic and can feed in the absence of light, these accounts 

suggest that light may not be necessary as long as there is sufficient food to provide 

carbon skeletons for prymnesin synthesis. 

Interestingly, cultures that were grown under constant illumination demonstrated 

no ichthyotoxic activity, but did retain the hemolytic activity (Reich and Parnas 1962).  It 

was postulated that the ichthyotoxic principles may either be inactivated or they may 

degrade more rapidly than the compounds responsible for hemolysis (Reich et al. 1965); 

alternatively, it is possible that multiple factors are responsible for hemolysis, some of 

which remain to be characterized.  In accordance, exotoxins were inactivated after 90 min 

when treated with UV and visible wavelengths of light (255 nm and 400-520 nm, 

respectively) (Parnas et al. 1962, Parnas and Spiegelstein 1963); however, intracellular 

toxins were not affected, suggesting that these compounds are being protected by some 

mechanism or they may be stored in vesicles (Padilla 1970). 
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1.4.4 Temperature 

P. parvum is also eurythermal, being capable of growing at temperatures ranging 

from 2-30° C (Shilo and Aschner 1953, McLaughlin 1958, Guo et al. 1996, Larsen and 

Bryant 1998).  This has made it difficult to determine whether ambient temperature plays 

a significant role in prymnesin presence or toxicity.  Globally, recurring HAB of P. 

parvum do not always occur at the same time of the year. Blooms in the southern United 

States appear throughout the fall and winter months (Watson 2001); in China, blooms 

form in the late spring and early fall (Guo et al. 1996); and a summer bloom in Finland 

was characterized as having water surface temperatures around 20-25° C (Lindholm et al. 

1999). 

Similarly, optimum temperatures for growth and toxicity vary greatly among 

different geographic isolates of the alga.  The optimum temperature of a strain from 

Denmark was around 26° C, and growth was limited by temperatures near 10° C (Larsen 

et al. 1993).  In contrast, Larsen and Bryant (1998) found that most (but not all) of the 

strains they studied had maximum growth rates at 15° C.  Given the broad temperature 

tolerances of P. parvum, there are no clear-cut correlations between specific temperatures 

and toxicity (Shilo 1971). 

 

1.4.5 pH 

The various modes of prymnesin toxicity are also restricted to different pH 

ranges, with hemolysis and ichthotoxicity highest during acidic and alkaline pH 

conditions, respectively.  Prymnesins are also acid- and base-labile, which means that 

they are only functional under certain pH conditions (Meldahl et al. 1995).  Shilo and 

Rosenberger (1960) demonstrated that an increase in pH to alkaline levels eliminated the 

hemolytic activity, but did not appear to affect ichthyotoxicity.  In fact, these authors 
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state that toxicity in fish requires a pH > 7.0, which is in agreement with the observations 

that toxic P. parvum occurs in Chinese waters ranging from pH 7.2 to 9.3 (Guo et al. 

1996).  Ulitzur (1964) reported that activation of the ichthyotoxic property is dependent 

on cationic activation at a pH greater than 8.0 with maximum toxicity observed at pH 9.0 

(see below).  Conversely, hemolysis can occur in conditions as low as pH 5, with 

decreasing hemolytic activity with increasing alkalinity.  These studies show that pH can 

greatly affect the range, nature and intensity of prymnesins’ toxic properties, which also 

suggests that numerous (and probably some unknown) compounds may be at work here. 

 

1.4.6 Co-factors 

The primary reason why the presence of prymnesins and actual ichthyotoxicity 

are not necessarily related is because co-factors are required to “activate” prymnesins 

(Yariv and Hestrin 1961, Shilo 1971, Dafni et al. 1972, Larsen et al. 1993).  Furthermore, 

the type of activator determines the extent and severity of the toxic effects (Rijn and 

Shilo 1989).  Toxicity to fish is greatly enhanced by the presence of Na+, Ca2+, and Mg2+, 

as well as by antibiotics (e.g., streptomycin) and polyamindes (e.g., spermine) (Reich and 

Rotberg 1958, Ulitzur 1965, Ulitzur and Shilo 1966, Shilo 1971, Rijn and Shilo 1989).  

Shilo and Rosenberger (1960) established that divalent cations were more effective than 

monovalent ones in promoting ichthyotoxicity.  These ion interactions may play a role in 

the aggregation, complexation and structural conformation of prymnesin molecules (as 

are common with polyether ionophores, e.g., the monensin-Na+ complex (Almeida-Paz et 

al. 2003)), which may in turn affect the ability of prymnesins to interact with specific 

components of the plasma membrane (Ulitzur 1973, Ulitzur and Shilo 1966). 
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1.4.7 Biotic Factors 

Toxicity in this alga and in culture filtrates also varies with growth phase, i.e., lag 

phase, exponential phase and stationary phase cultures, in addition to the abiotic and 

community interactions mentioned (Shilo and Aschner 1953, Shilo 1971).  While Paster 

(1973) found a significant positive correlation between the concentration of P. parvum 

cells and the degree of exotoxins, some have suggested that factors necessary for growth 

and toxicity are regulated by different parameters (Berman 1960, Shilo 1967).  In fact, 

Reich and Aschner (1947) noted that concentration of prymnesins in the surrounding 

media is not always related to the intracellular concentrations of prymnesins.  Extensive 

mortalities have been observed with low cell concentrations, and dense blooms of P. 

parvum have been documented as having no toxic effects (Shilo and Aschner 1953, Shilo 

1967).  Guo et al. (1996) confirmed that the appearance of extracellular toxins from P. 

parvum has been shown to be independent of cell density, with the two parameters 

having no clearly-defined relationship. 

A reduction in icthyotoxicity is typically observed during periods of rapid growth 

(e.g., exponential phase) and the effects of prymnesins are most obvious when 

populations of P. parvum reach limiting conditions (e.g., stationary phase) (Guo et al. 

1996).  Similarly, Houdan et al. (2004) reported that P. parvum cultures were less toxic 

to cultures of the brachiopod crustacean Artemia while in the exponential, growing phase.  

During the stationary phase (which happens to correspond to the highest cell 

concentrations and limiting conditions), they found complete mortality of Artemia 

nauplii.  This is not surprising since secondary metabolism increases during periods when 

balanced growth has ceased (Plumley 1997).  This is often the case with eutrophication 

leading to surge in algal growth, which is subsequently followed by nutrient imbalance 

and limiting conditions (e.g., Johansson and Granéli 1999, Sabour et al. 2000). 
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Berman (1960) followed the total endo- and exotoxin content in growing cultures.  

In this study, it was noted that the concentrations of both hemolytic and ichthyotoxic 

compounds increased with culture age on a per-cell basis, implying that these compounds 

might be synthesized constitutively and accumulate as a result.  In agreement, Paster 

(1973) reported that prymnesins are synthesized throughout the alga’s life cycle, and are 

only released after cell death and disintegration of the cell components.  This also lends 

more support to prymnesins serving a possible intrinsic function, because it would seem 

unlikely that cells would store waste products long-term (see later).  Superficially, it 

would appear that there is a difference in the presence of endo- and exotoxins, but more 

information is needed regarding the mechanism of release to make further conclusions on 

the roles of these compounds. 

Differences among published studies could be attributed to the methods of 

extraction, how cells and cell-free supernatants were being compared, how toxicity was 

quantified, the presence of cofactors, examining cultured vs. natural samples, differing 

geographic isolates, etc. 

 

1.5 Biological Relevance of Prymnesins 

It has been suggested that under certain conditions, the production of prymnesins 

may contribute in a number of ways toward improving the growth of the alga, or 

alternatively they may behave primarily as defensive compounds as are so many other 

secondary metabolites (Vining 1992, Yasumoto 2001).  Prymnesins have been largely 

depicted as being extracellular (exo-)toxins, but the precise mechanisms of how these 

substances are released into the environment are not presently known (Yariv and Hestrin 

1961, Parnas et al. 1962).  Given their presence in water samples and in culture media, it 
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is postulated that prymnesins could be either secreted, excreted or released into the 

environment as a result of cell lysis and death (or some combination thereof) (Shilo and 

Aschner 1953, Skovgaard and Hansen 2003, Johansson and Granéli 1999).  

Physiologically, these terms imply very different processes for the externalization of 

prymnesins, as well as the biological role(s) of prymnesins and the health of the alga.  

Prymnesins can be found in great abundance in the cells themselves as compared 

to culture filtrates, and this would lead one to believe that prymnesins are fulfilling some 

internal function; it is clearly not favorable to synthesize an abundance of energetically-

expensive compounds without imparting some benefit to the organism producing the 

substance(s) in question (Yariv 1958, Yariv and Hestrin 1961, Shilo and Rosenberger 

1960, Paster 1973).  Many secondary metabolites have intracellular roles as endotoxins, 

signaling compounds or storage products (Plumley 1997), and we postulate that 

prymnesins may have similar functions. 

The defensive properties of prymnesins have been well-defined, and it is obvious 

that the presence of prymnesins imparts numerous benefits to populations of P. parvum.  

Prymnesins have been shown to deter herbivores and reduce grazing, which also affects 

the feeding habits and viability of predator species (Koski et al. 1999, Granéli and 

Johansson 2003, Tillmann 2003).  For example, copepod feeding was lower in the 

presence of P. parvum f. patelliferum and the animals preferred non-toxic algae if given 

the choice (Nejstgaard and Solberg 1996, Koski et al. 1999, Sopanen et al. 2008).  

Although it is not always clear whether lowered feeding is a result of the presence of 

exotoxins or the avoidance of noxious algae, these studies support the notion that toxin 

production may aid in the growth and survival of P. parvum by making the alga a less 

palatable option. 
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Production of prymnesins may also confer P. parvum with the ability to capture 

prey organisms.  Prymnesins are toxic to other algae and certain bacteria, and it was 

proposed that prymnesin toxicity was a mechanism for paralyzing prey prior to ingestion 

(Ulitzur and Shilo 1970a).  Later observations confirmed that prymnesins effectively 

paralyzed or killed prey organisms, which were rapidly phagocytosed thereafter by 

encroaching P. parvum cells (Tillmann 1998, 2003, Skovgaard et al. 2003).  Skovgaard 

and Hansen (2003) pointed out that this is a functional advantage because P. parvum is 

otherwise unable to catch prey due to its short, stiff haptonema, as compared to many 

other haptophytes.  Furthermore, if the haptonema is indeed secretory in this alga, it 

would be interesting to know the constituents of this secreted material to determine if 

they are related in any way to toxicity of P. parvum. 

Prymnesins as exotoxins also have allelopathic effects by the elimination of 

competing algal species (Yariv and Hestrin 1961, Arlstad 1991, Granéli and Johansson 

2003, Granéli et al. 2008).  In fact, Houdan et al. (2004) noted that competing algae lost 

the ability to swim in the presence of prymnesins.  It has been suggested that prymnesins, 

as allelochemicals, may play a role in its ecological strategy due to the modest growth 

rate of P. parvum (Brand 1984, Legrand et al. 2003, Fistarol et al. 2003).  However, it 

cannot be stated unequivocally that prymnesins are allelochemicals until a mechanism of 

delivery is shown to correlate directly with any observed effects (Willis 1985). 

Finally, if prymnesins are released as a process of excretion, this would suggest 

that these substances are mere waste products.  Of course prymnesins are very likely to 

be released into the environment as a result of cell lysis.  Future studies aimed at 

subcellular localization of the prymnesins and ones identifying potential metabolic and 

secretory pathways will be necessary to unravel the mechanisms by which these toxins 

wind up in the surrounding medium.  This information would also be of significance in 
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deciphering the incentives behind synthesizing prymnesins as well as in clarifying any of 

their intrinsic and extrinsic functions. 

 

1.6 Detection of Prymnesins 

Presently, there are no methods available for the specific detection of individual 

prymnesins themselves.  The structural elucidation of the complex prym1 and prym2 

molecules was a significant advancement in the study of this organism that has opened 

the door for the study of other toxic metabolites in P. parvum.  Prym1 and prym2 were 

chemically characterized by positive-mode ESI-LC/MS and NMR (Igarashi et al. 1996, 

1999).  While, these and related analytical methods are highly-sensitive and capable of 

validating both mass and structural features, generating procedures for mass spectra can 

be very complex, expensive, and time-consuming.  Toxin-containing fractions must also 

be highly-enriched and contain few interfering substances for confident detection and 

quantification.  Moreover, there are no standards presently available for prym1, prym2, or 

for crude extractions of prymnesins.  Consequently, such spectroscopic methods are not 

practical for prymnesin identification in natural or cultured samples.  The chemical 

isolation of individual prymnesins has proved especially challenging, and new methods 

will need to be developed for the specific in vitro detection of toxic metabolites from this 

alga.  

Bioassay-based methods are widely used to detect the effects of prymnesins.  

These have been developed to quantify the various bioactivities of prymnesin extracts 

incorporating erythrocyte, crustacean, and fish model systems (Paster 1973, Larsen and 

Bryant 1998, Eschbach et al. 2001).  Due to the different modes of toxicity, ideally more 

than one type of assay should be employed to quantify the individual effects of toxin 
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extracts (Meldahl et al. 1994, 1995).  It is also important to keep in mind that the various 

toxin activities are dependent on co-factors or electrolytes in the assay media, which may 

not be reflective of toxicity in native/environmental conditions. 

The hemolytic assay is considered very sensitive and requires 100-fold less 

prymnesins per unit volume than ichthyotoxicity-based assays (Paster 1973).  Rabbit 

erythrocytes have been used for a number of analyses (Reich et al. 1965, Paster 1968, 

Paster 1973), while others have utilized other animal and fish as sources of red blood 

cells (Yariv and Hestrin 1961).  Hemolytic activity of prymnesins is also dependent upon 

the presence of electrolytes in the assay medium, and it is estimated that approximately 

5000 prymnesin molecules are needed per erythrocyte to initiate lysis (Paster 1973).  The 

strain of P. parvum appears to contribute to different results with this assay.  For 

example, the cell concentration of P. parvum that elicits 50% hemolysis was 

approximately 10,000 cells/mL compared to 50,000 cells/mL for P. parvum f. 

patelliferum (Meldahl et al. 1995).  Eschbach et al. (2001) used carp erythrocytes to test 

toxicity of whole cell extracts and compared results with saponin-based standards.  In 

their assessment, hemolytic activity was recorded as a function of absorbance at 414 nm 

(from released hemoglobin) and the extent of hemolysis was sigmoidal as a function of 

prymnesin concentration.  The hemolytic concentration necessary to elicity 50% 

hemolysis (HC50) for purified prym2 was 10.5 nM; hemolytic activity was unaffected by 

Ca2+ but was affected by erythrocyte origin (Igarashi et al. 1998).  Typically, prymnesin 

concentration is reported as hemolytic units or saponin-based equivalents (ibid.). 

Toxicity of prymnesins can also be measured by their effects on crustaceans (e.g., 

Artemia) and fish (e.g., Gambusia) (Ulitzur and Shilo 1964).  Both strain and growth 

phase of the alga may result in differences in observed toxicity.  The lethal concentration 

of P. parvum cells leading to 50% Artemia mortality was recorded as being 
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approximately ~1,000 cells/mL, whereas ~2,700 cells/mL was necessary when using a 

strain of P. parvum f. patelliferum (Meldahl et al. 1995).  With respect to growth phase of 

P. parvum, less than 1.0 X 105 stationary-phase cells/mL were required for 50% Artemia 

mortality vs. 5.0 X 105 exponential-phase cells/mL (Houdan et al. 2004).  Clearly, the 

effects of prymnesins on crustaceans are not easily comparable and therefore may not 

represent equal measures of toxicity depending on growth phase and algal strain.  The 

lethal concentration of purified prym2 with 50% fish mortality (LC50) is 300 nM without 

any co-factor, and 3 nM with the addition of 2.0 mM Ca2+ (Igarashi et al. 1998).  The 

addition of a co-factor obviously promotes a 100-fold increase in toxicity in this system, 

which may be the cause of heightened toxicity in mineral-rich environments. 

Alternatively, as a substitute for measuring toxins, there are several methods 

available for the specific detection of P. parvum cells themselves.  Traditionally, P. 

parvum identity is confirmed by microscopy, but many cell and molecular techniques are 

now available in addition to morphology-based identifications.  Oligonucleotide (rRNA) 

probes were designed for the detection of Prymnesium utilizing dot-blot hybridization 

and fluorescence in situ hybridization (Simon et al. 1997, 2000).  In addition, solid-phase 

cytometry methods are available for the identification of P. parvum using fluorescently-

labeled species-specific probes and monoclonal antibodies (Lange et al. 1996, Töbe et al. 

2006, West et al. 2006).  Conventional polymerase chain reaction (PCR)-based detection 

and quantification was made possible for several isolates of P. parvum using species-

specific oligonucleotide primers (Manning 2006).  These techniques are capable of 

detecting several geographic isolates of P. parvum, as well as some isolates of the 

conspecific, P. parvum f. patelliferum.  The most recently developed assays utilize real-

time, qPCR technology for the detection and quantification of P. parvum (Galluzzi et al. 

2008, Manning and La Claire 2010a).  These methods are particularly useful for the early 
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detection of P. parvum when cell concentrations and toxic effects are below detectable 

limits. 

 

1.7 Discussion 

HAB events of the last century have greatly increased the awareness of 

prymnesins, toxic principles produced by the golden alga, P. parvum.  It is obvious that 

many abiotic and biotic factors appear to be correlated with toxin presence within cells 

and in the surrounding medium, and overall prymnesin activity.  Still it is difficult to 

generate models correlating prymnesin synthesis, toxicity and bloom formation partly 

because published reports are on disparate strains of P. parvum and toxin-based analyses 

are at times conflicting.  Extreme differences can exist in toxin content and in toxin 

composition between different geographic isolates, and these differences are closely tied 

to the local environmental conditions and community ecology (Plumley 1997). Therefore, 

it is believed that many of these discrepancies can be attributed to inherent qualities of 

the various geographic strains for this widely-distributed alga (Larsen and Bryant 1998).  

Moreover, the broad spectrum of toxic effects raises the question of how many 

compounds are actually responsible for toxicity in this alga, and it is postulated that the 

type and number of prymnesins may expand in the future and may also differ among 

geographic isolates of P. parvum. 

The inactivation of prymnesins and eradication of P. parvum would be of great 

interest to fish and wildlife biologists working to mitigate HAB.  The inactivation of 

prymnesin toxicity has been observed to occur under certain physicochemical conditions, 

but many methods are not feasible when balancing healthy fish culture and while 

retaining beneficial algae.  Furthermore, it is difficult to determine which of these many 
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toxic substances are being inactivated or if some of these toxins are merely inactive under 

the given conditions.  Ammonium and copper sulfates are commonly employed for the 

eradication of P. parvum in fish culture ponds (Rijn and Shilo 1989, Guo et al. 1996, 

Barkoh et al. 2003), but these chemicals have to be used at levels necessary to kill the 

alga without severely harming the fish (Hickel 1976).  Gou et al. (1996) also tested the 

effectiveness of fertilizers and mud, but found that reducing the salinity to less than 2 ppt 

effectively suppressed algal growth without compromising the health of the fish.  As was 

noted, P. parvum and its ensuing prymnesin toxicity might also be controlled by nutrient 

manipulation (Legrand et al. 2001).  Finally, the use of flocculant clays has also shown 

some promise for the mitigation of P. parvum, but the clays appear to cause an increase 

in the presence of prymnesins, which is likely due to the stress and sedimentation from 

clay treatment (Hagström and Granéli 2004). 

Many variables play into observed differences in prymnesin toxicity, but the 

central issues lie with the specific extraction technique and the source of the toxin 

extraction (cells vs. culture filtrates).  Each extraction technique potentially represents a 

different subset of toxic substances with variable activities and it is obvious that standard 

methods of extraction and quantification need to be established for any meaningful 

comparative purposes.  Furthermore, we conclude that environmental parameters need to 

be established for individual geographic isolates of P. parvum so that we may better 

understand toxicity in this alga.  Genome- and chemical-based investigations have 

presented avenues for probe development and gene expression analyses.  The 

confirmation of the gene products thought to be involved in prymnesin synthesis would 

be of great interest, since they could potentially be manipulated using environmental 

controls and mutational analyses (Plumley 1997).  The subcellular location of 

prymnesins’ synthetic pathways, their sequestration and their mode of release into the 
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environment would be of great value in determining the roles of toxin-production in this 

alga.  It is clear that a more complete understanding of the molecular and biochemical 

triggers of prymnesin synthesis are needed in order to better monitor this and other HAB-

forming organisms. 

This review of the literature on P. parvum and its toxic principles was originally 

published in Marine Drugs: Special Issue on Algal Toxins (Manning and La Claire 

2010b). 

 

1.8 Research Objectives 

The broad scope of this dissertation was to help resolve some of the questions 

surrounding salinity and the presence of polyketide exotoxins associated with a strain of 

P. parvum isolated in Texas (UTEX 2797).  This truly euryhaline alga exists in waters 

spanning a wide range of salinities, and recurring toxic blooms are commonly restricted 

to brackish waters and low saline (high-mineral) conditions.  Interestingly, toxic blooms 

have never been documented for P. parvum in high saline conditions.  The mechanism(s) 

of how polyketide prymnesins enter the water column is(are) presently unknown, 

although it was proposed that these metabolites could be monitored in cells and in 

supernatants throughout the growth cycle to evaluate how the concentrations of 

polyketide prymnesins change (in cells and in supernatants) over time.  Cultures could be 

grown in a range of salinities to determine if salinity is responsible for the presence of 

polyketide prymnesins as measured by hemolytic activity.  Such an examination could be 

used to elucidate the cycle of metabolite production, storage (sequestration?), and release 

into the environment that can be used to develop predictable models for bloom formation 

and production of toxins.  However, due to inherent difficulties with the detection of this 
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alga and its toxins, molecular and phytochemical tools were initially necessary for the 

detection and quantification of P. parvum and its associated toxins.  These objectives 

were accomplished in several phases. 

