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Abstract 

 

Nitrogen nutrition of Alexandrium tamarense:  

using δ
15

N to track nitrogen source used for growth 

 

 

 

 

Christa Belle Smith, M.S. Marine Science 

The University of Texas at Austin, 2009 

 

Supervisor:  Deana L. Erdner 

 

Alexandrium tamarense is a harmful algal species that can produce saxitoxins, a 

suite of powerful neurotoxins that bioaccumulate up the food chain and can have severe 

economic and health impacts.  With harmful algal blooms increasing temporally and 

spatially, it is important for us to understand the relationship between harmful algal 

blooms and nutrients, particularly nitrogen from anthropogenic sources. To this end, the 

stable nitrogen isotopic composition (δ
15

N) of medium nitrate, algal cells and toxin in 

both nitrogen-replete and nitrogen-limited batch cultures of A. tamarense were measured 

in order to assess the potential for using the δ
15

N of the toxin as a tracer of the nitrogen 

source used for growth.  

A. tamarense cells grown under nitrate-replete conditions were depleted by 1.5‰ 

relative to the growth medium, and saxitoxin was depleted by 1.5‰ relative to the whole 
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cells. Under nitrate-limiting conditions, the isotopic difference between cells and 

saxitoxin changed as nitrate in the growth medium was depleted, indicating uncoupling 

of toxin synthesis and cell growth rates under changing external nutrient conditions. 

Determination of the absolute magnitude of the isotopic differences between the medium 

nitrate and either the cells or the saxitoxin was confounded by 1) using two different 

nitrate sources – one nitrate source was used to grow the inoculum and a different nitrate 

source was used for the experimental medium - with different ‰ values and 2) the 

presence of an unidentified, isotopically-light, nitrogen blank in the low-nitrate medium 

samples.  

I conclude that STX nitrogen isotope values have the potential to be used as 

nitrogen source indicators. However, overall fractionation between whole cells and STX 

is unknown due to the uncoupling between cell growth and STX synthesis observed 

during my nitrogen-limited experiment. Based on previous research on cell growth and 

toxin production dynamics under different nutrient regimes, it is also reasonable to 

assume that the observed results here may differ if a different nitrogen source was 

utilized by the cells for STX production. Further research could include isotope analysis 

of cultures grown on different nitrogen sources, such as ammonium and urea; isotopic 

analysis of additional compounds, such as amino acids; or use of additional stable 

isotopes, such as C or O. 

 



 viii 

Table of Contents 

 

List of Figures ..................................................................................................... x 

List of Tables ..................................................................................................... xi 

Introduction ......................................................................................................... 1 

Harmful algal blooms ................................................................................. 1 

Nutrients and harmful algal blooms ............................................................ 3 

Harmful algae: Alexandrium spp. and their toxins ....................................... 4 

Nutrient effects on Alexandrium dynamics .................................................. 7 

Study design: using stable isotopes as tracers .............................................. 9 

Study design: using saxitoxin as a compound-specific tracer ..................... 12 

Materials and Methods ...................................................................................... 15 

Algal cultures ........................................................................................... 15 

Nitrogen-replete experiment ..................................................................... 16 

Closed system isotope calculations ........................................................... 17 

Nitrogen-limited experiment ..................................................................... 19 

Whole cell isotopic analysis ...................................................................... 20 

Toxin purification and isotopic analysis .................................................... 21 

Medium nitrate measurement and isotopic analysis ................................... 24 

Results .............................................................................................................. 26 

Nitrogen-replete culture characteristics ..................................................... 26 

Saxitoxin purity ........................................................................................ 28 

Nitrogen-replete culture: nitrate, whole cell and toxin isotope values ........ 30 

Nitrogen-limited culture characteristics..................................................... 33 

Nitrogen-limited culture: nitrate, whole cell and toxin isotope values in 

comparison to closed system isotope calculations ............................. 36 

Nitrogen-limited culture: cellular nitrogen and saxitoxin content .............. 43 



 ix 

Discussion ......................................................................................................... 50 

General information .................................................................................. 50 

Nitrogen replete culture: methods test ....................................................... 52 

Closed system isotope calculations ........................................................... 53 

Nitrogen-limited cultures .......................................................................... 54 

Medium nitrate isotope measurements: deviations and interference........... 56 

Saxitoxin nitrogen isotopes: a compound-specific tracer ........................... 58 

Conclusions ....................................................................................................... 61 

Appendix – Spongy Cadmium Development ..................................................... 63 

Introduction .............................................................................................. 63 

Materials and Methods.............................................................................. 64 

Results and discussion .............................................................................. 65 

Conclusions .............................................................................................. 78 

References ......................................................................................................... 79 

Vita... ................................................................................................................ 87 
 

  



 x 

List of Figures 

Figure 1. Known global distribution of PSP toxins .......................................................... 6 

Figure 2. Molecular structures of PSP toxins ................................................................. 14 
Figure 3. Closed system, unidirectional isotope dynamics.............................................. 18 

Figure 4: Nitrogen-replete culture growth ...................................................................... 27 
Figure 5: Mass spectrum for verification of STX ........................................................... 29 

Figure 6: Nitrogen-replete culture. Nitrate stock, whole cells, and STX δ
15

N values ...... 31 
Figure 7: Nitrogen-limited culture growth ..................................................................... 34 

Figure 8: Nitrate measurements. Medium nitrate measurements .................................... 35 
Figure 9. Nitrogen-limited culture. Medium nitrate δ

15
N values ..................................... 38 

Figure 10. Nitrogen-limited culture. Whole cell (WC) nitrogen δ
15

N values .................. 39 
Figure 11. Nitrogen-limited culture. STX nitrogen δ

15
N values ...................................... 40 

Figure 12: Nitrogen-limited culture. Medium nitrate, whole cells, and saxitoxin δ
15

N .... 41 
Figure 13: Nitrogen-limited culture. Isotopic difference over time ................................. 42 

Figure 14: Nitrogen-limited culture. Yield of pmol N·cell
-1

 ........................................... 45 
Figure 15: Nitrogen-limited culture. Whole cell C:N ratios ............................................ 46 

Figure 16: Nitrogen-limited culture. Average µM N in medium and whole cells ............ 47 
Figure 17: Nitrogen-limited culture. Percent contribution of STX nitrogen .................... 48 
Figure 18: Nitrogen-limited culture. Whole cell N·cell

-1
 versus STX N·cell

-1
 ................. 49 

Figure A.1: NO2 standard analysis ................................................................................. 66 
Figure A.2: NO2 and NO3 standard curves ..................................................................... 68 

Figure A.3: NO3 standard analysis ................................................................................. 69 
Figure A.4. Sample anomalous run ................................................................................ 71 

Figure A.5: NO2 time measurements ............................................................................. 73 
Figure A.6: NO3 time measurements ............................................................................. 74 

Figure A.7: Medium comparison ................................................................................... 76 
Figure A.8: Buffer/Base comparison.............................................................................. 77 

  

  



 xi 

List of Tables 

Table 1. Nitrogen-replete culture. δ
15

N values and isotopic differences.......................... 32 

 
 



 1 

Introduction 

HARMFUL ALGAL BLOOMS 

Harmful algal blooms (HABs), both toxic and non-toxic, can have severe impacts 

on the environment and economics of the affected regions. Phytoplankton are a normal 

and important part of any system, but under certain conditions they can “bloom”, causing 

undesirable side effects. HABs are episodes of increased algal biomass that become 

harmful, either through accumulation of toxins or through accumulation of biomass, both 

of which can adversely affect the environment and cause economic losses (Anderson et 

al., 2002; GEOHAB, 2001). While blooms are usually a natural phenomenon, there is 

presently concern that harmful blooms are increasing globally due to eutrophication of 

coastal waters and other anthropogenic impacts (Anderson, 1989; Hallegraeff, 1993). 