A species-specific, real-time, quantitative polymerase chain reaction (qPCR) 

assay is outlined in Chapter 2, which amplifies targeted template for the detection and 

quantification of P. parvum.  These methods were designed to amplify four gene-specific 

products simultaneously in a single reaction tube to increase the number of genetic 

markers utilized for verification (multiplex PCR).  Using conventional multiplex PCR, 

the gene products can be visualized in electrophoresis gels as a (qualitative) diagnostic 

banding pattern (Manning 2006).  These PCR methods are also applicable to real-time 

technology using molecular beacons with laser-excited fluorochromes.  In real-time, the 

quantity of DNA is measured by the fluorescence intensity and displayed after each PCR 

cycle.  Collectively, a suite of primers and molecular beacons for multiplex qPCR would 

allow for the species-specific detection and quantification of P. parvum with the 

confirmation of four species- and gene-specific products. 

Improved methods for the enrichment, detection and quantitation of polyketide 

prymnesins from cells and aqueous samples are described in Chapter 3.  These 

compounds are potent toxins at nanomolar concentrations, although there are no chemical 

standards available.  The development of standardized phytochemical extractions would 

greatly streamline methods to the microliter and milliliter-scale, such that unknown 

samples could be analyzed with little manipulation.  These secondary metabolites have 

specific biological actions (e.g., ichthyotoxic, hemolytic) and unique spectral properties 

(metabolic fingerprinting) that can be utilized during the extraction process including 

thin-layer chromatography (TLC) and liquid chromatography electrospray ionization 

mass spectrometry (LC-ESI/MS).  Chemifluorescent methods were also examined as a 
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means of as a means of detection, and continuing investigations are optimizing the 

stability of the fluorescent product.  These streamlined extractions and sensitive chemical 

analyses should allow the direct detection and quantitation of polyketide prymnesins. 

In Chapter 4, both supernatants and cells were evaluated for total hemolytic 

activity and lysis due to the presence of polyketide prymnesins at various stages in the 

growth cycle over a range of different salinities.  This analysis will test the following 

questions: 

 

i) Does salinity affect the amount of prymnesins present: in cells of P. 

parvum?, in cultured supernatants? 

ii) How does toxin concentration compare in cells vs. supernatants at 

different points of the growth curve for different salinities? 

iii) Does the concentration of toxin change with slower/faster growth rates or 

number of days since inoculation in these conditions? 

iv) Are polyketide prymnesins responsible for the majority of hemolytic 

activity observed in culture supernatants?  

 

Experiments were designed to test null hypotheses (H0) wherein there are no 

significant differences in the presence of toxins for any of the variables examines.  Data 

were analyzed statistically by analysis of variance (ANOVA) regression statistics to 

determine which factor(s) contribute(s) most significantly to the presence of polyketide 

prymnesins.  Trends were examined for any evidence that would support sequestration or 

secretion of these metabolites, as well as, patterns of growth and toxicity that can be 

utilized for the development of predictive models for bloom monitoring and mitigation. 
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Chapter 2: Multiplex PCR methods for the species-specific detection 
and quantification of Prymnesium parvum Carter (Haptophyta)

2.1 Introduction 

The toxic, bloom-forming haptophyte, Prymnesium parvum, has been associated 

with numerous and extensive fish mortalities worldwide (Hallegraeff 1993, Edvardsen and 

Paasche 1998).  This alga is currently a seasonal nuisance in the United Kingdom, 

Scandinavia, the Mediterranean, the United States and the Pacific Rim.  In addition to 

creating an inhospitable environment for neighboring organisms by its sheer abundance, 

toxicity of P. parvum is attributed to the secondary metabolites prymnesin-1 and -2 

(Igarashi et al. 1996, 1999), which are complex polyketides with documented lytic, 

cytotoxic, neurotoxic and ichthyotoxic properties that damage sensitive gill membranes 

and interfere with ion exchange (reviewed in Murata and Yasumoto 2000).  

Sensitive methods for the rapid identification of P. parvum or its toxins are 

essential for improving bloom monitoring and management strategies.  The early 

detection of P. parvum is often hindered because of its small size and morphological 

similarity to closely-related organisms.  Light microscopy is the most common method 

used to identify this unicellular alga but electron microscopy is often necessary to confirm 

the ultrastructure of cellulosic scales that have species-specific traits (Nicholls 2003).  

Bioassays are widely used for the detection of prymnesins, which include ichthyotoxic 

and hemolytic assays (Paster 1973, Eschbach et al. 2001). These techniques provide a 

basis for detection, but can be labor-intensive and ineffective when P. parvum or its toxins 

are present at low concentrations. 

As an alternative, sensitive molecular methods present an improvement over 

morphology-based identifications and several assays are now available for the detection of 
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P. parvum.  Oligonucleotide (rRNA) probes were designed for the identification of 

toxigenic species of Prymnesium that detect amplified rDNA (using PCR) by dot-blot 

hybridization and by fluorescence in situ hybridization (Simon et al. 1997, 2000).  

Coupled with image analyses, solid-phase cytometry (SPC) methods are available for the 

identification of P. parvum using fluorescently-labeled species-specific probes (Töbe et 

al. 2006) or monoclonal antibodies (West et al. 2006).  These techniques are capable of 

detecting several geographic isolates of P. parvum, as well as some isolates of the 

conspecific, P. parvum f. patelliferum (see Larsen 1999).  (Note: P. parvum and P. 

parvum f. patelliferum are not morphologically identical because of minor differences in 

their scale patterns).  Nucleotide sequences of the first intergenic transcribed spacer in the 

ribosomal operon (ITS1) and banding patterns from the amplification of the first intron of 

the calmodulin gene (CaM-1) suggest that they should not be separated at the species level 

and may be “species pairs” representing different stages of a common life cycle (Larsen 

and Medlin 1997, Larsen 1999).)  The most recently developed assay utilizes real-time 

PCR technology for the detection of P. parvum using a rDNA ITS-targeted sequence 

(Galluzzi et al. 2008). 

To expand upon and improve the methods available for the detection and 

quantification of P. parvum, we developed DNA-based assays that amplify multiple 

species- and gene-specific products simultaneously in a single reaction tube (multiplex 

PCR) to increase the number of genetic markers and for providing built-in verification.  

Multiplex PCR can be performed by conventional PCR but is also applicable to real-time 

technology wherein the actual quantity of each target DNA is measured by the 

fluorescence intensity of gene-specific probes known as molecular beacons.  Collectively, 

sets of primers and molecular beacons for qPCR allow for the species-specific detection 

and quantification of P. parvum in real time, which eliminates the need to resolve 
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products by gel electrophoresis and reduces sample processing times.  These assays were 

designed a priori for an isolate of P. parvum collected in Texas and other strains were 

examined to determine the range of detectable geographic isolates. 

 

2.2 Materials and Methods 

2.2.1 Culture Maintenance and Harvesting 

Axenic cultures of P. parvum (UTEX 2797) were grown in f/2 enrichment medium 

omitting silica in 5 psu seawater (adapted from Guillard 1975).  Fifteen 250 mL 

Erlenmeyer flasks containing 167 mL of culture each were maintained at 23° C (room 

temperature, RT) on a gyratory shaking platform at approximately 150 rpm.  The light 

source consisted of cool-white fluorescent bulbs with a 16/8 h (L/D) photoperiod with a 

quantum flux of 40-45 µmol photons m-2 s-1 on the side of the flasks facing the light 

source and 19-20 µmol photons m-2 s-1 on the opposing side.  Cultures were monitored 

by light microscopy and spectrophotometry for A680 (ε = 2.0E-07 cm2 cell-1).  When 

culture densities were approximately 3-4.5E+06 cells mL-1 (late logarithmic phase), cells 

were collected by centrifugation.  The cell pellets were flash frozen in liquid nitrogen and 

stored at -80° C before extraction of nucleic acids. 

Cell cultures of P. parvum isolates occurring in South Carolina, Maine, the United 

Kingdom, and Norway, closely-related haptophytes, and outgroups were acquired as 

positive and negative controls for multiplex PCR trials (Table 2.1).  These 15-mL cultures 

were grown without agitation in 90x50 mm Pyrex® crystallizing dishes at RT in the media 

used by the respective collections.  Cells were harvested by centrifugation after one month 

(logarithmic phase), frozen and stored as stated above. 
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Table 2.1 Algal cultures acquired for multiplex PCR trials 

Phylum Culture  Source 
Haptophyta Prymnesium parvum Carter (Texas) UTEX 2797 

 P. parvum Carter (S. Carolina) UTEX 2827 

 P. parvum Carter (Maine) CCMP 1926 

 P. parvum Carter (United Kingdom) UTEX 995 

 P. parvum Carter (Norway) NIVA 3/89 

 P. parvum Carter (Norway) NIVA 9/92 

 P. parvum f. patelliferum (Maine) Green, Hibbard et Pienaar CCMP 1927 

 P. calathiferum Chang et Ryan CCMP 707 

 Pavlova lutheri (Droop) Green UTEX 1293 

 Isochrysis galbana Parke CCMP 1323 

 Imantonia rotunda Reynolds CCMP 456 

 Chrysochromulina polylepis Manton et Parke CCMP 1757 

 Chrysochromulina brevefilim Parke et Manton UTEX 985 

 Chrysochromulina parva Lackey CCMP 291 

 Emiliania huxleyi (Lohm.) Hay et Mohler UTEX 1016 

 Pleurochrysis carterae (Braarud et Fagerland) Christensen CCMP 647 

 Phaeocystis globosa Scherffel CCMP 627 

 Coccolithus neohelis McIntyre et Be UTEX 1721 

 Ochrosphaera verrucosa Schus UTEX 1722 

Heterokontophyta Cyclotella meneghiniana Kütz. A. Alverson 

 Navicula tripunctata var. schizonemoides (V.H.) Patr. UTEX FD40 

 Nitzschia acicularis (Kütz.) W. Sm. UTEX FD233 

 Aureoumbra lagunensis DeYoe et al.  UTEX 2796 

Chlorophyta Chlamydomonas gigantea Dill (E & S) UTEX 1492 

 Scenedesmus quadricauda (Turp.) Bréb. UTEX 614 

 Ernodesmis verticillata (Kütz) Børgensen Personal culture 

Rhodophyta Griffithsia pacifica Kylin UTEX 2317 

Cryptophyta Rhodomonas salina (Wislouch) Hill et Wetherbee UTEX 2763 

Cyanophyta Synechocystis sp. Sauvagneau UTEX 2470 
UTEX = Culture Collection of Algae at the University of Texas at Austin; CCMP = Culture Center for Marine 
Phytoplankton, Bigelow Laboratory; NIVA = Norwegian Institute for Water Research. 
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2.2.2 Nucleic Acid Extraction 

Total DNA and RNA were isolated from frozen cell pellets of P. parvum (UTEX 

2797) using the protocol described by La Claire and Herrin (1997) with minor 

modifications (starting with 2.5 mL of 2X buffer, and bringing the final volume of 1X 

buffer to 5 mL).  Purified genomic DNA for Aureoumbra lagunensis, Griffithsia pacifica, 

and Ernodesmis verticillata was isolated similarly.  Nucleic acid isolations were 

performed for the majority of the control cultures according to the protocol described by 

Weeks et al. (1986) except that extractions were not cesium-banded.  Cyclotella 

meneghiniana purified genomic DNA was provided, isolated according to the methods in 

Alverson and Kolnick (2005).  To determine if the isolated genomic DNAs were 

amplifiable by PCR, all DNAs were tested using oligonucleotide primers for conserved 

nuclear genes (e.g., α-actin) and/or 18S rDNA sequences (Appendix A: Table 1 and 

Figure 1). 

 

2.2.3 Conventional Multiplex PCR 

PCR primer pairs (Table 2.2) were designed from selected expressed sequence tag 

(EST) sequences (La Claire 2006) and synthesized by Integrated DNA Technologies 

(IDT, Coralville, IA).  The individual primer sets were tested by PCR with isolated 

genomic DNA from each of the organisms listed in Table 2.1.  PCR amplification 

products were analyzed by gel electrophoresis and nucleotide sequencing for product- and 

species-specific characteristics.  Primer pairs for GMP1, SYNAP1, GST and FUCO were 

ultimately selected for multiplex PCR based on species-specificity and differing sizes of 

the amplicons that were to be resolved simultaneously by gel electrophoresis.  The 

multiplex primer suite was then tested collectively in a single reaction tube with each of 

the control DNAs.  PCR products were examined by gel electrophoresis and analyzed for 
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products resulting from primer-primer interactions and/or the presence of nonspecific 

DNA.  The product identities were confirmed by nucleotide sequencing using BigDye 

Terminator chemistry (Applied Biosystems, Foster City,CA).  All sequencing was 

performed at the University of Texas DNA Core Facility. 

 

Table 2.2  Multiplex PCR primers 

EST/Gene Primer Sequence (5'-3')  Primer Set Product Approx. Size (bp) 
GDP-Mannose  F1 ctgtactgcatgcggctc    
Pyrophosphorylase  R1 accattgacgaagatctcgg F1/R1 GMP1 500 
 R2 acaactgcgtgagatcgaatc F1/R2 GMP2 280 
Synaptobrevin  F1 gacttctcccgtgtattgcag    
 R1 ctctgcttccgaaacttgaac F1/R1 SYNAP1 460 
 R2 gcctgtcaatattctcgaccatcacc F1/R2 SYNAP2 200 
Fucoxanthin-Chl a/c- F1 ctgcagatggtcttcctcatc    
Binding Protein R1 aaccctggagagacgaagttc F1/R1 FUCO 195 
Glutathione-S-  F1 tcacctacttcgacgtccg    
Transferase R1 ccagcatctcctccactttc F1/R1 GST 270 

 F = forward primer; R = reverse primer 

 

All PCR reactions were carried out in 200 µL thin-walled reaction tubes, or 96-

well plates, on a PTC-200 gradient thermocycler (MJ Research, Hercules, CA) using 

TaKaRa PCR reagents (TaKaRa Biotechnology Inc., Shiga, Japan).  Each 25 µL-reaction 

contained 1X PCR buffer, 1.0 mM MgCl2, 200 nM dNTPs, 1 µM of GST and GMP1 

primers, 500 nM of SYNAP1 and FUCO primers, 1.25 U TaKaRa Taq™ DNA 

polymerase, and HPLC-grade water (OmniSolve, EMD Chemicals, Inc., Gibbstown, NJ).  

To increase the probability of cell lysis in whole cell assays, the addition of 0.5% 

polyoxyethylenesorbitan monolaurate (Tween 20, Sigma, St. Louis; Bachmann et al. 

1990) improved reproducibility in reactions with no apparent inhibition.  The PCR 

conditions included an initial denaturing treatment at 97° C for 7 min before adding the 
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DNA polymerase.  Reactions were 25 or 50 cycles of 95° C for 2 min, 60° C for 2 min 

and 72° C for 2 min, followed by 72° C for 7 min before returning to RT.  For the latter, 

an additional 1.25 U TaKaRa Taq™ DNA polymerase was added after the 25th cycle. 

Concentration gradients of isolated genomic DNA and cultured whole cells were 

evaluated for P. parvum (UTEX 2797) using the multiplex PCR primer suite.  Reaction 

conditions were optimized for samples containing 10 ng isolated genomic DNA or 

approximately 10,000 whole cells.  Positive control reactions contained 10 ng of P. 

parvum isolated genomic DNA (UTEX 2797) and negative controls lacked only template.  

The multiplex PCR products (10 µL) were visualized on 2.5% LE agarose gels in 1X TAE 

buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) run at 65V for approximately 

2.25 h, stained with 0.25 µg/mL ethidium bromide and destained.  For reactions 

containing whole cells, all cells were lysed and the PCR amplification products were 

separated in electrophoresis gels; whole-cell reaction mixtures were examined after PCR 

cycling with microscopy, which confirmed that there were no intact cells remaining.  

The specificity of the multiplex PCR assay was evaluated individually with each 

of organisms listed in Table 2.1, and with reactions containing heterogeneous mixtures of 

cultured whole cells or of isolated genomic DNAs from known co-occurring species (to 

mimic the community composition from naturally-occurring blooms as determined by 

Phycotech, St. Joseph, MI).  Whole-cell samples were prepared using 1 mL each of liquid 

cultures (logarithmic phase) of Scenedesmus quadricauda, Rhodomonas salina, 

Chlamydomonas gigantea, Navicula tripunctata var. schizonemoides, Nitzchia acicularis 

and a species of Synechocystis (in Table 2.1), combined and pelleted by centrifugation.  

Reaction samples were prepared with and without the addition of 1 mL of P. parvum 

(UTEX 2797; approximately 10,000 P. parvum cells/µL).  The cell pellets were 

resuspended with 150 µL of HPLC-grade water and the sample reactions were performed 
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with 1 µL of the mixture.  Similarly, heterogeneous mixtures of cultured whole cells were 

evaluated for reactions containing known cell concentrations of P. parvum from South 

Carolina (UTEX 2827), the United Kingdom (UTEX 995), and Norway (NIVA 3/89 and 

9/92).  Reactions containing heterogeneous mixtures of DNA were prepared with 5 ng of 

each of the following DNAs from Chrysochromulia brevifilum, Chrysochromulina 

polylepis, Ernodesmis verticillata, and Cyclotella meneghiniana (in Table 2.1), plus and 

minus 10 ng P. parvum (UTEX 2797) DNA.  PCR reaction products of the cell mixtures 

and DNA mixtures were analyzed by gel electrophoresis along with positive and negative 

controls. 

 

2.2.4 Multiplex qPCR  

The multiplex qPCR protocol chosen utilizes DNA-based molecular beacons with 

conjugated fluorophore-quencher modifications (Tyagi and Kramer 1996) for the 

detection of the individual gene products.  Each molecular beacon contains an inverted 

repeat that adopts a stem-loop conformation that quenches fluorescence in the absence of 

the target template (ibid.).  The beacons in this study also incorporate a “shared stem” 

(one arm complementary to the target sequence) for increased hybridization length and 

specificity (Tsourkas et al. 2002; see Appendix A: Figure 2).  The fluorochrome 

modifications were chosen to avoid significant overlap in excitation and emission spectra 

such that the individual gene products could be easily discriminated from one another in 

reactions.  During the PCR cycling, the stem-loops disassociate and the beacons fluoresce 

upon hybridization with their respective target sequences, which provides additional 

confidence in the identity of the amplicons.  
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Table 2.3 Gene-specific molecular beacons designed using shared nucleotide 
sequences of P. parvum isolates occurring in Texas, South Carolina, Maine 
and the United Kingdom (listed in Table 2.1).  The underlined regions denote 
the independent (non-hybridizing) arm of each molecular beacon. 

Gene Sequence (5’-3’) 5’ Modification 3’ Modification 
SYNAP2 ttggcgagatcgaggaggtcaaacgccaa Texas Red®-X NHS  Iowa Black™ RQ 
GMP2 agtcgcgatcgaagacggggtgcgact HEX™ Iowa Black™ FQ 
FUCO ggcggcaccttggagctcctccgcc Iowa Black™ FQ 6-FAM™ 
GST tcggttgcacgccgttcgaagacaaccga Cy5™ Iowa Black™ RQ 

 

Four gene-specific molecular beacons (Table 2.3) were designed using shared 

nucleotide sequences for P. parvum isolates occurring in Texas, South Carolina, Maine 

and the United Kingdom (in Table 2.1).  The molecular beacons were synthesized by IDT.  

The primer suite consisting of GMP2, SYNAP2, GST and FUCO (listed in Table 2.2) was 

selected for use with multiplex qPCR.  The truncated PCR products, SYNAP2 and GMP2, 

were chosen because differential amplicon size is not a constraint; amplicons do not need 

to be distinguished from each other in electrophoresis gels.  Furthermore, these smaller 

products amplify more efficiently than larger ones in the shortened qPCR cycles 

(Saunders 2004).  Initially, each primer set and its corresponding molecular beacon were 

tested individually and the products were visualized in electrophoresis gels to verify 

product specificity.  The four primers sets and four molecular beacons were then 

evaluated collectively in a single reaction to ensure that there was no interference due to 

nonspecific hybridization of the primer sets and/or molecular beacons (e.g., primer-

primer, primer-beacon and beacon-beacon interactions).   

Real-time reactions were performed on an MJ Research PTC-200 thermocycler 

with a Chromo 4 real-time photonics shuttle in low-profile white tubes or 96-well plates 

using TaKaRa PCR reagents.  Each 25 µL reaction contained 1X PCR buffer, 3 mM 

MgCl2, 300 µM dNTPs, 1 µM primers (except FUCO, in which 250 nM of each primer 
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was utilized), 250 nM of each molecular beacon, 0.5% Tween 20 (for whole cell 

reactions), 1.25 U TaKaRa Taq™ DNA polymerase and HPLC-grade water.  It was noted 

early in the study that MgCl2 concentrations less than 3 mM were less effective, 

suggesting that some components might be chelating these ions in reactions.  The qPCR 

cycling conditions included an initial denaturation at 97° C for 4 min, and 50 cycles of 95° 

C for 1 min, 60° C for 1 min, 72° C for 1 min, followed by a return to RT.  Laser 

excitation and optical measurements were programmed to occur at the end of the 

annealing portion of the cycle (60° C) and before extension (72° C). 