High algal biomass during bloom events can lower light penetration and choke out other 

organisms, and certain species can produce potent toxins. Toxins can affect aquatic 

organisms, such as fish, and they also may bioaccumulate through the food chain, 

affecting higher trophic levels (Anderson et al., 2002; Geraci et al., 1989; Hallegraeff, 

1993) and even causing human illness and death upon consumption of contaminated fish 

and shellfish (Anderson 1989). 

HABs also cause substantial economic loss to fisheries and coastal communities. 

The average annual economic impacts of HABs in the United States were estimated to be 

$97 million during 1987-2006 (Weiher and Sen, 2008) and in the European Union were 

estimated to be $813 million during 1989-1998 (Hoagland and Scatasta, 2006).  Harmful 

algae and their toxins are a growing problem for both the environment and human health. 

In recent years, HAB events have increased both spatially and temporally (Anderson, 

1989; Smayda, 1990; Hallegraeff, 1993). The cause for this increase is still debated with 
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reasons including increased awareness, better monitoring techniques, ballast transport, 

climate change, and eutrophication due to enhanced nutrient and anthropogenic pollutant 

loadings (Anderson, 1989; Smayda, 1990). Worldwide, nations are encountering the 

growing issue of harmful algal blooms and their effects. 
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NUTRIENTS AND HARMFUL ALGAL BLOOMS 

One major cause for concern is anthropogenic eutrophication. Groundwater and 

run-off, such as from farmlands, can combine to create anomalously high concentrations 

of nutrients and potentially fuel HABs in coastal areas (Pearl, 1997; Smayda, 1990; 

Riegman, 1995; Richardson and Jorgensen, 1996); dust input (Pearl, 1997) or seasonal 

upwelling (Kudela et al., 2005) of nutrient-rich waters can also stimulate blooms. 

Nitrogen is considered the limiting nutrient in many areas and as such, increased nitrogen 

loadings of ammonium, nitrate or urea can fuel increased phytoplankton production and, 

subsequent bloom episodes. For example, nitrogen loading has increased dramatically, as 

much as 8-fold in some areas of the northeastern United States of America, due to 

industrial and agricultural development (Boynton et al., 1995; Howarth, 1998). Many 

studies have demonstrated a correlation between HABs and increased nutrient loading 

and changing nutrient ratios (GEOHAB, 2001). While mechanisms by which nutrient 

enrichment leads to HAB development are unclear, they likely play a role in either bloom 

initiation, termination or both. 

Nutrients play a key role in phytoplankton growth and reproduction, and nutrient 

limitation often results in various adverse effects depending on the nutrient. Some species 

may also prefer certain forms of nutrients over others. For instance, some phytoplankton 

may prefer one particular form of nitrogen (nitrate, ammonium, urea, or amino acids) 

over another (GEOHAB, 2001), therefore the type of nutrient supplied will affect 

community composition. With exposure to HAB species and their toxins being a cause 

for concern to both environmental and public health, conservation efforts seek to 

understand the relationship between nutrient supply and HABs in order to better predict 

and mitigate anthropogenic effects on marine and human systems.  
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HARMFUL ALGAE: ALEXANDRIUM SPP. AND THEIR TOXINS 

Among the variety of toxin poisoning syndromes linked to HABs, paralytic 

shellfish poisoning (PSP) is arguably the most widespread and significant on a global 

basis.  PSP results from the ingestion of potent paralytic shellfish toxins (PSTs), a group 

of highly stable, water-soluble, neurotoxins that bioaccumulate as they are passed from 

producer to consumer (Wang, 2008). The common vector for humans is shellfish, which 

filter cells from the water and concentrate the toxins as they feed. However, the toxic 

effects are not seen in the shellfish, but in higher trophic level consumers such as humans 

and marine mammals (Kodama, 2000). PSTs bind to and inhibit voltage-dependent 

sodium channel receptors, which in turn inhibit nerve and muscle action potentials 

(Wang, 2008). Symptoms include tingling, numbness, gastrointestinal distress, 

asphyxiation, and complete paralysis followed by death (Halsetead, 1978; Lagos and 

Andrinolo, 2000). There is no antidote to this poison; without supportive care, you can 

die within approximately 24-48 hours of consuming the toxin. 