Fluorescence trace data from real-time reactions, measured in relative fluorescent 

units (rfu), were analyzed using MJ Research Opticon Monitor 3.1 software.  The baseline 

fluorescence (subtracted from signal data) was set at the average minimum fluorescence 

signal-to-background noise over the first 20 cycles for all four channels.  Each crossing 

threshold, C(t), defined as the point when exponential amplification is distinguishable 

from background fluorescence, was manually established for FUCO-FAM at 0.005 rfu, 

GMP2-HEX at 0.00125 rfu, GST-Cy5 at 0.004 rfu, and SYNAP2-TXR at 0.002 rfu.  Both 

trace and standards curves were generated using data smoothing (DS), wherein a moving 

average is calculated for a set number of time points in order to smooth out short-term 

fluctuations.  The default DS is 3-points, and FUCO-FAM, GMP2-HEX, and GST-Cy5 

were all viewed at this setting.  The SYNAP2-TXR signal was viewed with 9-point DS 

due to greater signal variation inherent with this fluorochrome.  PCR efficiency, a factor 

by which the amplicon concentration is multiplied at each cycle, was reported for the 

individual samples and for all reactions observed on a single plate (overall PCR 

efficiency).  Individual reaction efficiencies were reported by the Opticon Monitor 

software and the overall PCR efficiency was calculated using the equation: 

E = (10(-1/m) - 1) x 100% 
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where m is the slope of the standard curve (log fluorescence vs. C(t)) for the range of 

template concentrations examined. 

The qPCR reactions were standardized using external positive batch controls 

containing 10 ng P. parvum (UTEX 2797) DNA and negative batch control reactions 

containing no DNA.  After each PCR cycle fluorescent signals detected from the negative 

batch control reactions were subtracted from the total fluorescence of the positive controls 

and sample reactions to account for signal drift that is inherent in this type of real-time 

PCR (Saunders 2004).  Due to stronger qPCR trace profiles showing increased 

reproducibility and overall sensitivity, the FUCO-FAM signal was selected for 

quantitative analyses. While the other three fluorescent beacons produced detectable trace 

data, FUCO-FAM had fluorescence signals an order of magnitude higher than those seen 

with the other beacons.  The other beacons also displayed more variability between 

reactions, so these were included primarily for positive (qualitative) verification.  

Concentration gradients of isolated genomic DNA and whole cells of P. parvum (UTEX 

2797) and the other strains of P. parvum listed in Table 2.1 were evaluated to generate 

standard curves for quantifying samples of unknown concentrations. 

The multiplex qPCR assay was used to quantify several environmental samples 

collected in Texas from naturally-occurring P. parvum blooms.  These samples were 

independently enumerated by manually counting cells using a hemacytometer: two counts 

were performed by Texas Parks and Wildlife Department (TPWD) personnel and one 

count was provided by PhycoTech.  The bloom materials were supplied in the form of 

frozen pellets (including cells and debris), which were sedimented by centrifugation from 

1 L of lake water.  P. parvum cells were abundant in these samples, but they also 

contained numerous species of cyanobacteria, green algae, chrysophytes, cryptophytes, 

diatoms, and dinoflagellates (species composition provided by PhycoTech).  The cell 
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pellets were rapidly thawed and resuspended in 200-500 µL HPLC-grade water, 

depending on the size of the pellet.  The assessment of these environmental samples by 

qPCR incorporated dilutions (using 1 µL of 1X, 1/10X and 1/100X), which were often 

necessary with whole cell reactions to reduce potential inhibitors in samples that contain 

high cell densities in addition to sediment and debris.  Lastly, mixed bloom conditions 

were simulated and tested by multiplex qPCR for P. parvum isolates occurring in South 

Carolina (UTEX 2827), the United Kingdom (UTEX 995), and Norway (NIVA 3/89 and 

9/92) using heterogeneous mixtures of algal whole cells (previously described) containing 

a known concentration of P. parvum (approximately 15,000 P. parvum cells/reaction). 

The EST and nucleotide sequences isolated in this study are available from 

Genbank with accession numbers ES560516-ES560519 and EF641278-EF641292. 

 

2.3 Results 

2.3.1 Conventional Multiplex PCR 

PCR primer pairs were used to amplify DNA from whole cells and isolated 

genomic DNA from P. parvum, related species and outgroup organisms.  Initially, the 

amplification products from individual primer set reactions were visualized by gel 

electrophoresis and the selected gene products were exclusive to the P. parvum isolates 

investigated (Appendix A: Figure 3).  Most of these products’ identities were confirmed 

by nucleotide sequencing (Appendix A: Figure 4).  The PCR reactions containing isolated 

DNA from closely-related species and other negative control organisms did not generate 

any apparent products in electrophoresis gels (not shown).  Isolated DNAs and whole 

algal cells were then evaluated by PCR using the multiplex primer sets collectively in a 

single reaction tube.  Four discrete bands were resolved by gel electrophoresis for the P. 
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parvum isolates examined, which corresponded in size to bands obtained with the 

individual primer pairs (Figure 2.1).  The four PCR amplification products were easily 

visible in electrophoresis gels after 25 cycles for reactions containing 10 ng of P. parvum 

genomic DNA with one exception: P. parvum f. patelliferum (not shown).  Incorporating 

a second round of amplification (50 cycles total) increased the level of detection down to 

0.5 pg genomic DNA, or approximately 1-2 cell(s), in a reaction, for all 7 isolates 

(Appendix A: Figure 5). 

 

 

 

Figure 2.1 Panel A) The individual and multiplex PCR products for the TX isolate were 
resolved by gel electrophoresis along with molecular weight standards (L).  
Panel B) The primer suite was evaluated by conventional multiplex PCR (50 
cycles) using 0.1 ng of isolated DNA from isolates of P. parvum occurring in 
Texas (TX), South Carolina (SC), Maine (ME), the United Kingdom (UK), 
Norway (N1 and N2), and the conspecific, P. parvum f. patelliferum (PAT, 
from Maine).  This diagnostic banding pattern was detected in 
electrophoresis gels using as little as 0.5 pg of isolated DNA per reaction 
(Appendix A: Figure 5). 
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The abundance of the individual amplification products varied somewhat between 

P. parvum isolates, indicating that certain gene products amplified more efficiently under 

the present conditions (as shown by the fluorescence intensity of the individual bands in 

electrophoresis gels).  This would suggest that there is some degree of mismatch priming 

and/or difference in the number of copies for the selected gene targets between these 

geographic isolates resulting in varying band intensities.  Multiplex products for the 

Maine, United Kingdom, and Norwegian isolates, and P. parvum f. patelliferum, were 

slightly less abundant by comparison to the Texas and South Carolina isolates.  Reactions 

containing isolated genomic DNAs from related and outgroup species generated few to no 

products, and the diagnostic banding pattern in electrophoresis gels was exclusive to the 

P. parvum isolates among all the organisms tested  (Appendix A: Figure 6). Samples 

containing isolated DNA from P. calathiferum reactions had two faint bands in 

electrophoresis gels; however, these products were only detected in the multiplex 

conditions and they were not reproducible in PCR reactions using the individual primer 

sets. 

Because natural blooms of P. parvum are rarely unialgal (even though P. parvum 

is typically the dominant species), the specificity of the multiplex PCR assay was 

evaluated using a heterogeneous mixture of whole cells or a mixture of different DNAs 

from a variety of algae containing or lacking known concentrations of P. parvum.  Thus 

far, only heterogeneous reactions containing P. parvum produced the four gene-specific 

products and the diagnostic banding pattern in electrophoresis gels among the organisms 

investigated (Appendix A: Figure 7).  The fluorescence intensity of the bands in 

electrophoresis gels for the heterogeneous mixtures was comparable to positive control 

reactions, demonstrating the specificity of the reactions and a lack of interference from the 

presence of other algal cells/DNA. 
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2.3.2 Multiplex qPCR 

Sets of oligonucleotide primers and fluorescent molecular beacons for multiplex 

qPCR were evaluated for reactions containing isolated genomic DNAs (and in some cases, 

whole cells) from P. parvum, related-species and outgroups.  Thus far, reactions 

containing DNA from four of the seven isolates of P. parvum (TX, SC, ME, UK) 

produced all four gene-specific fluorescent signals among the organisms tested.  

Fluorescent signals were detected for reactions containing DNA from the Norwegian 

strains of P. parvum in the FUCO-FAM, GST-Cy5 and GMP2-HEX; and signals for P. 

parvum f. patelliferum were found in the FUCO-FAM and GST-Cy5 channels only. The 

trace data for the other qualitative channels were inconsistent and did not show positive 

amplification/detection under the present conditions (not shown). 

The qPCR conditions and trace analyses were standardized with external positive 

and negative batch control reactions.  The positive batch control reactions containing 10 

ng of DNA have fluorescent trace data that exhibited a sigmoidal trend (Appendix A: 

Figure 8).  Isolated genomic DNA was used for positive controls.  The trace profiles for 

negative batch controls (without template) were shown to be linear and these data were 

subtracted from the total fluorescence of the positive control and sample reactions to 

account for signal drift (Appendix A: Figure 9).  C(t) values for samples were determined 

by the monitoring software and were verified to insure that C(t) values were not the  result 

of sudden spikes in fluorescence not related to target amplification.  On occasion, 

reactions failed or did not exhibit typical amplification trace profiles and these data were 

omitted in quantitative analyses. The highest single-well PCR efficiencies (90-100%) 

were observed for reactions containing 1000 to 10,000 cells or reactions with 1 to 10 ng 

genomic DNA (UTEX 2797).  Lower individual efficiencies and higher standard 

deviations were observed for samples containing excess, or diminishing, quantities of 
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template.  Trace data were processed using only data smoothing and background 

subtraction. 

A concentration gradient of isolated genomic DNA from P. parvum (UTEX 2797) 

was evaluated using qPCR and fluorescence trace data represent the real-time 

amplification as detected by the FUCO-FAM beacon (Figure 2.2).  Analysis of the C(t) 

vs. the quantity of DNA demonstrated a strong linear correlation (R2 > 0.99; Figure 2.3).  

The overall PCR efficiency (E) was 68% for the entire range of DNA template examined.  

All four molecular beacons were capable of detecting between 0.1 ng and 10 ng of 

isolated DNA indicated by the intersection of the C(t) established for each fluorochrome 

channel (Appendix A: Table 2).  Reactions containing ≤10 pg or ≥50 ng DNA resulted in 

trace curves that were very shallow, and these quantities appear to represent the upper and 

lower limits of this assay under these conditions, respectively.  Positive amplification for 

reactions containing 10 pg and 1.0 pg were detected, but only the FUCO-FAM signal data 

intersected the C(t) and reached sufficient fluorescence levels to be distinguished from 

background noise.  Based on its signal, FUCO-FAM was also the only molecular beacon 

capable of detecting 0.1 pg of DNA; however, trace data did not cross the C(t).  Due to 

differences in priming for the other 6 isolates of P. parvum, DNA concentration gradients 

were evaluated to establish separate standard curves so that they could be also utilized to 

quantify samples of unknown concentration (Appendix A: Figure 10). 
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Figure 2.2 Multiplex qPCR was performed using a concentration gradient of isolated 
genomic DNA from P. parvum (TX strain, UTEX 2797).  Each trace 
represents the real-time amplification as detected by the FUCO-FAM 
channel (mean values, n = 5).  The C(t) is indicated by the dashed line.  Note 
that the FUCO-FAM beacon was capable of detecting 0.1 pg DNA, but trace 
data do not intersect the C(t).  

 

             

Figure 2.3 A standard curve was generated from FUCO-FAM trace data using a 
concentration gradient of P. parvum genomic DNA (TX strain, UTEX 2797).  
Linear regression analysis was performed and the bars indicate the 68% 
confidence interval (C.I.) for the mean C(t) values (n = 5).  Trace data were 
also recorded for reactions containing 0.1 pg DNA, but these did not intersect 
the C(t) and thus were regarded as being below the detectable limits. 
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The multiplex qPCR primers and beacons were tested with a concentration 

gradient of whole P. parvum (UTEX 2797) cells and the quantitative trace data were 

analyzed for the FUCO-FAM signal (Figure 2.4).  A strong linear correlation (R2 > 0.98) 

was observed for the C(t) vs. the number of whole cells to the extent that the equation 

from linear analysis (Figure 2.5) was used to quantify unknown samples. The overall PCR 

efficiency was 52% for reactions using whole cells for the range of template examined.  

Trendline analyses of whole cell and DNA standards also allowed the estimation of DNA 

per cell to approximately 0.4-0.5 pg total DNA.  All four fluorescent beacons were 

capable of detecting 1000 cells and as few as one cell in a reaction within 50 qPCR cycles; 

however, the FUCO-FAM signal was the most reliable with respect to predictability of 

cycling and C(t) values for all of the cell concentrations examined (Appendix A: Table 3).  

The other three fluorescence channels exhibited positive  

 

 

Figure 2.4 Multiplex qPCR was performed using cultured whole cells of P. parvum (TX 
strain, UTEX 2797).  Trace data represent the real-time amplification as 
detected by the FUCO-FAM channel (mean values, n = 5).  Reaction 
inhibition was seen at concentrations of 100,000 cells/reaction as indicated 
by shallow trace data (arrow) and lower PCR efficiencies were observed with 
reactions containing ≤100 cells. 
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Figure 2.5 A standard curve was generated from FUCO-FAM trace data using a 
concentration gradient of cultured whole cells of P. parvum (TX strain, 
UTEX 2797).  Linear regression analysis was performed and bars indicate 
the 68% C.I. for the mean C(t) values (n = 5). 

 

amplification and showed predictable trends, but their trace profiles were lower in 

magnitude and more variable.  Reactions containing 100,000 cells were detected in the 

early rounds of PCR, but the relative fluorescence does not appear to increase beyond the 

first 20 rounds of amplification.  Shallow curves were also often seen with diminishing 

cell amounts (≤100 cells), as it takes longer to initiate and subsequently detect 

amplification. 

To mimic natural blooms, heterogeneous mixtures of algal whole cells, and in 

some cases isolated DNA, were evaluated by multiplex qPCR and the fluorescent signals 

were found to be specific to samples containing P. parvum (UTEX 2797, 2827 and 995, 

NIVA 3/89 and 9/92), demonstrating the specificity of the assay and the lack of 

interference from the presence of other algal cells/DNA (Figure 2.6).  
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Figure 2.6 Heterogeneous mixtures of whole algal cells were prepared as described with 
and without known concentrations of P. parvum cells (approx. 15,000 
cells/reaction).  Reactions were evaluated by multiplex qPCR (n = 4, mean 
values shown) for isolates of P. parvum occurring in Texas (TX, UTEX 
2797), South Carolina (SC, UTEX 2827), the United Kingdom (UK, UTEX 
995), and Norway (N1 = NIVA 3/89 and N2 = NIVA 9/92) listed in Table 
2.1.  Negative control reactions contained the same heterogeneous mixture, 
but omitted P. parvum.  The trace data for the heterogeneous cells mixtures 
containing P. parvum cells from TX, SC and the UK are show in panel A.  
Due to no/low signal data for the Norwegian whole cell mixtures, DNA 
extractions were necessary prior to performing PCR.  The reactions with 
Norwegian isolates are shown in panel B. 
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Lastly, three (whole-cell) environmental samples from naturally-occurring P. 

parvum blooms in Texas were tested using the qPCR assay and the reaction sample traces 

demonstrated positive amplification for all four gene primer sets.  The resulting cell 

density estimations using the linear regression equation for the C(t) vs. the number of 

whole cells per reaction (in Figure 2.5) were close to mean cell density values obtained by 

manually-counted estimations using a hemacytometer and they had smaller standard 

deviations (Table 2.4).  
  

Table 2.4 Cell estimations using multiplex qPCR (n = 3) were compared with three 
independent cell estimations obtained using a hemacytometer.  The mean ± 
S.D. is reported for each method. 

 

 

Manual 
Estimations  
(cells mL-1) 

 
Mean ± S.D. for 

manually estimated 
samples  

Mean ± S.D. for 
cell estimations 

using qPCR 
 1 2 3 (cells mL-1) (cells mL-1) 

Sample A 18,564 11,000 13,632 14,399 ± 3840 15,067 ± 2960 
Sample B 22,944 39,000 35,745 32,563 ± 8488 22,881 ± 4693 
Sample C 68,115 65,000 101,555 78,223 ± 20,266 80,530 ± 5652* 

* one reaction failed 
  

2.4 Discussion 

Suites of primers and molecular beacons were designed for multiplex PCR-based 

assays to amplify four species- and gene-specific products simultaneously such that they 

could be used for the detection and quantification of P. parvum in natural bloom samples. 

State-of-the-art real-time PCR technology at the time of this investigation allowed for the 

simultaneous detection of four distinct excitation and emission wavelengths.  Therefore, 

four fluorescent molecular beacons were developed to increase the number of genetic 

markers simultaneously available for the identification and enumeration of P. parvum.  

The built-in redundancy of these assays provides an increased level of confidence in 
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reactions with the positive confirmation of four discrete products that precludes the false 

verification due to the formation of one or more spurious amplicons. 

The DNA sequences selected for the multiplex PCR assays are seemingly 

represented in different copy numbers in the nuclear genome and among the different 

geographic isolates of P. parvum, as suggested by electrophoresis gels and as indicated in 

EST analyses (compared to ribosomal DNA, which is highly-conserved and very 

abundant in cells).   Both high- and low-copy number target genes were chosen, with the 

former being more valuable/sensitive when testing low concentrations of cells or DNA.  

The actual copy numbers of the four gene targets are not presently known, but it appears 

that the SYNAP and FUCO genes are more abundant than the GMP and GST genes (as 

PCR amplicons observed in electrophoresis gels).  Selecting the FUCO gene target also 

served to eliminate the detection of abundant green algae and cyanobacteria that often co-

exist with P. parvum in environmental samples.  The fucoxanthin-chlorophyll a/c-binding 

protein is derived from a light-harvesting pigment gene putatively found in multiple 

copies in this alga (based on 27 unigenes constructed from 166 ESTs; La Claire 2006).  

The FUCO primer set designed for this multiplex PCR assay has 100% sequence 

similarity to at least two of these unigene sequences, which increases the number of 

potential targets in a single reaction. 

The equations derived from qPCR linear regression analyses of whole cell and 

DNA concentration gradient standard curves were used for enumerating samples of 

unknown quantities and to estimate the amount of total DNA per cell.  This estimate for P. 

parvum (UTEX 2797) is in close agreement with the quantity of DNA per cell for the 

green algal species, Chlamydomonas reinhardtii (Cechacek and Hillova 1995), as well as 

a variety of organisms in the Ulvophyceae, Phaeophyceae and Rhodophyta (Kapraun 

2005).  With only 0.4-0.5 pg DNA/cell, it is not surprising that there were no C(t) data 
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using 0.1 pg of isolated DNA (being only 20-25% of the predicted DNA per cell), as this 

quantity putatively would not contain a full complement of the genome and may not 

consistently represent low-copy target DNA.  The FUCO-FAM signal was detectable 

(perhaps due to multiple gene copies available as template), but only at a very low level.  

Greater variability (as expressed by S.D.) was also observed in reactions with lower 

starting template, as was seen in the study by Peirson et al. (2003).  At the other extreme, 

the upper limit of detection appears to be ~100,000 cells (~50 ng DNA) per reaction.  

These trace profiles were shallow and amplification did not seem to progress after the first 

20 cycles, which may be indicative of reaction inhibition or reagent exhaustion.  It is well 

known that the effects of inhibitors can increase roughly in proportion to the amount of 

template DNA, resulting in failed reactions and unreliable trace data (Saunders 2004).  

Galluzi et al. (2008) found that undiluted samples did not amplify properly with spiked 

field samples and had to be diluted at least 100-fold before amplification.  We recommend 

that a range of dilutions be tested to reduce the concentration of potential inhibitors and to 

insure the best possible amplification.  Furthermore, due to the high degree of sensitivity 

associated with qPCR, a range of values can be expected when it is difficult to achieve 

complete homogeneity within a sample (especially with whole cells and samples 

containing debris). 

The efficiency of the individual reactions was measured using the real-time 

monitoring software and overall efficiency was determined using the slope of the standard 

curves.  While the equation: 

E = (10(-1/m) - 1) x 100% 

is the most commonly used method for determining overall efficiency, this calculation 

entails several assumptions that are not upheld during PCR cycling.  This standard curve 

method relies heavily on the supposition that PCR efficiencies are constant for each 
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amplicon (Ramakers et al. 2003).  In an ideal set of reactions, PCR efficiency would equal 

100%, indicating that all of the target amplicons were replicated during each PCR cycle.  

However, this value is significantly lower in most systems (Liu and Saint 2002, Swillens 

et al. 2004).  Furthermore, our methods did not employ efficiency-corrected models or 

amplification normalization to reduce background noise and improve PCR efficiency 

(Larionov et al. 2005).  Alternative mathematical methods have been proposed that may 

give a better indication of overall PCR efficiency based on individual reactions and PCR 

reaction kinetics (Liu and Saint 2002, Swillens et al. 2004, Peirson et al. 2003, Ramakers 

et al. 2003, Tichopad et al. 2003). 

The utility of the present assays varies to some extent among geographic isolates 

tested with a slightly decreased efficiency as geographic and genetic distances increase 

(with respect to Texas).  This can be reasonably explained by the subtle genetic 

differences found among isolates of P. parvum and P. parvum f. patelliferum (Larsen and 

Medlin 1997).  Thus, some molecular applications may be somewhat limited to the 

detection of certain ecotypes (e.g., Scandinavian, English, Australian, North American) 

depending on the specificity and sensitivity of the probes.  For example, the ability of 

antibody probes to detect P. parvum differs with geographic isolates (West et al. 2006).  