Since the first reported PSP event in 1972, at least three dinoflagellate genera 

have been found to produce PSTs: Pyrodinium, Gymnodinium and Alexandrium 

(Shumway, 1990).  However,  Alexandrium spp. (Balech, 1995) are the most common 

cause of PSP outbreaks around the world.  Alexandrium spp. are armored marine 

dinoflagellates, with the genus comprising more than two dozen globally distributed 

species (Anderson and Scholin, 1993), of which at least 11 are known to be toxic 

(Moestrup, 2004).  Three to four decades ago, Alexandrium spp. were found primarily in 

temperate waters of Europe, North America and Japan; they have now spread throughout 

the southern hemisphere (Fig. 1) (Anderson, 1989; Hallegraeff, 1993).  

Expanding Alexandrium blooms have been attributed to several different reasons: 

increased awareness and monitoring capabilities; increased coastal land and water use; 
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ballast water transport; climate change; and eutrophication (Anderson, 1989; Hallegraeff, 

1993). Often anthropogenic impacts and eutrophication are implicated as the major 

effectors, and there is a correlation between eutrophication and increased frequency of 

HAB events (Anderson, 1989). The increase and spread of Alexandrium has been 

attributed to human transport (Lilly et al., 2002), ocean currents (Vila et al., 2001), and 

nutrient loading from coastal eutrophication (Balech, 1995; Leong et al., 2004), although 

eutrophication and human influence may be more of a secondary effect in some regions 

(Anderson et al., 2002).  
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Figure 1. Known global distribution of PSP toxins in 1970 versus 2006. The red dots 

represent recorded incidences of PSP toxins (National Office for Harmful 

Algal Blooms, 2007). 
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NUTRIENT EFFECTS ON ALEXANDRIUM DYNAMICS 

There are numerous studies on the effects of nutrients on Alexandrium growth and 

toxin production; nitrogen and phosphorus are particularly well studied (Parkhill and 

Cembella, 1999; Leong et al., 2004; Shi et al., 2005).  Other factors affecting 

Alexandrium growth and toxin production include salinity, light and temperature, each of 

which can also interact with nutrients to alter overall cellular biosynthesis and 

metabolism. One common method for studying nutrient changes includes the use of 

elemental ratios of Si:N (or Si:P) or N:P as indicators of community changes or bloom 

episodes, respectively (Hodgkiss and Ho, 1997).  

Both nitrogen and phosphorus limitation can result in physiological adaptations 

affecting cell growth, division and toxin production. When phosphorus is limiting, there 

is an associated increase in cellular toxicity as cell division slows or stops (Boyer et al., 

1987; Anderson et al., 1990; Taroncher-Oldenburg et al., 1999; Guisande et al., 2002; 

Frangópulos et al., 2004). Under nitrogen limitation, toxin production pathways are 

affected before cellular division and thus, cellular toxin content decreases even while 

cells continue to divide (Boyer et al., 1987; Anderson et al., 1990).  Not only does 

nitrogen concentration affect cellular dynamics of A. tamarense, but nitrogen sources do 

as well. Leong et al. (2004) found a slight trend in which ammonium induced the greatest 

toxin content and nitrate the lowest. This is important since recent studies show that 

HABs are closely associated with high inputs of reduced nitrogen forms (Leong et al., 

2004) that may be used or preferred by certain harmful algal species. 