The suites of primers and molecular beacons in this study were capable of detecting an 

isolate of P. parvum f. patelliferum from Maine, which lends further evidence to the 

conspecificity of these two forms; however other geographic isolates were not tested at 

this time.  An extensive study is needed that includes more geographic isolates and 

increases the number of genetic markers to further resolve the fine-scale relatedness of 

these ecotypes and to optimize protocols to detect more genetically- and geographically-

distant isolates of P. parvum and other toxigenic species of Prymnesium. 
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In summary, the present work has shown that multiplex PCR can be used to 

rapidly and specifically detect widely-distributed geographic strains of P. parvum from 

total isolated DNA, cultured cells and environmental samples.  The specificity of the 

multiplex PCR assay was demonstrated using heterogeneous mixtures of whole cells or 

DNAs from a variety of algae in addition to natural bloom samples.  Multiplex qPCR 

quantitation compared well with manual counts with less variation among replicates, and 

therefore smaller S.D.’s.  Using conventional multiplex PCR, this protocol is a species-

specific assay that generates a diagnostic banding pattern in electrophoresis gels with 

qualitative results in about seven hours (for 25 cycle reactions and including 

electrophoresis).  The suite of species- and gene-specific primers and beacons for qPCR, 

allows the quantitative detection of P. parvum in less than three hours.  With a 96-well 

format, as many as 47 samples (incorporating replicates) could be handled simultaneously, 

thus processing times are reduced to 3-9 min per sample.  Such applications should allow 

the confident detection of this toxin-forming alga in environmental samples containing as 

little as a single cell and within a time frame suitable for determining appropriate 

responses by reducing processing time in the laboratory.  This presents a significant 

improvement in DNA-based detection technology for this alga, enhanced by the rapid and 

simultaneous confirmation of four species- and gene-specific products.  The multiplex 

qPCR assay has since been tested extensively in a statewide survey that was conducted for 

the detection/quantitation of P. parvum in Texas waterways (as performed by TPWD, 

unpublished).  Both the conventional and quantitative multiplex PCR assays should have 

much broader applications and are capable of identifying several previously 

uninvestigated, globally-distributed isolates of P. parvum. 
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The contents of this chapter were originally published in the Journal of Applied 

Phycology (Manning and La Claire 2010a).  Preliminary studies on the development of 

the conventional multiplex PCR methods are described in greater detail in Manning 

(2006).
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Chapter 3: Phytochemical methods for the isolation and quantification 
of polyketide prymnesins, secondary metabolites of the harmful bloom-

forming alga, Prymnesium parvum Carter (Haptophyta) 

3. 1 Introduction 

More than 15 biologically-active substances have been identified from chemical 

extracts of Prymnesium parvum and most have been described as having lytic and/or 

other toxic effects (Ulitzer and Shilo 1966, Paster 1968, Kozakai et al. 1982, Henrikson 

et al. 2010).  These prymnesins have been ascribed as glycolipids, galactolipids, 

polyketides, proteolipids, and most recently, fatty acids (Paster 1973, Moran and Ilani 

1974, Ulitzur and Shilo 1970b, Igarashi et al. 1996, 1999, Henrikson et al. 2010).  Many 

are documented as being potent hemolysins and ichthyotoxins, however, published 

methods for the extraction of prymnesins have incorporated a variety of separation 

techniques, so it is often unclear which compound(s) is (are) present under the different 

extraction conditions.  Numerous toxic components can been found in polar, intermediate 

and non-polar phases of cellular and supernatant extracts, but there are no standardized 

methods for the isolation of the individual compounds.  These complexities have made it 

extremely difficult to quantify toxicity associated with this organism with any 

consistency.  The direct detection and quantitation of specific prymnesins using sensitive 

chemical and analytical methods (e.g., LC/MS, GC/MS) would be ideal; however, many 

of these compounds have not been fully characterized and no chemical standards are 

currently available. 

Although polyketide prymnesins have never been isolated/detected outside of the 

original investigations (Igarashi et al. 1998), the  aim of this study was to streamline and 

standardize extraction methods for the enrichment and detection of the two known 

polyketide metabolites, prym1 (C107H154Cl3NO45) and prym2 (C96H136Cl3NO35), from both 
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whole cells and aqueous samples.  These secondary compounds are renowned for their 

potent cytotoxicity and lethal effects on gill-breathing organisms (Igarashi et al. 1995, 

1998, 1999), although polyketide prymnesins have never been isolated/detected outside 

of the original investigations.  While the need for pure standards was a prerequisite for 

complex structural analyses [e.g., nuclear magnetic resonance (NMR)], it was proposed 

that many of the chromatographic steps described by Igarashi et al. (1999) could be 

truncated for the isolation of polyketide prymnesins from whole cells.  Similarly, a solid-

phase extraction (SPE) method could be adapted for the isolation and concentration of 

prymnesins from aqueous samples using reversed-phase C18 chromatography.  Such 

tools should allow the direct analysis of polyketide prymnesins, which will greatly 

improve our understanding of the presence and potential function(s) of these toxic 

principles in P. parvum. 

Polyketide prymnesins have many chemical and spectral properties that could be 

used to monitor the extraction/purification process and quantitation of these analytes.  

These compounds can be resolved by thin-layer chromatography (TLC) and visualized 

with UV light and ninhydrin staining methods (ibid.).  Confirmation of prymnesins can 

also be achieved using modern analytical methods like liquid chromatography-

electrospray ionization/mass spectrometry (LC-ESI/MS) that is capable of verifying mass 

and structural features.  This sensitive instrumentation can also be used to create a 

“metabolic fingerprint” for the detection and identification of prymnesin-related 

compounds.  Lastly, chemifluorescent methods were proposed as a means of quantifying 

prymnesins using a multiple component (condensation) reaction wherein prymnesins 

react with ninhydrin (2,2-dihydroxyindane-1,3-dione) and PAA (2-phenylacetaldehyde) 

(adapted from protein detection methods in Samejima et al. 1971a, 1971b).  This 

fluorescence reaction is specific to compounds containing primary amines and is 
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reportedly 100 times more sensitive than the colorimetric ninhydrin method (ibid.).  

Combined, these sensitive phytochemical and analytical methods would represent a 

significant contribution to the detection, and quantitation and isolation of polyketide 

prymnesins. 

 

3.2 Materials and Methods 

3.2.1 Culture Maintenance and Harvesting 

Unialgal cultures of P. parvum (UTEX 2797) were grown at 5 psu f/2 enrichment 

medium omitting silica (adapted from Guillard 1975).  Erlenmeyer flasks (250 mL) 

containing 150 mL of culture each were maintained at room temperature (RT) on a 

gyratory shaking platform at the same lighting and photoperiod conditions described 

previously.  Cultures were quantified by spectrophotometry using the extinction 

coefficient for absorbance at 680 nm (ε = 2.0E-07 cm2 cell-1).  The toxicity of cell 

cultures was measured by a hemolysis assay (adapted from Eschbach et al. 2001; 

described in Chapter 4). 

 

3.2.2 Extraction of Prymnesins from Whole Cells 

The extraction procedure outlined was optimized for the extraction of polyketide 

prymnesins from 125-150 mL of cell culture (adapted from Igarashi et al. 1996, 1999).  

All organic solvents were analytical grade and acquired from standard vendors.  

Extraction steps used polypropylene (PP) or glass consumables. 

Cultured cells were harvested by centrifugation at 4500 rpm for 5 minutes at RT.  

The supernatant was decanted and the cells were extracted immediately or stored at          

-80° C.  Cell pellets were re-suspended with 2 mL cold (-20° C) acetone by gentle 
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pipetting and vortex mixing, and then split equally between (2) 1.6 mL PP 

microcentrifuge tubes.  Afterwards, centrifugation was performed at 10,000 rpm for 5 

min at 4° C to sediment the cell debris.  The (green to yellow-green) supernatant was 

discarded taking care not to carry over any particulates.  This acetone wash was repeated 

two more times using 1 mL acetone/tube; additional rounds were performed until the 

supernatants were effectively clear of pigmentation.  The remaining cell material was 

subsequently processed for the extraction of the fractions containing polyketide 

prymnesins. 

Each acetone-extracted cell pellet was resuspended with 1 mL RT methanol 

(MeOH) by gentle pipetting and vortex mixing.  The suspension was pelleted by 

centrifugation at 10,000 rpm for 5 min at RT.  The (yellowish-green) supernatant was 

transferred to a borosilicate vial taking care not to carry over any cell debris.  Extraction 

steps with MeOH were repeated three more times and the collected supernatants were 

pooled.  Next, the cell pellet was resuspended with 1 mL RT 80% 1-propanol (n-PrOH) 

in HPLC-grade water.  The mixture was homogenized for approximately 1 min.  

Afterwards, the pestle was rinsed into the tube with 100 µL 80% n-PrOH and the cell 

homogenate was clarified by centrifugation at 4500 rpm for 5 min at RT.  The resulting 

supernatant transferred to the same glass vial containing the MeOH fractions.  The n-

PrOH extraction, homogenization and centrifugation steps were repeated once. 

Combined, the MeOH and n-PrOH fractions contained the compounds of interest.  The 

vial was then placed in a fume hood to allow the contents to evaporate to dryness. 

The dried MeOH-PrOH fraction was re-suspended with 1 mL HPLC-grade water 

by gentle pipetting and vortex mixing and then was transferred to a 15 mL PP tube.  This 

step was repeated once more to maximize recovery.  An equal volume (2 mL) of ethyl 

acetate (EtOAc) was added to the sample and placed on the vortex mixer for 30 s, 
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followed by centrifugation at 4500 rpm for 5 min at RT.  The aqueous portion (lower 

phase) was recovered and de-fatted with EtOAc three more times.  After the last 

partitioning, the lower layer (aqueous) was transferred back to the MeOH-PrOH vial 

taking care not to contaminate this fraction with fatty residues.  The MeOH-PrOH 

fraction was placed in a vented fume hood and evaporated to dryness. 

 

3.2.3 Solid-Phase Extraction of Polyketide Prymnesins 

The MeOH-PrOH fractions from cell extracts were purified using reverse-phased 

solid-phase extraction (SPE) chromatography to desalt and elute the analytes of interest 

(adapted from Igarashi et al. 1996, 1999).  Dried residues were re-suspended in 10 mL 

25% n-PrOH in HPLC-grade water and mixed well.  A Sep-Pak® Plus C18 

chromatography cartridge (Waters Corporation, Milford, MA) was activated with 5 mL 

100% MeOH, immediately followed by 5 mL 0.5 M EDTA pH 8.0.  Next, the sample 

was loaded onto the column at a flow rate of 2-3 mL/min (discarded flow through).  The 

sample was subsequently fractionated with 5 mL 60% n-PrOH in HPLC-grade water 

(discarded flow through).  The fraction containing the compounds of interest was eluted 

using 4 mL 80% n-PrOH in HPLC-grade water (note: the first 1 mL of eluate was 

discarded and the remaining 3 mL were retained for further analysis).  Samples were 

quantified using an Ohaus® Adventurer™ digital balance (Pine Brook, New Jersey) and 

re-suspended in 5% MeOH in HPLC-grade water, assuming ~90% purity.  Stock 

solutions were stored in amber PP tubes or glassware at 4° C for up to 6-9 months (dry 

extracts were stored at RT indefinitely). 
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A SPE protocol was also developed for the isolation and enrichment of polyketide 

prymnesins from aqueous samples (e.g., culture supernatants and environmental 

samples).   Water samples (30 mL) were clarified by centrifugation at 4500 rpm for 5 min 

at RT.  The supernatant was transferred to a new tube and preconditioned to 25% n-PrOH 

and processed as described above.  Samples were dried completely in a vented fume hood 

and re-suspended in 500 µL 5% MeOH in HPLC-grade water (representing a 60-fold 

enrichment compared to the initial volume). 

 Twelve environmental samples collected from a limnocorral study in Lake 

Whitney (Bryan Brooks, Baylor University) were extracted for prymnesins as an 

independent evaluation of the SPE protocol.  One mL of each was stored at -80° C for 

later hemolytic analysis (in Chapter 4); 30 mL was used for SPE whereupon the dried 

extracts were resuspended in 500 µL 5% MeOH. 

 

3.2.4 TLC Analysis 

Prymnesin extractions were monitored using normal-phased TLC silica-60 gel 

F254, which contains a fluorescent indicator reagent (EMD Chemicals, Gibbstown, NJ).  

Samples were spotted using semi-quantitative Wiretrol™ capillary microdispensors 

(Drummond Scientific Company, Broomall, PA) and TLC plates (10 cm X 10 cm) were 

developed for approx. 40 min in a chromatography tank pre-equilibrated for 15-20 min 

with CHCl3:MeOH:H2O (55:35:8 v/v; Igarashi et al. 1999).  After the plate ran (approx. 8 

cm), it was removed and placed in a fume hood to dry completely.  Analytes resolved by 

TLC were examined using a longwave UV handwand.  In preliminary analyses, the 

bands/compounds of interest were recovered by preparative TLC and retained for 

analysis.  TLC plates were also analyzed using a solution of 14 mM ninhydrin (in 95% 
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ethanol and 7 µM acetic acid).  TLC plates were dipped briefly in the reagent, dried and 

baked at 60° C for 10 min to develop (Stahl 1967).  The retention factor (Rf) for each 

compound was determined by dividing the migration distance of the analyte by the total 

distance run.  

 

3.2.5 LC-ESI/MS 

Prymnesin extracts were diluted 1:10 in an aqueous solution containing 0.1% 

formic acid and 0.01% trifluoroacetic acid  (mobile phase A, MPA) and adjusted to pH 3 

by the addition of 10% trifluoroacetic acid.  Approximately 15 pmol of prymnesin extract 

(~20 µL) was loaded onto a reversed-phase trap column (Symmetry® C18, 180 µm X 20 

mm, Waters Corporation) mounted on a nanoAcquity® UPLC system (Waters 

Corporation) and washed for 10 minutes with MPA at a flow rate of 25 µL/min.  A 

reversed-phase nano-LC analytical column (Atlantis® dC18, 75 µm X 150 mm, Waters 

Corporation) was then incorporated into the flow path.  The analytes were resolved using 

a linear gradient over 10 min that increased steadily from 2% to 50% acetonitrile with the 

integration of mobile phase B (99.89% acetonitrile, 0.1% formic acid, 0.01% 

trifluoroacetic acid, MPB) at a flow rate of 500 µL/min.  This was followed by a second 

linear gradient over 120 min increasing from 50% to 90% acetonitrile.  Analytes (eluates) 

were infused directly into a quadrapole time-of-flight (Q-TOF) Premier® mass 

spectrometer (Waters Corporation) using a nanospray ion source.  Mass spectra were 

acquired using a nanospray voltage of 2.0 kV, sampling cone voltage of 40 V, cone gas 

(nitrogen) flow of 20 L/hr, a source temperature of 100° C, and a collision gas (nitrogen) 

pressure of 5.1e-3.  All mass spectra were collected for 1.55 seconds for the range 50 to 

1600 mass/charge (m/z) with an interscan delay of 0.1 seconds.  Spectra were analyzed 
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for singly- and multiply-charged ion species.  Mass assignments were derived from 

observed ion species and the empirical isotopic distributions were predicted using Exact 

Mass Calculator™ (Varian Inc., Palo Alto, CA). 

 

3.2.6 Chemifluorescence Assay 

 The chemical quantitation of prymnesin-related compounds was evaluated using a 

multiple component reaction wherein ninhydrin and PAA react with the primary amine of 

polyketide prymnesins to generate a ternary fluorescent product (adapted from Samejima 

et al. 1971b).  Each reaction contained 1 mL 0.2 M phosphate buffer pH 6.0 (Gomori 

1955), 100 µL 50 mM ninhydrin (aqueous), 50 µL 10 mM PAA (in 95% ethanol), and 50 

µL of sample extract (in 5% MeOH).  Ninhydrin and PAA solutions were prepared daily.  

Positive control reactions were performed using a range of prymnesin standards ((1.5, 3, 

15, 30, 100, 200 and 300 nM in 5% MeOH).  Negative controls used 5% MeOH.  

Samples were mixed for approximately 10 s by vortexing and placed in a pre-heated 

block at 60° C for 1 h.  Afterwards, the tubes were mixed briefly, placed on ice for 5 min 

and then to RT for 10 min.  The reactions were pulse spun briefly and 200 µL of each 

sample was loaded (in duplicate) into a black, flat-bottomed, 96-well assay plate (Costar 

No. 3915, Corning, Union City, CA).  Afterwards, the microplate was covered with a 

darkened lid to prevent photodegradation of the reaction product(s).  Fluorescence was 

measured within 30 min on a Beckman Coulter® DTX 880 Multimode microplate reader 

using an excitation filter at 360 nm (35 nm bandpass) and emission filter at 465 nm (35 

nm bandpass).  Each well was measured for emitted light 0.4 s after excitation. 

 The SPE from the limnocorral samples were also evaluated using this fluorescent 

assay to quantify polyketide prymnesins in each sample. 
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3.3 Results 

3.3.1 TLC 

Fractions were monitored using TLC wherein prym1 and prym2 appeared as light 

yellow fluorescent bands under long-wave UV, with Rf-values around 0.5 and 0.6, 

respectively (Figure 3.1).  The compounds of interest also reacted well with ninhydrin to 

generate a colorimetric change.  Both bands (colorless under normal lighting conditions) 

turned Ruhemann’s purple (λ 570 nm) upon heating.  Approximately 100 µg of 

prymnesin residue was needed to detect prymnesins by TLC using ninhydrin, whereas, 

fluorescent detection with UV was possible with as little as 25 µg of residue.  In some 

cases, a third band was observed around Rf 0.70, which may represent an unrelated 

analyte, or possibly the aglycone form of these polyketide prymnesins (see later).  Note 

that staining with the ninhydrin reagent removed the fluorescent activity of the indicator 

reagent in the TLC plate. 

 

 

  
 

Figure 3.1 TLC of prymnesins extracted from cells.  Prymnesins were visualized with 
ninhydrin staining. The Rf values for prym1 (~0.50) and prym2 (~0.60) are 
in excellent agreement with known values (personal communication, Dr. 
Tomoji Igarashi).  Note the appearance of a third band around Rf 0.70.  This 
band may represent the aglycone form of prymnesin polyketides (see later). 

← Rf ~ 0.70 
← Rf ~ 0.60 
← Rf ~ 0.50 

100 150 200 µg 
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3.3.2 LC-ESI/MS 

The chemical identities of polyketide prymnesins in cell extractions and 

supernatant enrichments were confirmed by positive-mode LC-ESI/MS.  Analysis of the 

chromatogram demonstrated that cellular extracts were semi-crude mixtures wherein few 

(low molecular weight) constituents resolved early in the LC run (Figure 3.2).  The two 

main peaks of the chromatograph illustrate the elution of polyketide prymnesin-related 

metabolites between the retention times of 68 and 71 min  (when the mobile phase was 

approximately 80% acetonitrile).  The polyketide prymnesins within this fraction were 

estimated at ~90% purity. 
 

 

 

Figure 3.2 Chromatograph of polyketide prymnesins from cell extract.  The two major 
peaks (*) demonstrate the elution of prymnesins between 68 and 71 min 
retention time. 

Ion species observed in mass spectra between the retention times of 68 and 71 

min were deconvoluted for mass and structural assignments.  In preliminary LC-ESI/MS 

examinations that used a Fourier Transformer (FT) mass analyzer, all ions associated 

with polyketide prymnesins were observed as doubly- and triply-charged molecules 

(Figure 3.3).  Ultimately, 8 discrete ions were identified as prym1 (C107H154Cl3NO44), 

prym2 (C96H136Cl3NO35), and the aglycone form of these closely-related metabolites, 

prymalgy (C91H128Cl3NO31).  These compounds have monoisotopic masses of 2261.89 u, 

1967.79 u and 1835.77 u, respectively. 

Rel. Abund. * 

* 
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Mass assignments for major and minor ion peaks strongly support that polyketide-

related prymnesins were present at various stages of fragmentation (e.g., loss of sugar 

residues), protonation, and in association with cation adducts (Table 3.1).  The most 

abundant ions were observed at 676.25, 774.62 and 919.88 m/z, corresponding to [prym2 

+ Na + K+ H]3+, [prym1 + Na + K+ H]3+, and [prymagly + 2H]2+, respectively.  Other ion 

species related to prymnesins were observed at 459.96, 985.92, 994.40, 1016.85, 1141.44 

m/z, although these forms were much less profuse by comparison.  Peaks observed 

around 429 and 445 m/z are background ions from mobile phase solvents and unrelated 

polysiloxanes. 
 

 

 

Figure 3.3 Q-TOF mass spectra illustrate 8 multiply-charged ion species associated 
with polyketide prymnesins in cell extracts.  These analytes correspond to 
the major peaks observed in the LC chromatogram at the retention times of 
69 min (A) and 70 min (B). 

A 
Rel. Abund. 

B 

2+ 
 
4+ 
 

m/z 
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Table 3.1 Peaks and mass assignments for multiply-charged ion species associated 
with polyketide prymnesins in cell extracts.  Note that it is not possible to 
determine the identities for the assignments [prym1 - hexose - pentose] or 
[prym2] because they are structurally homologous and have equal masses.  
*Indicates most abundant ion species. 

Peakcharge 
(m/z) 

Deconvoluted 
Mass (u) 

LC-ESI/MS Assignments                                                  
Mass Analyte + Ion(s) 

 459.964+ 1839.84 [prymagly + 4H]4+ 
*676.253+ 2028.78 [prym1 - hexose - pentose (= prym2) + Na + K + H]3+ 

*774.623+ 2323.86 [prym1 + Na + K + H]3+
 

*919.882+ 1839.76 [prymagly + 2H]2+ 
 985.892+ 1971.80 [prym1 - hexose - pentose (= prym2) + 2H]2+ 
 994.402+ 1988.82 [prym1 - hexose - pentose (= prym2) + NH4 + H]2+ 

  1016.852+ 2033.70 [prym1 - hexose - pentose (= prym2) + Ac + Na]2+ 
  1141.442+ 2282.88 [prym1 + NH4 + H]2+ 

 

 

 The order that analytes eluted off the C18 column in the reverse-phased 

conditions was also indicative of their respective polarities.  Ion species assigned as 

prym1 (774.62, 985.89 and 1141.44) were slightly more polar (with the presence of 

additional sugar residues) and eluted before ion species associated with prym2.  The two 

ion peaks associated with the aglycone form, prymagly (459.96 and 919.88 m/z) were 

resolved about the same time as ion species related to prym2.  Salt interactions and/or 

charge state of an ion caused some analytes to elute differentially (i.e., analytes carrying 

more charge eluted ahead of related ion species present at lower charge states). 

Cell extracts and supernatants were further purified using C18 SPE column 

chromatography.  Resulting LC-ESI/MS (Q-TOF) spectra were averaged for the retention 

time between 13-15 min using a streamlined protocol that increased the first linear 

gradient to 70% acentonitrile during the first 10 min of the LC run (Figure 3.4).  In this  
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examination, all ions associated with polyketide prymnesins carried a 2+ charge state and 

were observed as protonated species and in association with salt and solvent-related 

adducts (see Table 3.1).  These ions were extremely reliable in mass spectra and were 

characteristic of the “metabolic fingerprint” for polyketide prymnesins (Table 3.2).  

Overall, the purification/enrichment with SPE lead to an increase in the number of 

prymnesin species observed; but the quadruply-charged ion at 459.96 m/z and triply-

charged sodium-potassium-proton adducts seen in previous spectra (e.g., 676.25, 774.62 

m/z) were not present after processing by SPE. 

 

 

Table 3.2 Ions characteristic of the metabolic fingerprint for polyketide prymnesins. 
Note that it is not possible to determine the identities for the assignments 
[prym1 - hexose - pentose] or [prym2] because they are structurally 
homologous and have equal masses.  *Indicates most abundant ion species. 

 

 

 

Peakcharge 
(m/z) 

Deconvoluted 
Mass (u) 

LC-ESI/MS Assignment                                              
Mass Analyte + Ion(s) 

 *919.882+ 1839.76 [prymagly + 2H]2+ 

  926.872+ 1853.74 [prymagly + formyl - H2O + 2H]2+ 
  935.902+ 1871.80 [prymagly + formyl + 2H]2+ 
  967.932+ 1935.80 [prymagly + TFA + 2H]2+ 
 *985.902+ 1971.80 [prym1 - hexose - pentose (= prym2) + 2H]2+ 
  994.412+ 1988.82 [prym1 - hexose - pentose (= prym2) + NH4 + H]2+ 
 1000.962+ 2001.92 [prym1 - 2 pentose + 2H] 
 1035.022+ 2070.04 [prym1 - hexose - pentose (= prym2) + TFA + 2H]2+ 
*1051.952+ 2103.90 [prym1 - hexose + 2H]2+ 
 1066.982+ 2133.96 [prym1 - pentose + 2H]2+ 
 1115.522+ 2231.04 [prym1 - pentose + TFA + 2H]2+ 
*1132.972+ 2265.94 [prym1 + 2H]2+ 
 1141.442+ 2282.88 [prym1 + NH4 + H]2+ 



 77 

The relative abundance of each ion species is also representative of the “metabolic 

fingerprint” for these related compounds.  The most prevalent ion was observed at 919.88 

m/z, [prymagly + 2H]2+, which was also abundant in FT mass spectra of cell extracts 

(Figure 3.3).  Other major peaks were observed at 985.90, 1051.95, and 1132.97 m/z, 

which correspond to the mass and structural assignments of [prym1 - hexose - pentose (= 

prym2) + 2H]2+, [prym1 - hexose + 2H]2+, [prym1 + 2H]2+, respectively (Table 3.2).  The 

ion species around 985.90 m/z was seen also in FT mass spectra of cell extracts (Figure 

3.3), but this ion was much more abundant under these conditions.  The structural 

assignment for 1132.97 m/z represents the intact, doubly-protonated form of prym1, 

which was not seen in earlier examinations.  Nine minor peaks observed between 880 and 

1200 m/z were assigned as related cation adducts and (possible) fragmentation of 

polyketide prymnesins.  Collectively, these 13 ion species were used to identify 

polyketide prymnesins from cell and aqueous extracts. 

The ion occurring at 919.88 m/z was the most common species observed in all 

mass spectra.  This analyte, [prymagly+ 2H]2+, is the backbone structure common to both 

prym1 and prym2, and was targeted for additional mass and structural verification.  The 

expanded mass spectrum for this ion species is in excellent agreement (<0.5 ppm) with 

the mass assignments in empirically derived spectra for [prymagly+ 2H]2+ based on 

elemental composition and naturally-occurring isotopes (Figure 3.5).  Other prominent 

ion species observed in spectra were compared with their expected isotopic distributions, 

which were also in very good agreement with mass and structural assignments (Appendix 

B: Figures B.1-B.10). 
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Figure 3.5 Expanded mass spectrum of the ion species occurring at 919.88 m/z.  The 
actual spectrum (A) demonstrates the isotopic pattern that is characteristic of 
[prymagly+ 2H]2+.  The structural and mass assignments (1837.768 u) are in 
excellent agreement (<0.5 ppm) with empirically derived spectra (B) based 
on elemental composition and naturally-occurring isotopes. 

 

3.3.4 Chemifluorescence Assay 

Preliminary studies showed that polyketide prymnesins were detectable with 

ninhydrin and PAA by way of a multiple component condensation reaction.  The 

resulting ternary products had fluorescent properties of being excited by light at 390 nm 

and emitting light around 490 nm.  This reaction was successfully employed to quantify 

known concentrations of polyketide prymnesin extracts.  The standard curve for positive 

controls (1.5, 3, 15, 30, 100, 200 and 300 nM) demonstrated a strong, direct correlation 

A 

m/z 

prymagly     C91H128Cl3NO31 
[M + 2H]2+ = 1837.7688 u 

B 
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(R2-value = 0.998) with the generation of fluorescent reaction product(s) in this 

concentration range (Figure 3.6).  The reaction of polyketide prymnesins extracts with 

PAA and ninhydrin was found to be highly dependent on pH, temperature and incubation 

time.  Reactions were the most reliable at pH 6.0, which yielded 30-fold more relative 

fluorescence than reactions using phosphate buffers at pH 7.0 or 8.0.  After the effects of 

pH were assessed, the temperature (60º C) and incubation time (60 min) were derived 

empirically. 

 

 

Figure 3.6 Standard curve of polyketide prymnesin cell extracts using fluorimetric 
detection assay.  The concentration of prymnesins is in excellent correlation 
with relative fluorescence values (R2- value = 0.998). 

The twelve limnocorral samples processed by SPE were also analyzed using the 

chemifluorescent assay.  After values were adjusted to account for the 60-fold 

enrichment, it was detemined that prymnesins were present in low nM concentrations for 

the majority of samples (Table 3.3).  This evaluation demonstrates an application of this 

detection assay, and ongoing collaborations with neighboring universities are working on 

the relationships of polyketide prymnesins in ichthyotoxicity studies. 
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Table 3.3 Estimation of polyketide prymnesins in limnocorral samples using the 
chemifluorescent assay. 

Limnocorral Sample Prymnesins nM 
1 4.37 
2 3.91 
3 7.02 
4 5.84 
5 7.36 
6 5.87 
7 5.40 
8 8.06 
9 10.45 

10 6.53 
11 7.00 
12 7.01 

 

3.4 Discussion 

Until now, the detection/isolation of polyketide prymnesins from cells of P. 

parvum has never been reproduced since the original manuscripts on the extraction and 

characterization of these metabolites (Igarashi et al. 1996, 1998, Sasaki et al. 2001, 

2004).  Moreover, earlier publications exclusively examined polyketide prymnesins from 

crude cell extracts.  This investigation has confirmed that these metabolites were present 

in both cells and in cell-free supernatants using streamlined extraction and 

chromatographic techniques.  These methods represent a significant improvement in the 

rapid extraction, detection, and quantitation of polyketide prymnesins, which should 

provide much-needed tools that are essential to monitoring this bloom-forming alga. 

The isolation of prymnesins for standards posed the biggest challenge given the 

time and expense it took to purify prym1 and prym2 for structural 

characterization/elucidation, and because no chemical standards were commercially 

available (Igarashi et al. 1996, 1999).  Published extraction methods used 400 L of dense 
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cell culture(!), multiple organic extractions, extensive chromatographic fractionation and 

sensitive analyses to quantify samples, including LC-ESI/MS, fast atom bombardment-

MS  and NMR (ibid.).  Altogether, they isolated 25 mg of prym1 and prym2, which 

equates to approximately 60 µg of prymnesins per L of culture.  Thus, it seemed feasible 

that one would be able to isolate these compounds in the ng- and µg-range for analysis.  

In fact, the present work demonstrated that an enrichment of a 30 mL water sample could 

yield detectable amounts of polyketide prymnesins. 

Polyketide prymnesins extracted from cell and supernatant enrichments were 

monitored using TLC; mass/identification and structural features were verified by mass 

spectrometry.  LC-ESI/MS spectra resolved multiply-protonated and cation-related ion 

species associated with prym1, prym2, and the aglycone form of prymnesin, prymagl.  

Thirteen discrete peaks comprise the metabolic fingerprint for the confirmation of these 

related metabolites.  Interestingly, all ions observed in mass spectra occurred as multiply-

charged species and no singly-charged ions (like those observed by Igarashi et al. 1999) 

were seen for polyketide prymnesins in this examination.  It should be noted that it is not 

possible to distinguish the absolute structural assignments given for prym2 and prym1 

minus a pentose and hexose sugar using MS alone.  The structures for [prym1 - hexose - 

pentose] and [prym2] are homologous (i.e., prymnesin backbone plus 1 pentose sugar) 

and they have equal masses.  Therefore, it is not possible to determine if individual ion 

species observed at 676.25, 985.92, 994.40 or 1016.85 m/z originated from prym1 or 

prym2.  For similar reasons, it is also unclear whether ions associated with prymagly were 

derived from the fragmentation of prym1 or prym2.  Conversely, the abundance of 

certain ions may represent structural intermediates (or possibly, end products?) of 

prymnesin metabolism. 
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By integration of the area under the two main peaks of the chromatograph, it was 

estimated that the ratio of prym1:prym2:prymagly was approximately 2:3:2.  The ratio of 

prym1 to prym2 is in very close agreement to the amounts of prym1 and prym2 isolated 

by Igarashi et al. (1996, 1999).  Disparities in this investigation can be attributed to the 

presence, and sheer abundance, of the aglycone form observed in the present analyses.  

The ion species at 919.88 m/z, [prymagly + 2H]2+, was especially prominent and reliable in 

spectra.  This aglycone form was also observed in the original ESI-LC/MS examinations 

(Igarashi et al. 1999 supplementary data), but it represented a very minor peak by 

comparison. 

Differences in spectra among this, and the original investigations are likely due to 

variations in sample preparation, LC running conditions, and/or sensitivity of the 

individual mass analyzers available at the time.  The FT and Q-TOF instruments used in 

the present study demonstrated greatly improved resolution, wherein ions related to 

prymnesin polyketides were easily identifiable.  The abundance of individual ion species 

may be attributed to the sensitivity of the respective MS instruments, but it could also be 

affected by sample preparation and LC conditions.  In this examination, sample extracts 

were preconditioned with trifluoroacetic acid and adjusted to pH 3.0 prior to loading, 

which might lead to acid hydrolysis and fragmentation of the sugar residues located at the 

tail end of the molecules; nevertheless, intact polyketides were identified in Q-TOF 

spectra. 

The fluorimetric detection was achieved by targeting the primary amine of 

polyketide prymnesins using ninhydrin and PAA (adapted from protein-detection 

methods outlined by Samejima et al. 1971a, 1971b).  Sample enrichment coupled with 

this sensitive chemifluorescent assay has confirmed the detection of prymnesins at 

concentrations in the picomolar range, which is well below the concentration when toxic 
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effects are noticeable.  This sensitive fluorimetric assay also allows the quantitation of the 

compounds themselves, regardless of activating co-factors, which can serve as an 

indicator of the imminent toxic effects if all prymnesins present were activated en masse.  

By comparison, bioassay methods are far less sensitive and are effective over a much 

narrower range of toxin concentrations (see later in Chapter 4).  Continuing work in this 

area will focus on the stability of the fluorescent reaction product(s) for the direct, 

quantitative analysis of polyketide prymnesins. 
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Chapter 4. The effects of growth phase and salinity on the presence of 
polyketide prymnesins in dynamic populations of Prymnesium parvum 

Carter (Haptophyta) 

4.1 Introduction 

Over the last 60+ years, toxicity associated with the marine alga, Prymnesium 

parvum, has been analyzed extensively in response to various chemophysical factors 

(Paster 1973, Shilo 1981).  These golden algae are especially known for seasonal 

outbreaks in brackish and inland fresh reservoirs, wherein toxic events are documented in 

waters ranging from ~2 to 25 psu (Guo et al. 1996).  Interestingly, a harmful bloom of P. 

parvum has never been observed in full saline conditions (Edvardsen and Paasche 1998), 

and some reports have shown that salinity is correlated with toxicity in this euryhaline 

alga (Edvardsen et al. 1996).  In contrast, other investigations have reported that there are 

no apparent connections between these factors and differences in toxicity were attributed 

to the geographic strains rather than as a species (Larsen and Bryant 1998).  Thus, it is 

presently unclear whether toxicity is associated with salinity. 

There is also some controversy as to whether the presence of prymnesins varies 

with the growth stages of P. parvum in culture.  Some studies have reported highest 

prymnesin levels in the culture medium during the stationary phase that follows 

logarithmic growth (Padilla 1970, Guo et al. 1996).  Whereas some workers have 

reported a direct correlation between cell concentration and toxin abundance (Paster 

1973), others found that the presence of extracellular toxins was completely independent 

of cell density (Guo et al. 1996).  This putative association also requires further work to 

demonstrate its existence. 

Many published examinations have utilized ichthyotoxicity and/or hemolysis-

based assays to analyze the relationships between environmental factors and the presence 
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of prymnesins.  Toxicity is believed to involve direct interaction with plasma membranes, 

compromising membrane integrity and permitting ion leakage (Murata and Yasumoto 

2000).  These compounds are known to be especially deleterious to gill-breathing 

organisms, where their activation and potency are dependent on the presence of cationic 

cofactors (e.g., Ca2+ and Mg2+) and alkaline conditions (Shilo 1971, Paster 1973, Igarashi 

et al. 1998).  In fact, fish toxicity assays involve the addition of a cofactor solution, which 

is used to establish the presence of prymnesin exotoxins (Ulitzer and Shilo 1964). 

Prymnesins are also potent cytotoxins whose hemolytic activity can be measured 

by the amount of hemoglobin released from red blood cells in comparison to saponin 

standards (Meldahl et al. 1995, Eschbach et al. 2001).  Oddly, this hemolytic property is 

not affected by the availability of cationic cofactors, as calcium antagonists do not appear 

to inhibit such activity (Igarashi et al. 1998).  It is believed that the lytic mechanism 

involves the formation of prymnesin micelles, which bind to specific sites on the surface 

of erythrocytes (Ulitzer 1973, Shilo 1981, Murata and Yasumoto 2000). 

Toxic effects of prymnesins can be very complicated due to the variable activities 

of individual metabolites, so both of the above bioassays are usually necessary to define 

prymnesin toxicity in unknown samples.  Both assays are capable of detecting 

prymnesins in the pico- and nano-molar range, although the range of sensitivity is 

extremely limited and neither method is compound-specific.  In fact, it is often unclear 

which metabolites were present/active in prymnesin samples due to variations in the 

method of toxin extraction (Padilla 1970, Larsen and Bryant 1998), and the lack of 

chemical standards for identification.  Thus far, only one study has characterized the 

specific effects of a purified prymnesin compound – prym2 (Igarashi et al. 1998). 

In this study, total hemolytic activity (HA) and HA due to prymnesins were 

measured as a function of salinity and growth phase of the alga.  Specifically, this 
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investigation assesses cumulative HA relative to concentrations of the known polyketide 

metabolites in cells and supernatants.  Such analyses should be extremely helpful in 

determining specific growth conditions that promote the presence of polyketide 

prymnesins (as well as, other toxic metabolites), which should be useful for the 

development of predictive models and strategies for monitoring bloom development in 

this harmful alga. 

 

4.2 Materials and Methods 

4.2.1 Culture Maintenance and Sample Collection 

Unialgal cultures of P. parvum (UTEX 2797) were grown in f/2 enrichment 

medium minus silica at 5, 10, 15, 20, 25, 30 and 34 psu (adapted from Guillard 1975).  

Continuous growth was attained in each of these salinities by gradually increasing the 

salinity from its normal 5 psu to 34 psu by ~5 psu every 3-4 weeks.  Two marine strains 

of P. parvum from Norway (NIVA 3/89, 9/92) were also acquired; in this case, the 

cultures were reduced stepwise in the same manner from 34 psu to 5 psu, using f/2 

medium.  All strains were acclimated at their target salinities for several months prior to 

sampling. 

Replicate cultures were each inoculated with approximately 3E+06 cells (yielding 

~2.5E+04 cells/mL final concentration) in Erlenmeyer flasks (250 mL) containing 125 

mL of media.  All cultures were maintained at RT on a gyratory shaking platform at the 

same light and photoperiod conditions described previously.  Once a week, 1 mL of 

culture was removed from each biological replicate (n = 2), and 1 mL of fresh medium 

replaced it.  Each was evaluated weekly over the course of 42 days.  The absorbance at 

680 nm was recorded to determine cell density using the extinction coefficient ε = 2.0E-
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07 cm2 cell-1.  The cells (from the same 1 mL of culture) were concentrated by 

centrifugation at 10,000 rpm for 5 min at RT.  The resulting supernatants were decanted 

and also analyzed for absorbance at 680 nm; approximately 400 µL from each sample 

was set aside for analysis of hemolytic activity (see later).  The remaining supernatants 

and cell pellets were stored at -80° C for chemical extraction of polyketide prymnesins. 

 

4.2.2 Erythrocyte Lysis Assay  

The HA of culture supernatants, cell extracts and solid-phase extraction (SPE)-

based isolations was measured using an erythrocyte lysis assay (ELA) adapted from 

Eschbach et al. (2001).  Sheep red blood cells (99% in sterile saline) were acquired from 

Innovative Research, Inc. (Novi, Michigan) and diluted in ELA buffer (150 mM NaCl, 

3.2 mM KCl, 1.25 mM MgSO4, 3.75 mM CaCl2 and 12.2 mM Tris adjusted to pH 7.4 

with HCl).  Erythrocyte-buffer suspensions were quantified spectrophotometrically, using 

the equation: 

y = 2E+06x 

where y is the absorbance at 414 nm and x is the number of red blood cells/mL.  Each 

reaction consisted of 125 µL sample (or standard) in ELA buffer plus 125 µL erythrocyte 

suspension (~4000 red cells/µL final concentration, ~1E+06 red cells/reaction).   Saponin 

standards of 2, 10, 20, 30, 40, 50, 60 and 70 µg/mL were utilized for standard curve 

generation and for positive control reactions (prepared fresh daily in ELA buffer from 2 

mg/mL aliquots stored at -20° C); the saponin originated from the bark of Quillaja 

saponica (20-35% sapogenin content, Sigma).  Other positive controls evaluated 

polyketide prymnesin extracts (described in Chapter 3).  Negative control reactions were 

performed using ELA buffer alone.  Related supernatant and cell extracts were 
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resuspended in ELA buffer and mixed well before analysis.  Replicate reactions were 

performed and often incorporated 10- and 100-fold dilutions.  After the addition of the 

erythrocyte suspension, the plates were sealed and incubated at RT in the dark for 1 h.  

Then red cells were settled by centrifugation at 1200 rpm for 5 min at RT.  Supernatants 

(200 µL from each reaction) were transferred to a clear, flat-bottomed microtiter plate 

(Nunc #269787, ThermoScientific) and scanned using a Beckman DTX-880 microtiter 

plate reader using a 405-nm absorbance filter (bandpass 15 nm).  Standard curves and 

trendline analyses (linear regression) were calculated to quantify HA in µg/mL saponin-

based equivalents (SBE).  Negative control reaction values were subtracted from the 

absorbance values of positive controls and sample reaction values prior to quantitative 

analysis.    Note that there were slight differences in absorbance values for saponin 

positive controls from week-to-week; therefore, calculations were performed using the 

individual linear equations generated from positive controls during the respective 

sampling periods. 

Preliminary examinations were initiated to measure the total HA and cell densities 

of culture supernatants grown at 7 different salinities over time.  During this pilot study, 

small-scale stationary cell cultures (~12 mL) were maintained at the conditions and 

photoperiod described previously (3 replicates per salinity treatment).  Samples were 

measured weekly for cell density and the total HA of cell-free culture supernatants was 

determined spectrophotometrically by ELA.  Additional investigations also tested the 

effects of freezing and thawing on the HA of culture supernatants.  These parallel 

experiments were performed using culture supernatants that possessed high HA, which 

were verified and semi-quantified for the presence of polyketide prymnesins by LC-MS 

fingerprinting. 
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4.2.3 Extraction of Polyketide Prymnesins from Whole Cells 

The small-scale isolation procedure described was optimized for the extraction of 

polyketide prymnesins from 1 mL of cell culture (adapted from Igarashi et al. 1999).  All 

solvents and reagents were analytical grade and were acquired from standard vendors.  

Extractions were carried out using polypropylene (PP) or glass consumables. 

Frozen cell pellets were washed and re-suspended with 100 µL cold (-20 °C) 

100% acetone by gentle pipetting and vortex mixing.  Centrifugation at 10,000 rpm 

(Sorvall SH-MT) for 5 min at 4° C was performed to sediment the cell debris.  The 

(green to yellow-green) supernatant was discarded taking care not to carry over any cell 

material.  This acetone wash was repeated two more times and additional rounds were 

performed until the supernatant was effectively clear.  The cell pellet was subsequently 

processed for the extraction of the fractions containing polyketide prymnesins. 

The acetone-extracted cell pellets were resuspended with 100 µL RT methanol 

(MeOH) by gentle pipetting and vortex mixing, followed by centrifugation at 10,000 rpm 

for 5 min at RT.  The (yellowish-green) supernatant was transferred to a 1.6 mL PP tube 

taking care not to carry over any cell debris.  Extraction steps with MeOH were repeated 

two more times and the collected supernatants were pooled.  Next, the cell pellet was 

resuspended with 100 µL 80% n-propanol (n-PrOH) in HPLC-grade water (RT) and 

homogenized for approximately 1 min using a PP microcentrifuge tube pestle.  

Afterwards, the pestle was rinsed into the tube with 100 µL 80% n-PrOH.  The cell 

homogenate was clarified by centrifugation at 10,000 rpm for 5 min at RT and the 

resulting supernatant was transferred to the tube containing the pooled MeOH extracts.  

The n-PrOH extraction, homogenization and centrifugation steps were repeated.  The 

pooled supernatant sample was subsequently placed in fume hood to dry.  Combined, 

these fractions contained the compounds of interest. 



 90 

The dried MeOH-PrOH fraction was re-suspended with 100 µL HPLC-grade 

water by gentle pipetting and vortex mixing.  An equal volume (100 µL) of ethyl acetate 

(EtOAc) was added to the sample and vortexed for 30 s, followed by centrifugation at 

10,000 rpm for 5 min at RT.  The aqueous (lower) phase was recovered and de-fatting 

with EtOAc was repeated two more times.  After the last partitioning, the lower 

(aqueous) layer was transferred to a pre-weighed tube taking care not to contaminate this 

fraction with fatty residues concentrated at the interface of the organic and aqueous 

phases.  Fractions were evaporated to dryness, resuspended in 250 µL ELA buffer 

(representing a 4X concentration factor) and evaluated for HA. 

 

4.2.4 SPE of Culture Supernatants 

Supernatants (125 µL) were extracted for polyketide prymnesins using 

HyperSep®C18 SPE micropipettor tips (ThermoFisher Scientific, Waltham, MA).  The 

resin was activated by drawing up 125 µL 100% RT MeOH into the tip and ejecting the 

solvent to the organic waste (repeated twice).  Next, 125 µL of 0.5M EDTA was drawn 

into the tip and expelled into the waste (repeated twice).  Then 125 µL of sample was 

loaded slowly onto the adsorbant material by pumping the full volume in and out 5 times.  

The chromatography tip was washed (twice) with 125 µL 60% n-PrOH and the eluate 

was discarded.  Lastly, the fraction containing polyketide prymnesins was eluted using 

125 µL 80% n-PrOH by gently drawing the solvent over the column by pumping up and 

down 5 times.  Extractions containing prymnesins were collected in PP tubes or 96-well 

plates, allowed to evaporate to dryness in a fume hood, and stored neat until further 

analysis. 
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Preliminary investigations tested the SPE tips for the extraction of polyketide 

prymnesins from 125 µL of late logarithmic culture supernatant that had demonstrated 

toxicity by ELA and confirmation of target analytes by LC-MS.  As noted above, this 

volume represents the same amount of whole, un-fractionated supernatant used in a 

hemolytic assay to assess bioactivity of extracts.  To insure that there was no 

breakthrough of polyketide prymnesins, this volume of supernatant was extracted 5 times 

using a new C18 tip each round and the 80% n-PrOH eluents were pooled.  The 

processed aqueous fraction was also retained for analysis.  All materials were placed in a 

fume hood and evaporated to dryness.  The dried 80% n-PrOH and aqueous fractions 

were each resuspended (and equilibrated) in 125 µL ELA buffer prior to analysis of 

bioactivity. 

 

4.3 Results 

The 405-nm wavelength is used routinely to quantify the absorbance of 

hemoglobin released from red blood cells and a dilution series of erythrocytes showed no 

interfering wavelengths in this region of the spectrum (Appendix C: Figure C.1).  A 

dilution series of the saponin standard demonstrated a strong linear correlation (R2 = 

0.99) in the dose-response curve for 20-70 µg/mL SBE (Figure 4.1).  Thus, unknown 

samples were quantified using the regression equation:  

x = 32.68y + 17.73 

where y is a the absorbance at 405 nm and x is the amount of hemolytic activity reported 

in SBE (µg/mL).  The concentration at which there was 50% hemolysis (C50) was ~45 

µg/mL SBE for the saponin used in this study.  Saponin standards were compared to 

prymnesin cell extracts of known concentration; by comparison, the C50 for prymnesin 
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(cell) extracts was ~4.0 µg/mL SBE (Figure 4.2).  These results were in good correlation 

(R2 = 0.98) with saponin-based standards, allowing the direct estimation of polyketide 

prymnesins in µg/mL SBE (Figure 4.3). 

 

 

 

Figure 4.1 Typical standard curve for the spectrophotometric detection of HA using 
saponin-based standards (n = 3). 

 



 93 

 

Figure 4.2 Standard curve for HA using prymnesin standards.  Mean values are shown 
± 1 standard deviation (n = 3). 

 
 

 

Figure 4.3 Direct comparison of prymnesin and saponin standards.  Mean values are 
shown ± 1 standard deviation (n = 3). 
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The effects of freezing supernatants revealed substantial differences between the 

HA of fresh vs. frozen materials.  In fact, frozen supernatants lost all detectable HA after 

a single freeze/thaw cycle.  This would suggest that the majority of the hemolysins 

present were degraded (or inactivated?) by this process because fresh supernatants 

continued to demonstrate high HA.  Interestingly, the presence of polyketide prymnesins 

was shown to be unaffected by the freezing/thawing process as verified with LC-MS, 

which showed no significant differences in the ion profile (Appendix C: Figure C.2).  In 

fact, the extraction of polyketide prymnesins was often performed using frozen cell 

pellets with no perceivable loss of target analytes.  For these reasons, sample supernatants 

collected throughout the study were frozen as a way of reducing the number of 

hemolysins active in supernatants, thereby allowing a more direct analysis of the effects 

of polyketide prymnesins themselves. 

Preliminary examinations were initiated to measure the total HA and cell densities 

of culture supernatants grown at 7 different salinities over time.  Cells grown at 10-20 psu 

demonstrated the slowest growth rates and some of the lowest cell densities throughout 

the preliminary study.  Over the full 6-week examination, cultures in 30 and 34 psu grew 

the fastest and sustained higher cell densities (Fig. 4.4). 
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Figure 4.4 Growth curves for stationary cultures at different salinities over 42 days.  
Mean values are shown (n = 3). 

 

There were also notable trends observed for the total HA of supernatants from cultures 

grown in different salinities over time.  Supernatants from 5 psu cultures were on average 

about 150-200% more hemolytic than supernatants from 30 and 34 psu cultures; by week 

3 and 4, 5 psu cultures were approximately 400% more hemolytic (Fig. 4.5).  

Interestingly, if total HA of supernatants was analyzed on a per-cell basis, the 

concentration of SBE/cell appeared to drop 50% per week during the first three weeks; 

the concentration of SBE/cell remained seemingly unchanged during the remaining 

weeks in culture (Figure 4.6).  The HA of Norwegian cultures was also evaluated for 

cultures growing at 5, 20 and 34 psu (Appendix C: Figure C.3).  Supernatants from cells 

acclimated to 5 psu were consistently more hemolytic than cultures grown in 20 and 34 

psu media.  The hemolytic effects observed during these pilot studies collectively 

suggested that supernatant HA was inversely related to salinity. 

 



 96 

 

Figure 4.5 Total HA in supernatants for stationary cultures over 6 weeks for P. parvum 
grown in different salinities.  Mean values are shown (n = 3). 

 

 

Figure 4.6 Total HA in supernatants for stationary cultures over 6 weeks on a per-cell 
basis.  Mean values are shown (n = 3). 
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It was clear from preliminary analyses that HA was changing significantly in 

supernatants over time, as well as, among the different salinities examined.  Thus, 

cultures were scaled-up to assess total HA and HA resulting from polyketide prymnesin 

content in supernatants and in cell extracts.  In all cases, growth curves approached the 

standard sigmoidal shape by the end of the 6-week period (Fig. 4.7).  The total HA of 

cell-free culture supernatants was also measured once a week for each salinity treatment 

(Figure 4.8).  The analysis of variance (ANOVA) regression statistics strongly supported 

the idea that total HA of culture supernatants varied significantly among treatments with 

respect to the number of weeks post-inoculation (i.e., growth phase) and with respect to 

salinity.  As suggested by the graphs in Figure 4.8, total HA was markedly different for 

the two halves of the study.  Total HA in supernatants was found to be inversely related 

to the number of weeks in culture for the first 3 weeks (Appendix C: Table C.1), yet it 

was (positively) directly correlated with the number of weeks post-inoculation during the 

remaining weeks of observation (Appendix C: Table C.2).  Salinity was shown to be 

inversely related to total HA over the full observation period, wherein low salinity 

cultures were 150-200% more hemolytic (p <<< 0.05).  Cultures grown at 5-20 psu 

demonstrated the highest degree of lysis through most of the life of the cultures (Figure 

4.8).  During the first week of observation, the total HA of supernatants from 5-20 psu 

cultures was approx. 75 µg/mL SBE, which was up to 100% more hemolytic than 

supernatants tested from 30-34 psu cultures.  The decline in total HA recorded during 

weeks 2 and 3 demonstrated that total HA was reduced by 50% or more for all salinity 

treatments, yet cultures in 5-20 psu were still strikingly more hemolytic by comparison.  

Supernatants for cultures grown at 30 psu exhibited the lowest HA during the fourth and 

fifth week (when the other cultures typically demonstrated an increase in HA); however, 
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Figure 4.7 Growth curves for shaking cultures grown at 7 different salinities (n= 2). 
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Figure 4.8 Total HA of supernatants for cultures grown at 7 different salinities.  ELA 
was performed in triplicate with mean values being shown (n = 2). 
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HA rose sharply (by 300%) in 30 psu cultures over the last week of the study.  By week 

six, the total HA had increased to 70-80 µg/mL SBE for all salinity treatments.  These 

trends are illustrated by superimposing both growth phase and total HA for the individual 

salinity treatments (Figure 4.9). 

Variation in total HA was not found to be statistically significant with regards to 

the amounts of polyketide prymnesins occurring in supernatants, however these values 

were usually below the detectable limits of the ELA.  In fact, the only significant HA 

related to polyketide prymnesins was found in cell extracts (see later).  To verify the 

extraction process, preliminary studies examined the HA of whole, un-fractionated 

culture supernatants vs. fraction eluted with 80% n-PrOH vs. the aqueous flow-through 

from SPE-processed supernatants for direct comparisons.  These preliminary studies 

evaluated 125 µL and were therefore relatable v/v with no enrichment.  In one treatment, 

the same volume of supernatant was extracted with a new SPE tip 5 times to insure that 

there was no breakthrough of target analytes.  Little to no lysis was detected from the 

pooled 80% n-PrOH fraction and most, if not all, of the compounds responsible for 

hemolysis were retained in the aqueous flow-through fraction.  Actually, the HA due to 

compounds in the aqueous fraction was almost identical to that of the un-fractionated 

supernatant.  Discrepancies between total HA and observed hemolysis among the various 

fractions might be potentially explained by loss of analytes during the loading and 

subsequent SPE chromatography steps (i.e., in the 25-60% n-PrOH fractions).  These 

analyses support the notion that there was no marked HA from metabolites retained on 

the C18-containing tips.  In fact, the SPE of polyketide prymnesins from 30 mL of 5 psu 

stationary phase supernatants (using the C18 cartridge) also yielded low concentrations of 

polyketide prymnesins (~250 ng/mL).  Thus, it was not surprising that there was no 

documented HA from prymnesins in supernatants in the preliminary studies using SPE 
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Figure 4.9 Total HA of supernatants compared to cell densities for cultures grown at 7 
different salinities. ELA was performed in triplicate with mean values being 
shown (n = 2). 
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 (chromatography columns or tips) because 250 ng/mL is below the detectable limits of 

the ELA.  These samples were semi-quantified using LC-MS by comparing the relative 

abundance of ion species in spectra to the amount of solute that was injected onto the 

column.  The relative abundance of individual ion species varied slightly depending on 

the amount and concentration injected; lower abundance ions (peaks) were not 

represented as well in dilute samples.  From these examinations, it was confirmed that 

prymnesins only constituted a very small fraction (<1-5%) of dry residues extracted from 

supernatants.  It should be noted that fractions from SPE wash steps were not retained for 

analysis; they could (potentially) contain additional hemolytic metabolites. 

Polyketide prymnesins were extracted from cell pellets collected over the term of 

the study and also evaluated for HA (Figure 4.10).  The variation in intracellular 

prymnesin concentration (based on HA) was statistically significant for the number of 

weeks post-inoculation and for the various salinity treatments (p << 0.05).  Prymnesin 

concentration within cells was positively related to the number of weeks in culture for the 

first half of the study, which was evident in all salinity treatments (Appendix C: Table 

C.3).  Cell extracts demonstrated an increase from 10 to 15 µg/mL SBE in hemolysin 

content over the first three weeks in culture, which represented a 50% increase in the 

concentration of polyketide prymnesins.  This increase in intracellular concentrations of 

polyketide prymnesins was observed during the lag phase of the growth curve.  On the 

other hand, the concentration of prymnesins in cell extracts was inversely related to the 

number of weeks in culture during the second half of the study, when the prymnesin 

concentration gradually decreased in all 7 salinity treatments.  This decrease was 

noticeable when most cultures were in the exponential and stationary phases of growth.  

Interestingly, this trend is exactly the opposite of what was seen with total HA in 

supernatants, which is illustrated by comparing them for all 7 salinity treatments (Figure 
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Figure 4.10 HA of cell extracts for cultures grown in 7 different salinities (n = 2).  Note 
that the ELA were carried out with 4X concentrated samples, so the SBE 
values account for this concentration factor. 
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4.11).  The cellular prymnesin content was directly related to increasing salinity during 

the second half of the growth period, which probably relates to the fact that cultures grew 

to higher cell concentrations in the higher salinities, as noted above (Appendix C: Table 

C.4). 

Like the stationary cultures, these treatments (shaking scaled-up cultures) were 

also analyzed for total HA of supernatants and concentration of polyketide prymnesins in 

cell extracts on a per-cell basis because of the increasing cell concentrations over time 

and salinity.  This demonstrated that variation in total HA from supernatants was 

statistically significant when compared to the various salinity treatments (p << 0.05).  

Total HA of supernatants was inversely related to salinity over the entire course of the 

study (Appendix C: Tables C.5 & C.6).  As far as growth phase is concerned, an inverse 

relationship in variation in total HA of supernatants was statistically significant during 

the first three weeks in culture, but was not related to the number of weeks post-

inoculation for the second half of the study (Appendix C: Tables C.5 & C.6).  Also on a 

per-cell basis, variation in prymnesin content of cell extracts was statistically significant 

over the entire six weeks of observation, being inversely correlated with the number of 

weeks in culture (Appendix C: Tables C.7 & C.8).  With respect to salinity, however, 

similar variation of statistical significance was only evident during the first three weeks 

in culture.  This suggests that the concentration of prymnesins themselves decreased 

within cells over the full term of the observation, but that the total hemolysins in the 

culture supernatants only decreased significantly during the first three weeks of culture, 

on a per-cell basis.  This was quite obvious during the first 2 weeks of the observation 

period, when nearly all cultures experienced a rapid decrease in the concentration of toxic 

principles on a per-cell basis, regardless of salinity (Fig. 4.12).  In all cases, 5-20 psu 

cultures contained only slightly more hemolysins/prymnesins than cultures grown at 25-
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34 psu over all sampling points when considering effects on a per-cell basis (Appendix C: 

Figure C.4).  Using the equation relating prymnesins and saponin-based lysis, it can be 

estimated that there are only a few picograms (and in some cases, femtograms) of 

polyketide prymnesins per cell (Appendix C: Figure C.5). 

 

 

  

Figure 4.11 Total HA of supernatants (A) and HA from cell extracts (B).  Note the 
difference in scale on the y-axes (n = 84). 

 

 

Figure 4.12 Total HA of culture supernatants on a per-cell basis (A) and HA levels of 
cell extracts on a per-cell basis (B).  Erythrocyte lysis reactions were 
performed in triplicate and the mean values are shown (n = 84).  Note the 
difference in scale on the y-axes. 

A               B 

   A      B 
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4.4  Discussion 

This examination represents the first study that has been able to quantify the 

effects of polyketide prymnesins with respect to their contributions to total hemolytic 

activity in cultures of P. parvum.  These investigations used a hemolysis-based assay to 

measure bioactivity of toxic metabolites and LC-MS to verify and semi-quantify target 

metabolites in samples.  Such analyses were not previously possible because there were 

no standards or methods available for the routine isolation and detection of these 

compounds. 

Statistically-significant differences were documented for total HA of culture 

supernatants and prymnesin concentrations in cells in response to salinity and growth 

phase, including on a per-cell basis.  These results are not in agreement with previous 

observations of cultured P. parvum, wherein there were no significant differences in 

toxicity for cultures grown at different salinities (Larsen and Bryant 1998).  Although one 

cannot rule out differences due to geographic origin of strains, this study has shown that 

low salinity culture supernatants were up to 100% more hemolytic than cultures grown in 

higher saline conditions.  All cultures demonstrated a slight increase in the concentration 

of prymnesins within cells during the first three weeks of growth, which is in agreement 

with observations by Shilo and Rosenberger (1960), who found that toxins were 

accumulating in cells as they entered the logarithmic portion of the growth curve.  The 

fact that the concentration of prymnesins per cell was inversely related to salinity only 

over the first three weeks in culture suggests that prymnesins are synthesized in greater 

quantities during the lag phase of growth.  Afterward, synthesis decreases appreciably as 

cell concentrations are peaking and leveling off. 

The author proposes that the high HA observed in (shaking) cultures supernatants 

at the beginning of the study may be the cause of an “inoculum effect”, where toxic 
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conditions are noticeable when cells are present at very low concentrations.  This 

phenomenon may be representative of events observed in nature when a seed population 

is introduced into a new body of water coupled with perturbation.  In contrast, the low 

HA observed in the stationary cultures may model refugia, where low HA was observed 

the first weeks after inoculation.  Such observations may provide possible explanations 

for inconsistencies observed in natural samples of P. parvum. 

The current findings support the concept that polyketide prymnesins are present at 

much lower quantities in supernatants and in cells than previously thought, and it appears 

that they are not the key hemolysins in the mixture of toxic substances associated with P. 

parvum.  Typically, extraction of prymnesins from cells and supernatants yielded low 

quantities of polyketides, which often had to be concentrated 100-fold before they could 

be detected using the ELA.  Nonetheless, polyketide prymnesins were detected in both 

cells and supernatants.  This was somewhat surprising, since a recent study found no 

polyketide prymnesins in supernatants or cell extracts, but only several fatty acid species, 

including stearidonic acid, that were responsible for potent hemolytic and ichthyotoxic 

effects (Henrikson et al. 2010).  Moreover, polyketide prymnesins isolated from 

supernatants did not contribute significantly to the total HA observed in the present study 

and this supports the notion that these metabolites were retained inside the cells.  Because 

of their low abundance in supernatants, it is postulated that these compounds may be 

mere waste products accumulating in cells as they prepare to divide.  Thus, polyketide 

prymnesins may be released into the environment as a consequence of cell stress, death 

and lysis, as has been suggested by others (see Chapter 1 for review). 

Several methodologies presented by Igarashi et al. (1998) have results conflicting 

with findings in this examination.  In their study, HA was performed with reaction 

mixtures containing 10% methanol (ibid.).  Preliminary ELA experiments in the present 
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examination demonstrated that methanol (as low as 2.5% final concentration) caused a 

high degree of lysis by itself and it was deemed unreliable.  Thereafter, extracts were 

evaporated to remove trace quantities of solvents and were re-suspended in fresh ELA 

buffer prior to analysis.  Also, Igarashi et al. (ibid.) reported that 25 µM sapogenin was 

equivalent to approximately 500 pM prym2 when using sheep erythrocytes and assuming 

a uniform formula weight for saponin of 600 (ibid.).  This would be equivalent to around 

5 µg/mL saponin based on the 25% sapogenin content for standards, which was below 

the range of detection using ELA in my assessment.  HA from previous examinations 

reported that polyketide prymnesins were greater than 5000 times more lytic than saponin 

based standards (ibid.), although extracts in the present study found that polyketide 

prymnesin extracts were only ~30 fold more lytic on a molar basis.  In some cases, the 

concentrated cell extracts did not yield sufficient quantities of polyketide prymnesins to 

cause lysis at this threshold level and were designated as being below detectable limits.  

However, it is very important to note that potency of polyketide prymnesins was often 

reported for chemically-derived compounds, including prymnesin-HCl, N-acetyl-

prymnesin and peracetylprymnesin used for structural characterization (ibid.).  These 

compounds are not synthesized naturally and thus cannot be equivocated with toxicity in 

this organism.  Furthermore, their cultures were optimized to promote the synthesis of 

these metabolites, which is not necessarily reflective of their production in nature. 

In conclusion, polyketide prymnesins were not the key constituents responsible 

for HA (as a measure of exotoxicity) in the current evaluation.  These compounds 

accounted for less than 5% in cultures so it is not surprising that there was no measurable 

HA in supernatants as this concentration was below the threshold for detection using the 

ELA.  The (uncharacterized) hemolysins in aqueous fractions comprised approximately 

95% of total HA, which is in agreement with recent findings by Henrikson et al. (2010).  
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This examination evaluated the HA of polyketide prymnesins, however this measure of 

bioactivity cannot be correlated directly with ichthyotoxicity, as interactions and potency 

are heavily regulated by external factors and specific water chemistry.  Ongoing studies 

are looking at the ichthyotoxic effects of purified polyketide prymnesin extracts using 

fish bioassays.  Such work should be beneficial for elucidating the roles of these, and 

other toxic metabolites from blooms of golden algae. 
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Chapter 5: Concluding remarks 

This dissertation represents the development and application of molecular and 

phytochemical tools, and it includes an analysis of growth conditions associated with the 

presence of exotoxins from P. parvum.  These tools have allowed the direct analysis of 

toxic polyketide metabolites in response to salinity, but still much more information is 

needed to unravel the mechanisms of prymnesin synthesis and the significance of these 

metabolites as exotoxins.  Ongoing microarray experiments are looking at patterns of 

gene expression in cultures of P. parvum, which have identified several gene candidates 

that are potentially involved in the synthesis of polyketide prymnesins.  Such analyses are 

greatly needed to improve our limited understanding of the physiology and biochemistry 

of P. parvum and how this information could be used to mitigate toxic blooms. 

Continuing work in this area will focus on the identification and analysis of 

polyketide prymnesins, as well as other toxic metabolites in P. parvum that appear in 

response to various growth conditions.  Because examinations presented are working 

with a semi-crude mixture of polyketide prymnesins, it is difficult to determine their 

individual effects since there are only data published for prym2.  The aglycone form of 

polyketide prymnesins observed in this study was of great interest (given its relative 

abundance in sample); however more information is needed to determine its significance 

(if any) with regards to the known and better-characterized prym1 and prym2.  Other 

chemical analyses will explore the role of calcium binding and toxicity of polyketide 

prymnesins using LC-MS, which should shed some light on the roles of cationic factors 

in toxin activation. 
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Appendix A 

 
Table 1. Isolated DNAs from positive and negative control cultures were tested to determine if they were 

amplifiable by PCR using oligonucleotide primers designed for conserved nuclear genes, including α-actin 

and 18S rDNA nucleotide sequences.  The PCR mixtures used TaKaRa reagents and each reaction 

contained 10 ng genomic DNA, 1X PCR buffer, 1.0 mM MgCl2, 200 nM dNTPs, 1 µM of each primer, 

1.25 U TaKaRa™ Taq DNA polymerase, and HPLC-grade water (OmniSolve, EMD Chemicals, Inc., 

Gibbstown, NJ).  The PCR conditions included an initial denaturing treatment at 97°C for 7 min before 

adding the DNA polymerase.  Reactions were 25 cycles of 95°C for 2 min, 58°C for 2 min and 72°C for 2 

min, followed by 72°C for 7 min before returning to RT. 

 
Gene Primer Sequence (5’-3’) Set Name 

18S rDNA for1 ggtgcatggccgttcttagtt   

 rev1 ccagracatctaagggcatcacag for1/rev1 18S 

alpha-actin for1 tacgtcgccatccaggc   

 rev1 cgtasaggtccttrcggatgtc for1/rev1 act1 

 for2 tgggaygayatggaraagatitggca for1/rev2 act1/2 

 rev2 cttcatgatsgagttgtasgtsgt for2/rev2 act2 
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Fig 1.  Isolated DNAs from positive and negative control cultures were tested to establish that they were 

amplifiable using PCR.  PCR products were resolved by gel electrophoresis along with molecular weight 

standards (L).  Negative gel images are shown.  All isolated DNA was capable of being amplified by PCR 

using the α-actin and/or 18S primer sets (Appendix A: Table 1).  
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Fig. 2.  Gene-specific molecular beacons were designed to detect the individual amplicons.  Each molecular 

beacon contains an inverted repeat that adopts a stem-loop conformation that brings the quencher (Q) and 

fluorochrome (F) in close proximity, which quenches fluorescence in the absence of target template.  These 

beacons also incorporate a shared-stem, an arm of the beacon that is complimentary to the target sequence, 

to increase the hybridization length and the specificity.  During PCR cycling, the molecular beacon 

hybridizes with the target sequence, allowing fluorescence. 
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Fig. 3.  The PCR products for the individual primer set reactions are shown for isolates of P. parvum from 

Texas (TX), South Carolina (SC), Maine (ME) and the United Kingdom (UK).  The PCR products (after 25 

cycles) were resolved by gel electrophoresis along with 1 kb molecular weight standards (L).  Negative gel 

images are shown.  The negative control DNAs did not generate any products in reactions using the 

individual primer sets selected for the multiplex PCR assay (not shown). 

 
 

 
 
 
 

L 
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Figure 4.  Nucleotide alignments were performed (ClustalX) for the selected ESTs and the nucleotide 

sequences of the individual PCR products from several isolates of P. parvum (TX = Texas, SC = South 

Carolina, ME = Maine, UK = United Kingdom).  All nucleotide sequencing was performed by the DNA 

Core Facility at the University of Texas at Austin using BigDye Terminator chemistry (Applied 

Biosystems, Foster City, CA).  Forward and reverse primer regions are indicated by the boxed sections and 

molecular beacon sequences (not including the independent arms) are shown in reverse contrast.  The 

asterisks (*) denote nucleotide sequence identity.  The South Carolina isolate was most similar to the Texas 

isolate with regard to product yield and sequence for all four amplicons.  There was 95.8% nucleotide 

sequence similarity between the Texas and South Carolina isolates considering the coding regions of the 

selected genes.  The multiplex products for Maine and the United Kingdom isolates were much less 

abundant by comparison, which may correlate to increasing geographic (and genetic?) distances.  

Respectively, there was 93.8% and 93.7% sequence similarity to the Texas isolate for the coding regions. 

 
 
Multiple sequence alignment of the FUCO EST and the PCR products for 
the FUCO gene: 
 
TXEST  GCAAGAGGCNTTTNCGTGAACGCCTTCGCGGGCGTGTCCGTCTCTGCTCCCCGCTCGGCG 60 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
TXEST  ATCAAGATGTCGTCGCCGTACGAGGGCGAGCTCGGCGTTATTGACCCGACTGGCTTCTTC 120 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
 
TXEST  GACCCGCTCGGCCTCTCCACCTCCATCAGCCCGGAGACCTTCGAGCAGTACCGCACGGCA 180 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
TXEST  GAGCTCAAGCATGGCCGTGTGGCCCAGCTCTGCGTGATCGGCTACATCGTGCCGGAGTTC 240 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
TXEST  TACCGGTTCCCCGGCGAGATCGCCCCCGGCATTGCGTTCGCCGACATCCCCAACGGCGTC 300 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
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TXEST  GCCGCCATCAACACGATCCCGGCCCTCGGCTGGCTGCAGATGGTCTTCCTCATCGGCGCC 360 
TXFUCO ---------------------------------CTGCAGATGGTCTTCCTCATCGGCGCC 27 
SCFUCO ---------------------------------CTGCAGATGGTCTTCCTCATCGGCGCC 27 
MEFUCO ---------------------------------CTGCAGATGGTCTTCCTCATCGGCGCC 27 
UKFUCO ---------------------------------CTGCAGATGGTCTTCCTCATCGGCGCC 27 
                                        *************************** 
 
TXEST  GTTGACTACTGGGGCGTCCTCGGCGACTTCTCCATTGGCAAGCC-TGACCTTGACGCTGA 419 
TXFUCO GTTGACTACTGGGGCGTCCTCGGCGACTTCTCCATTGGCAAGCC-TGACCTTGACGCTGA 86 
SCFUCO GTTGACTACTGCGGCGTC-TCGGCGACTTCTCCATTGGCAAGCC-TGACCTTGACGCTGA 85 
MEFUCO GTCGACTACTGGGGCGTGCTTGGCGACTTCTCCATTGGCAAGCC-CGACCTTGACGCTGA 86 
UKFUCO GTCGACTACTGGGGCGTGCATGGCGACTTCTC-ATTGGCGAGCCGCGACCTTGACGCTGA 86 
       ** ******** *****    *********** ****** ****  ************** 
 
TXEST  TGAGCTGGAAAAGCGCAAGCTCCAGGAGCTGCAGCACGGCCGTCTGGCGATGATTGCCAC 479 
TXFUCO TGAGCTGGAAAAGCGCAAGCTCCAGGAGCTGC-GCACGGCCGTCTGGCGATGATTGCCAC 145 
SCFUCO TGAGCTGGAAA-GCGCAAGCTCCAGGAGCTGCAGCACGGCCGTCTGGCGATGATTGCCAC 144 
MEFUCO TGAGCTGGAGAAGCGCAAGCTCCAGGAGCTGCAGCACGGCCGCCTGGCGATGATCGCCAC 146 
UKFUCO TGAGCTGGAGAAGCGCAAGCTCCAGGAGCTGCAGCACGGCCGTCTGGCGATGATCGCCAC 146 
       ********* * ******************** ********* *********** ***** 
 
TXEST  CTTGGAGCTCCTCCGCCACGACTCGCAGAACTTCGTCTCTCCAGGGTTCGATGGCCTCGA 539 
TXFUCO CTTGGAGCTCCTCCGCCACGACTCGCAGAACTTCGTCTCTCCAGGGTT------------ 193 
SCFUCO CTTGGAGCTCCTCCGCCACGACTCGCAGAACTTCGTCTCTCCATGGAT------------ 192 
MEFUCO CTTGGAGCTCCTCCGCCACGACTCGCAGAACTTCGTCTCTCCAGGGTTA----------- 195 
UKFUCO CTTGGAGCTCCTCCGCCACGACTCGCAGAACTTCATCTCTCCTGGGT------------- 193 
       ********************************** *******  **               
 
TXEST  CAACTTGATCACCGGCCTCCCCTTCCTCTACTAAATGCTCAAAAGTTCTGCGTCGCCTCT 599 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
TXEST  CTAGCACCCTAACTGCCGTACGTCGGTGCTGAGATTGATCGAAGCCGGCACTCGTAGGGC 659 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------                                                                         
 
TXEST  ATTGAGGAAGGCGTCCCACATCATGTAGGTGCCTCATGTTGGTGCGCTGGCCCGATGGTG 719 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
 
TXEST  AATTGACGCATGGTAGGCACGTACTGTTGCATTCAAGTAGTATTAATTTAAAAGTTCTAG 779 
TXFUCO ------------------------------------------------------------ 
SCFUCO ------------------------------------------------------------ 
MEFUCO ------------------------------------------------------------ 
UKFUCO ------------------------------------------------------------ 
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TXEST  CAAGGAAAAAAAAAAAAAAAAAAAA 804 
TXFUCO ------------------------- 
SCFUCO ------------------------- 
MEFUCO ------------------------- 
UKFUCO ------------------------- 
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Multiple sequence alignment of the GMP EST and the PCR products for the 
GMP gene: 
 
TXEST  ----CTGTACTGCATGCGGCTCGATGGCTACTGGATGAACATCAAGAAGCCTCCGGATTT 56 
TXGMP  --CTCTGTACTGCATGCGGCTCGATGGCTACTGGATGAACATCAAGAAGCCTCCGGATTT 58 
SCGMP  -----------------------------------AAGTCTGATCAGAGCCTCCGGATTT 25 
MEGMP  TACTCTGTACTAGCAGCGGCTCGATGGCTACTGGATGAATATCAAGAAGCCTCCGGATTT 60 
UKGMP  -TATCTGTACTGCATGTGGCTGGATGGATACTGGATGAATATCAAGAAGCCTCCGGACTT 59 
                                                      ********** ** 
 
TXEST  CCTCGAGGGCAACTTTTTGTATCTG-GAGTACTTGGCTACTTCACA-GGCCAACGCTCTC 114 
TXGMP  CCTCGAGGGCAACTTTTTGTATCTG-GAGTACTTGGCTACTTCACACGGCCAACGCTCTC 117 
SCGMP  CCTCGAGGGCAACTTTTTGTATCTG-GAGTACTTGGCTACTTCACA-GGCCAACGCTCTC 83 
MEGMP  CCTCGAGGGCAACTTTTTGTATCTG-GAGTACTTGGCTACTTCACA-GGCCAACGCTCTC 118 
UKGMP  CGTCGAGGGCGACTTTTTGTATCTGCGATTACCTTGCTACCTCTCC-GGGGAATGCTCTC 118 
       * ******** ************** ** *** * ***** ** *  **  ** ****** 
 
TXEST  TCGACCGGAAACGGTCTTCAGGGGAATGTGCTGATGCACGAGTCAGCGCAGGTGGGGAAG 174 
TXGMP  TCGACCGGAAACGGTCTTCAGGGGAATGTGCTGATGCACGAGTCAGCGCAGGTGGGGAAG 177 
SCGMP  TCGACCGGAAACGGTCTTCAGGGGAATGTGCTGATGCACGAGTCAGCGCAGGTGGGGAAG 143 
MEGMP  TCGACCGGAAACGGTCTTCAGGGGAATGTGCTGATGCACGAGTCAGCGCAGGTGGGGAAG 178 
UKGMP  GCGACCGGAAATGGGCTTCAGGGGAATGTGCTGATGCACGAGTCAGCGCAGGTGGGGAAG 178 
        ********** ** ********************************************* 
 
TXEST  GGGTGCATGATCGGCCCGGATGTGACGATTGGGAAAGGCTGTGTGATCGAAGACGGGGTG 234 
TXGMP  GGGTGCATGATCGGCCCGGATGTGACGATTGGGAAAGGCTGTGTGATCGAAGACGGGGTG 237 
SCGMP  GGGTGCATGATCGGCCCGGATGTGACGATTGGGAAAGGCTGTGTGATCGAAGACGGGGTG 203 
MEGMP  GGGTGCATGATCGGCCCGGATGTGACGATTGGGAAAGGGTGCGTGATCGAAGACGGGGTG 238 
UKGMP  GGGTGCATGATCGGCCCAGATGTGACGATTGGGAAAGGCTGCGTGATCGAAGACGGGGTG 238 
       ***************** ******************** ** ****************** 
 
TXEST  CGACTTGCTCGCTGCATTCTCCTCGAAGGCTGCACGATTCGATCTCACGCAGTTGTGCTC 294 
TXGMP  CGACTTGCTCGCTGCATTCTCCTCGAAGGCTGCACGATTCGATCTCACGCAGTTGTGCTC 297 
SCGMP  CGACTTGCTCGCTGCATTCTCCTCGAAGGCTGCACGATTCGATCTCACGCAGTTGTGCTC 263 
MEGMP  CGACTTGCTCGTTGCATTCTCCTCGAAGGCTGCACGATTCGATCTCACGCAGTTGTGCTC 298 
UKGMP  CGACTTGCTCGCTGCATTCTCCTTGAAGGCTGCACGATTCGATCTCACGCAGTTGTACTC 298 
       *********** *********** ******************************** *** 
 
TXEST  GACTCCATCGTTGGCTGGCGCGCGACGG-------------------------------- 324 
TXGMP  GACTCCATCGTTGGCTGGCGCGCGACGGTACGACCTT-TCCTCCG-CCTTTTGATCTATT 355 
SCGMP  GACTCCATCGTTGGCTGGCGCGCGACGGTACGACCTT-TCCTTCGGCCTTTTATCCTTTT 322 
MEGMP  GACTCCATCGTTGGCTGGCGCGCGACGGTACGACCTTTTTCCTCCGC-TTTTGATCTATT 357 
UKGMP  GACTCCATCGTTGGCTGGCGCGCGACGGTACGACCTTATTCCTCCGCCTTTTGATCTATT 358 
       **************************** 
 
TXEST  -------------------------------------TTGGTGAATGGA-CACGTGTCGA 344 
TXGMP  CCCACGCTCTTCCAACAGCTGGTTTCACCTTCACAGGTTGGTGAATGGA-CACGTGTCGA 414 
SCGMP  CCAACCCTTTTCCAAAAGTGGGTTCCACTTCCCCAGGT-GGTGGATGGAACCCTTGTCGA 381 
MEGMP  TCCACGCACCTCCAATAGCTGATTTCTCTTTCGCAGGTTGGTGAATGGA-CACGTGTCGA 416 
UKGMP  CCCACGCTCCTCAAACAGCTGGTTTCACGTTCACAGGTAGGTGAATGGA-CACGTGTCGA 417 
                                            * **** ***** * * ****** 
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TXEST  GGGCGTCTCTGTGCTGGGCGAGGATGTGCACTTGGG-CCCCGAGATCTTCGTCAATGGT- 402 
TXGMP  GGGCGTCTCTGTGCTGGCGAGGAATAACGACTTGGGACCCCGAGATCTTCGTCAATGGTT 474 
SCGMP  GGGCTTCCCGGTCTGGGGCAAGGATT-TGACTTGGGACCCCAAAATCTTGGTTCATGGGT 440 
MEGMP  GGGCGTCTCTGTGTTGGGCGAGGATGTGCACTTGGG-ACCCGAGATC------------- 462 
UKGMP  GGGCGTCTCTGTGCTGGGAGAGGATGTGCACTTGGG-ACCCGAGATCTTCGTCAATGGT- 475 
       **** ** * **   **    * **    *******  *** * *** 
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Multiple sequence alignment of the SYNAP EST and the PCR products for 
the SYNAP gene: 
 
TXEST  ---------------GCACGAGGCATGTGTGCTGGCTGAATTCACGACAACGTCGGGCAA 45 
TXSYN  ------------------------------------------------------------ 
SCSYN  ------------------------------------------------------------ 
MESYN  ------------------------------------------------------------ 
UKSYN  ------------------------------------------------------------ 
 
TXEST  CTTTACTACAGTAACACGCAGCATTCTCGCGAAGCTACCCAGCACAAACACGCGCATGTC 105 
TXSYN  ------------------------------------------------------------ 
SCSYN  ------------------------------------------------------------ 
MESYN  ------------------------------------------------------------ 
UKSYN  ------------------------------------------------------------ 
 
TXEST  ATATGTCTATGACAGTCACATCTTCCACTACATCGTCAAGGACGGTCTTGTCTATCTCTG 165 
TXSYN  ------------------------------------------------------------ 
SCSYN  ------------------------------------------------------------ 
MESYN  ------------------------------------------------------------ 
UKSYN  ------------------------------------------------------------ 
 
TXEST  CATGGCGGAGGCCAGCTTTGGCCGGCAAGTGCCGTTTATGTTCTTGGAGGATATCATGTG 225 
TXSYN  ------------------------------------------------------------ 
SCSYN  ------------------------------------------------------------ 
MESYN  ------------------------------------------------------------ 
UKSYN  ------------------------------------------------------------ 
 
TXEST  CAAGTGGGCAGACAATTACGGCGATCGAGGCACCACTGCGTTGGCGTACGGGATGAACGA 285 
TXSYN  ------------------------------------------------------------ 
SCSYN  ------------------------------------------------------------ 
MESYN  ------------------------------------------------------------ 
UKSYN  ------------------------------------------------------------ 
 
TXEST  --GACTTCT-CCCGTGTATTGCAGAAACAG------------------------------ 308 
TXSYN  --GACTTCT-CCCGTGTATTGCAGAAACAGGCGCAGATTAGGGCTGACATTCCTCCATTC 57 
SCSYN  --GACTTCT-CCCGTGTATTGCAGAAACAGGCGCAGATTAGGGCTGACATTCCTCCATTC 57 
MESYN  --GACTTCTGCCCGTGTATTGCAGAAACAGGCGCAGATTAGGGCTGATATTCCTCCGTT- 57 
UKSYN  --GACTTCTTCCCGTGTATTGCAGAAACAGGCGCAGATTAGGGCTGGTATTCCTCCGTTC 58 
         ******* ******************** 
 
TXEST  --------------------------------ATGGATGCCTACTC-GAGGCAATCAGAA 335 
TXSYN  AGACGCTTGTCTAAGCTGCCAATGTGCGACAGATGGATGCCTACTCTGAGGCAATCAGAA 117 
SCSYN  AGACGCTTGTCTAAGCTGCCAATGTGCTACAGATGGATGCCTACTC-GAGGCAATCAGAA 116 
MESYN  AGACGCTTGTCTTAGCTGCCAATATGCTACAGATGGATGCCTACTC-GAGGCAATCAGAA 116 
UKSYN  AGACGCTTGTCTTACCTGCCAATGTGCTACAGATGGATGCCTACTC-GAGGCAATCGGAA 117 
                                       ************** ************* 
 
TXEST  TTGAGCACGGACGCGCGGGTGAGCCGCGTGACTGGCGAGATCGAGGAGGTCAAACAGGTG 395 
TXSYN  TTGAGCACGGACGCGCGGGTGAGCCGCGTGACTGGCGAGATCGAGGAGGTCAAACAGGTG 177 
SCSYN  TTGAGCACGGACGCGCGGGTGAGCCGCGTGACTGGCGAGATCGAGGAGGTCAAACAGGTG 176 
MESYN  CTGAGCACCGACGCGCGGGTGAGCCGCGTGACTGGCGAGATCGAGGAGGTCAAACAGGTG 176 
UKSYN  CTGAGCACGGACGCGCGGGTGAGCCGCGTGACTGGCGAGATCGAGGAGGTCAAACAGGTG 177 
        ******* *************************************************** 
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TXEST  ATGGTCGAGAATATTGACAGGC-------------------------------------- 417 
TXSYN  ATGGTCGAGAATATTGACAGGCACCGCCGCCAGCTCCTAGGGCACGGTGTGGTTCTGCGG 237 
SCSYN  ATGGTCGAGAATATTGACAGGCACCGCCGCCAGCTCCTAGGGCACGGTGTGGTTCTGCGG 236 
MESYN  ATGGTCGAGAATATTGACAGGCGCCGCCGCCAGCTCCTAGGGCACCGTGTGCTTCTGCAG 236 
UKSYN  ATGGTCGAGAATATTGACAGGCGCCGCCGTCAGCTCCTAGGGCACCGTGTGGTTCTGCGG 237 
       ********************** 
 
TXEST  -----------------------------------------------GTACTTGAGCGCG 430 
TXSYN  CTCAGTACTTCTTTTGAAGCTCTGAGATCCCCTCTTGCTCGGTCAGGGTACTTGAGCGCG 297 
SCSYN  CTCAGTACTTCTTTTGAAGCTCTGAGATCCCCTCTTGCTCGGTCAGGGTACTTGAGCGCG 296 
MESYN  CTTAGTACTTCTTTTGAAGCTCTGAGATGCCCTCTTACTCGGTCAGGGTACTTGAGCGCG 296 
UKSYN  GTCAGTACTCCTTTCGAAGCTCTGAGATGCCCTCTTACTCGGTCAGGGTACTTGAGCGCG 297 
                                                      ************* 
 
TXEST  GTGAAAAAATTGAGCTCCTCGTGGATAAGGCAGAAAATCTGAACCAGC------------ 478 
TXSYN  GTGAAAAAATTGAGCTCCTCGTGGATAAGGCAGAAAATCTGAACCAGCAGGTGTCTATCC 357 
SCSYN  GTGAAAAAATTGAGCTCCTCGTGGATAAGGCAGAAAATCTGAACCAGCAGGTGTCTATCC 356 
MESYN  GTGAAAAAATTGAGCTCCTCGTGGATAAGGCAGAAAATCTGAACCAGCAGGTGTCCATCC 356 
UKSYN  GTGAAAAAATTGAGCTCCTCGTGGATAAGGCAGAGAATCTGAACCAGCAGGTGTCCATCC 357 
       ********************************** *************  
 
TXEST  -------------------------------------------------------GTTCA 483 
TXSYN  CACGCCTCCGTTTCCTACG-GCGTTTTTATCTTCACCGTGTTGGCATGCGCAGGCGTTCA 416 
SCSYN  CACGCCTCCGTTTCCTACG-GCGTTTTTATCTTCACCGTGTTGGCATGCGCAGGCGTTCA 415 
MESYN  CCAGCCTCCGTTTTCTA-ACGCGTTTGTATCTTCACCGTGTTGGCATGCGCAGGCGTTCA 415 
UKSYN  CCCGCCTCCGTTTTCTACGAACGTTTTCATCTACACCGTGTCGGCATGCGCAGGCGTTCA 417 
                                                              ***** 
 
TXEST   AGTTTCGGAAGCAGAG- 499 
TXSYN   AGTTTCGGAAGCAGAGA 433 
SCSYN   AGTTTCGGAAGCAGAG- 431 
MESYN   AGTTTCGGAAGCAGAG- 431 
UKSYN   AGTTTCGGAAGAAGAA- 433 
        *********** *** 
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Multiple sequence alignment of the GST EST and the PCR products for the 
GST gene (note that the UKGST sequence was not included in the 
alignment because of noisy signal data): 
 
TXEST  -TCACCTACTTCGACGTCCGCGCCACCCCTGGGGAGAAGATCCGTCTGGCGCTCGCTCTC 59 
TXGST  -TCACCTACTTCGACGTCCGCGCCACCCCTGGGGAGAAGATCCGTCTGGCGCTCGCTCTC 59 
SCGST  TTCACCTATTTTGACGTCCGCGCCACCCCTGGGGAGAAGATCCGTATGGCGCTCGCTCTC 60 
MEGST  TTCACCTACTTCGACGTTCGCGCCACCCCTGGGGAGAAGATCCGTTTGGCGCTCGCTCTC 60 
        ******* ** ***** *************************** ************** 
 
TXEST  TCTGGCACGCCGTTCGAAGACAACCGAATCAAGTTTGCGGACTGGCCGGCGCTGAAGCCG 119 
TXGST  TCTGGCACGCCGTTCGAAGACAACCGAATCAAGTTTGCGGACTGGCCGGCGCTGAAGCCG 119 
SCGST  TATGGCACGCCGTTCGAAGACAACCGAATCAAGTTTGCGGACTGGCCGGCGCTGAAGCCG 120 
MEGST  TCTGGCACGCCGTTCGAAGACAAACGAATCAAGTACGCGGACTGGGCGGCGCCGAAGCCA 120 
       * ********************* **********  ********* ****** ****** 
 
TXEST  AAGACCAAGTACGGCGCCATGCCGTTCGCCGAGATCGACGGCGTGGAGTACGCCCAGAGC 179 
TXGST  AAGACCAAGTACGGCGCCATGCCGTTCGCCGAGATCGACGGCGTGGAGTACGCCCAGAGC 179 
SCGST  AAGACCAAGTACGGCGCCATTCCGTTCTCCGAGATCGACGGCGTGGAGTACGCCCAGACC 180 
MEGST  AAGACCAAGTACGGCGTCATGCCGTTCGCCGAGATCGCCGGCGCGGACTGCGCCCAGACC 180 
       **************** *** ****** ********* ***** *** * ******** * 
 
 
TXEST  GGTGCGATCCTCCGCTGGGCTGG--AGGGCTTGGCGACGGCTCGCTCTACCC-GTCGGGG 236 
TXGST  GGTGCGATCCTCCGCTGGGCTGG--AGGGCT-GGCGACGGCTCGCTCTACCC-GTCGGAG 235 
SCGST  GGTGCGATCCTCCGCTGGGCGGG--AGGCCT-AGAGACGACTCGCTCTACGCAGTACGGC 237 
MEGST  GGTGCGATCCTCCGCTGGGCGTGCGAGGCCTAGCGAACGACTCGCTCTACGCCGTCTGGA 240 
       ********************  *  *** **     *** ********** * **  *   
 
TXEST  ATGGCGGAGCGGATGAAAGTGGAGGAGATGCTGG- 270 
TXGST  GAGCCGGAGCGGATGAAAGTGGAGGAGATGCTGGA 270 
SCGST  ACGGATGC--------------------------- 245 
MEGST  ACGGGATCC-------------------------- 249 
         * 
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Fig. 5.  The primer suite was evaluated by multiplex PCR (50 cycles) using 0.5 pg isolated genomic DNA 

from seven strains of P. parvum (listed in Table 1).  The multiplex PCR products for the Texas (TX), South 

Carolina (SC), Maine (ME), United Kingdom (UK), Norwegian (N1 and N2), and P. parvum f. 

patelliferum (PAT) isolates were resolved by gel electrophoresis along with molecular weight standards 

(L).  After 50 cycles, the four specific PCR products were visible for all seven isolates of P. parvum for 

reactions containing 0.1 pg genomic DNA, which is equivalent to 1-2 cells/reaction. This demonstrates at 

least a 1000-fold increase in the level of detection with the additional rounds of cycling (as compared to 

Figure 1).  Negative gel images are shown. 
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Fig. 6.  Isolated DNA from the negative control cultures (Table 1.1) was tested by multiplex PCR (25 

cycles) and the products were resolved by gel electrophoresis along with the positive control multiplex 

reaction for the P. parvum isolate from Texas (TX) and size standards (L).  Negative gel images are shown.  

The Cyclotella meneghiniana sample is not shown in this gel, however this reaction did not produce any 

detectable products.  The products for the negative control reactions were not reproducible using the 

individual primer sets, thus the identities were not verified by nucleotide sequencing.  Negative control 

DNAs were also tested in PCR reactions for 50 cycles, and there were still no specific products detected for 

these reactions (not shown). 
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Fig. 7.  Multiplex PCR reactions were performed for heterogeneous mixtures of DNA and mixtures of 

whole cells with and without P. parvum.  The amplification products were analyzed by gel electrophoresis 

along with molecular weight standards (L).  For reactions using DNA mixtures (Panel A), the specific 

banding pattern was exclusively seen in gels for reactions that contained DNA from P. parvum (Texas 

strain; UTEX 2797).  The positive control reaction (A, lane 1) and the DNA mixture (A, lane 2) each 

contained 10 ng P. parvum DNA.  No products were visible for the DNA mixture reaction lacking P. 

parvum DNA (A, lane 3) or for the negative control reaction (A, lane 4).  Similarly, heterogeneous 

mixtures of whole algal cells containing (and lacking) known concentrations of P. parvum cells were tested 

by multiplex PCR (Panel B).  The positive control reaction containing only P. parvum cells (B, lane 1) and 

the heterogeneous cell mixture reaction (B, lane 2) each contained ~9300 P. parvum whole cells (Texas 

strain; UTEX 2797).  No products were detected in gels for reactions with the cell mixture lacking P. 

parvum (B, lane 3) or in the negative control reaction (B, lane 4).  Heterogeneous cell mixtures were also 

tested using multiplex PCR for other strains of P. parvum listed in Table 1 (Panel C; SC = UTEX 2827, 

ME = CCMP 1926, UK = UTEX 995, N1 = NIVA 3/89).  Reactions containing P. parvum had approx. 

10,000 P. parvum cells.  Thus far, the diagnostic banding pattern in gels was found only for reactions 

containing P. parvum. Negative gel images are shown. 
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Fig. 8.  Trace data and the C(t) values for the positive batch controls were evaluated to establish the range 

of values for reactions containing 10 ng of P. parvum (UTEX 2797) genomic DNA (n = 10; one reaction 

failed).  The C(t)’s, indicated by the dashed lines, were manually established for each fluorochrome 

channel.  All of the trace data were generated using data smoothing (DS).  The default DS is 3-points, and 

FUCO-FAM, GMP2-HEX, and GST-Cy5 were all viewed at this setting.  The SYNAP2-TXR signal was 

viewed with 9-point DS due to greater signal variation of this fluorochrome.  The range, mean, SD and 

68% C.I. of the C(t) are reported for each fluorochrome. 
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Fig. 9.  The negative batch control reactions were performed to examine the degree of variation and range 

of C(t) values among reactions containing no DNA (n = 10).  These signal data are subtracted from positive 

batch control and sample reaction trace data to account for signal drift.  The range, mean, SD and 68% C.I. 

of the C(t) are reported for each fluorochrome. 
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Table 2.  Multiplex qPCR reactions were examined for variations in the C(t) using a concentration gradient 

of isolated genomic DNA from the isolate of P. parvum from Texas (UTEX 2797; n = 5).  Values are 

reported for the range, mean, standard deviation (S.D.) and 68% confidence interval (C.I.) for the C(t).  The 

mean individual reaction efficiencies are shown for the FUCO-FAM reactions.  Failed reactions occurred in 

some channels as no trace data were generated, or a signal was generated but it did not cross the established 

C(t).   

 
Amplicon DNA/reaction Range C(t) Mean 

C(t) 
S.D. 68% C.I. Mean reaction 

efficiency (%) 
FUCO-FAM 10 ng 18.62 – 20.87 19.43 0.48 18.95 – 19.91 230.91 

 1.0 ng 22.79 – 24.27 23.47 0.66 22.81 – 24.13 128.12 
 0.1 ng 26.53 – 30.41 28.31 1.60 26.71 – 29.91 87.13 
 10 pg 30.03 – 35.43 32.86 2.71 30.15 – 35.57 34.45 
 1.0 pg 35.76 – 38.23 36.92 1.24 35.68 - 38.16+ 19.50 

GMP2-HEX 10 ng 20.63 – 21.67 21.38 0.50 20.88 – 21.88  
 1.0 ng 25.39 – 27.94 26.82 1.11 25.71 – 27.93  
 0.1 ng 31.24 – 34.62 32.41 1.51 30.90 – 33.91  
 10 pg 43.01 – 45.74 44.37 1.94 42.43 – 46.31  
 1.0 pg – – – –  

SYNAP2-TXR 10 ng 21.07 – 23.24 22.38 0.92 21.46 – 23.30  
 1.0 ng 27.67 – 28.69 28.26 0.47 27.79 – 28.73  
 0.1 ng 33.33 – 37.44 35.72 2.02 33.70 – 37.74  
 10 pg – – – –  
 1.0 pg – – – –  

GST-Cy5 10 ng 20.02 – 21.31 20.68 0.55 20.13 – 21.23  
 1.0 ng 24.99 – 25.86 25.31 0.38 24.93 – 25.69  
 0.1 ng 29.43 – 31.95 30.24 1.16 29.08 – 31.40  
 10 pg 37.63 – 40.99 39.31 2.38 36.93 – 41.69  
 1.0 pg – – – –  

 + two reactions failed 
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Figure 10.  Isolates of P. parvum from South Carolina (SC), Maine (ME), the United Kingdom (UK), 

Norway (NORW1 and NORW2) and a P. parvum f. patelliferum (PAT) isolate from Maine (listed in Table 

1) were evaluated by qPCR using a gradient of isolated genomic DNA (n = 3; mean values shown).  

Individual standard curves were developed due to slight differences in priming and (possibly) the number 

of copies for the different target amplicons among the different isolates.  Standard curves are based on 

fluorescent signals detected in the FUCO-FAM channel.  The other fluorescent channels were verified, 

with the following exceptions: no signals were detected in the SYNAP2-TXR channel for NORW1, 

NORW2 or PAT; the GMP2-HEX signal was not detected for reactions containing DNA from PAT.  There 

were no signals detected in any channel for NORW2 or PAT reactions containing 0.1 ng of DNA. 
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Table 3.  Multiplex qPCR reactions were examined for variations in the C(t) using a concentration gradient 

of cultured P. parvum whole cells (UTEX 2797; n = 5). Values are reported for the range, mean, S.D. and 

68% C.I. for the C(t). The mean individual reaction efficiencies are shown for the FUCO-FAM reactions.  

Some PCR reactions failed and no trace data were generated, or a signal was generated but did not cross the 

established C(t).  
 

Amplicon Cells/ 
reaction 

Range C(t) Mean 
C(t) 

S.D.  68% C.I. Mean reaction 
efficiency (%) 

FUCO-FAM 105 12.92 – 14.10 13.50 0.45 13.05 – 13.95 32.07 
 104 21.73 – 22.34 22.05 0.24 21.81 – 22.29 99.60 
 103 25.00 – 26.03 25.87 0.41 25.46 – 26.28 94.19 
 102 28.78 – 31.38 30.23 1.07 29.16 – 31.30 42.40 
 101 33.88 – 37.73 35.44 2.03 33.41– 37.47* 27.60 
 100 41.28 – 45.02 43.14 2.63 40.51 – 45.77+ 21.17 

GMP2-HEX 105 – – – –  
 104 20.86 – 24.99 23.55 1.57 21.98 – 25.12  
 103 24.67 – 28.59 26.49 1.70 24.79 – 28.19  
 102 25.60 – 31.54 27.94 2.40 25.54 – 30.34  
 101 20.40 – 34.00 29.20 5.53 23.67 –34.73  
 100 21.05 – 38.01 31.13 6.73 24.40 – 37.86  

SYNAP2-TXR 105 14.94 – 20.48 17.31 2.57 14.74 – 19.88  
 104 22.49 – 24.29 23.26 0.72 22.54 – 23.98  
 103 26.66 – 30.51 28.72 1.85 26.87 – 30.57  
 102 31.86 – 39.52 35.43 3.25 32.18 – 38.68  
 101 36.13 – 46.00 40.57 4.63 35.94 – 45.20  
 100 42.11 – 50.00 49.36 5.77 43.59 – 55.13  

GST-Cy5 105 – – – –  
 104 – – – –  
 103 28.13 – 29.72 28.84 0.60 28.24 – 29.44  
 102 28.72 – 35.72 30.68 2.85 27.83 – 33.53  
 101 26.72 – 39.85 36.01 6.24 29.77 – 42.25  
 100 28.42 – 50.00 43.40 8.85 34.55 – 52.25  

* one reaction failed 
+ two reactions failed 
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Appendix B 

 

 

 

   

Figure B.1 Isotopic distribution for [prym2 + Na + K + H]3+.  The mass assignment for 
the triply-charged ion species occurring at 676.25 m/z (A) was in excellent 
agreement with the theoretical spectrum for this ion (B). 
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Figure B.2 Isotopic distribution for [prym1 + Na + K + H]3+.  The mass assignment for 
the triply-charged ion species occurring around 774.28 to 774.62 m/z (A) 
was in total agreement with the theoretical spectrum for this ion (B). 
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Figure B.3 Empirical isotopic distribution for [prymagly + 4H]4+.  The mass assignment 
for the quadruply-charged ion observed at 459.96 m/z in spectra (see Figure 
3.3) was in very good agreement with the theoretical spectrum. 

 

 

 

Figure B.4 Empirical isotopic distribution for [prym1 - hexose - pentose (or prym2) + 
2H]2+.  The mass assignment for the doubly-charged ion observed at 985.90 
m/z was in complete agreement with the theoretical spectrum. 
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Figure B.5 Empirical isotopic distribution for [prym1 - hexose - pentose (or prym2) + 
NH4 + H]2+.  The mass assignment for the doubly-charged ion observed at 
994.41 m/z was in perfect agreement with the theoretical spectrum. 

 

 

Figure B.6 Empirical isotopic distribution for [prym1 - 2 pentose + 2H]2+.  The mass 
assignment for the doubly-charged ion observed at 1000.96 m/z was in very 
good agreement with the theoretical spectrum. 
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Figure B.7 Empirical isotopic distribution for [prym1 - hexose - pentose (or prym2) + 
2H]2+.  The mass assignment for the doubly-charged ion observed at 
1051.95 m/z was in excellent agreement with the theoretical spectrum. 

 

 

Figure B.8 Empirical isotopic distribution for [prym1 - pentose + 2H]2+.  The mass 
assignment for the doubly-charged ion observed at 1066.98 m/z was in 
complete agreement with the theoretical spectrum. 
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Figure B.9 Empirical isotopic distribution for [prym1 + 2H]2+.  The mass assignment 
for the doubly-charged ion observed at 1132.97 m/z was in total agreement 
with the theoretical spectrum. 

 

 

Figure B.10 Empirical isotopic distribution for [prym1 + NH4 + H]2+. The mass 
assignment for the doubly-charged ion observed at 1141.44 m/z was in 
excellent agreement with the theoretical spectrum. 
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Appendix C 

 

 

 

 

Figure C.1 UV-visible absorbance spectrum of hemoglobin.  Dilution series were 
evaluated for the development of standard curves.  The wavelengths of 414 
nm and 405 nm show no interfering absorbance in this region.
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Figure C.2a&b 
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Figure C.3 Hemolytic activity of Norwegian strains of P. parvum.  ELA was performed 
in triplicate with mean values being shown (n = 2) 
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Table C.1 ANOVA of total HA of culture supernatants for weeks 1-3 of the 
observation period.  Shaded regions indicate variables/values that were 
statistically significant at p < 0.05. 

 

 

 

Table C.2 ANOVA of total HA of culture supernatants for weeks 4-6 of the 
observation period.  Shaded regions indicate variables/values that were 
statistically significant at p < 0.05. 
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Table C.3 ANOVA of prymnesin cell extracts for weeks 1-3 of the observation period.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 

 

 

 

Table C.4 ANOVA of prymnesin cell extracts for weeks 4-6 of the observation period.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 
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Table C.5 ANOVA of total HA in supernatants on a per-cell basis for weeks 1-3.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 

 

 

 

Table C.6 ANOVA of total HA in supernatants on a per-cell basis for weeks 4-6.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 
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Table C.7 ANOVA of prymnesin cell extracts on a per-cell basis for weeks 1-3.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 

 

 

 

Table C.8 ANOVA of prymnesin cell extracts on a per-cell basis for weeks 4-6.  
Shaded regions indicate variables/values that were statistically significant at 
p < 0.05. 

 

 

 



 

 145 

 

 

  

Figure C.4 Total HA of culture supernatants compared to salinity at each sampling 
period on a per-cell basis.  Erythrocyte lysis reactions were performed in 
triplicate and the mean values are shown (n = 84).  Note the differences in 
the units and scale of the y-axes. 

 

 

 

   

Figure C.5 Estimation of prymnesins in cell extracts (A) and on a per-cell basis (B).  
Note the difference between the y-axes (scale and units). 

A B 

A      B 
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