While some studies postulate that nutrients and HABs are correlated, and others 

maintain a direct cause and effect relationship between the two (Anderson et al., 2002), 

there is still little conclusive evidence demonstrating a direct linkage between nutrients 
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and HABs. This link can be explored through our knowledge of HAB species and their 

physiologies, the ecology and oceanography of the regions in which HAB species are 

found, and by utilizing modern analytical techniques such as stable isotope analysis. 
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STUDY DESIGN: USING STABLE ISOTOPES AS TRACERS 

In studying the relationship between nutrients and HABs, one approach is to 

examine source nutrients and how these nutrients are cycled through a system and 

utilized by the organisms present. Stable isotopes are commonly utilized as tracers for 

gathering source and cycling information via both bulk and molecular analysis. Bulk 

methods of isotope analysis integrate the isotope signal of all compounds or organisms in 

a sample, thereby averaging the response over, for example, all of the particulate 

materials in the water column. Because HAB species are part of a complex phytoplankton 

community, which is in turn only part of the particulate materials in a sample, compound-

specific markers are needed to specifically analyze the response of HAB species to 

nutrients. Compound-specific isotope analysis has become increasingly common in 

atmospheric, terrestrial and oceanographic studies.  

Some elements in nature, such as carbon (C), nitrogen (N), hydrogen (H), sulfur 

(S) and oxygen (O), exist in multiple stable isotope forms, and their particular isotopic 

ratios change as compounds move through a system. Isotopes of a specific element differ 

from each other in the number of neutrons and hence, mass. Isotopes of an element will 

react at different speeds, for instance N-15 would react slightly slower than N-14, due to 

a kinetic effect. Thus, lighter isotopes will tend to accumulate in reaction products faster 

than heavier isotopes whereas residual substrate becomes increasingly enriched in heavy 

isotopes (Peterson and Fry, 1987).  

Isotopic values are generally expressed in terms of delta (δ) values, a measure of 

permil (‰), in relation to a standard. Isotope (δ) values are calculated by the following 

equation:  
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δX = [(Rsample / Rstandard) – 1] x 10
3
, 

 

where “X” represents the isotope of interest, such as 
13

C or 
15

N, and “R” is the 

corresponding ratio of either 
13

C/
12

C or 
15

N/
14

N, respectively. Changing δ values 

therefore indicate changing isotope ratios, with more negative values indicating more of 

the light isotope and more positive values indicating more of the heavy isotope, relative 

to a particular standard. 

Of the stable isotopes, nitrogen (N) is commonly used in ecosystem studies for 

studying trophic interactions (Gannes et al., 1998). There are two stable isotopes of N: 

15
N and 

14
N. Nitrogen isotopic values (δ

15
N) are calculated in relation to the standard of 

air. Since air is relatively homogenous worldwide, its isotopic composition is relatively 

unchanging and therefore considered the best reference material (Mariotti, 1983); by 

definition its δ value is 0‰. Isotope values can be used to separate out source materials, 

since different sources have different isotopic ratios, or to follow chemical processes 

through an ecosystem (Peterson and Fry, 1987). For instance δ
15

N values of nitrate 

derived from human and animal wastes are typically enriched relative to nitrate from 

other sources, making it possible to identify and track wastewater nitrogen (McClelland 

et al., 1997).  

From producer to consumer, nitrogen isotopic values show 2-4‰ enrichment per 

trophic level (Minagawa and Wada, 1984) because of the kinetic isotope effect during 

metabolism. This applies primarily to bulk isotopic studies (i.e. studies using whole 

organisms). More recently, researchers have realized that individual cellular components 

that make up the total bulk value may each contribute their own unique information. 

Some compounds can be used as source indicators whereas others can be used to study 

specific processes. Studying specific compounds such as amino acids (McClelland and 
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Montoya, 2002) or other cellular products may therefore reveal nutrient pathways within 

a system while still maintaining source-specific information. 
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STUDY DESIGN: USING SAXITOXIN AS A COMPOUND-SPECIFIC TRACER 

Unlike most algal toxins, which are polyether compounds containing only C, H, 

and O, PSTs are perhydropurine alkaloids which contain significant amounts of nitrogen. 

Saxitoxin (STX) is the basic form of the PSTs, and there are multiple congeners of STX. 

The STX analogs include three categories: carbamate, N-sulfocarbamoyl, and 

decarbamoyl toxins (Fig. 2). There are more than 30 naturally occurring STX congeners 

(Kellmann, 2008), at least two dozen of which can be produced by dinoflagellates 

(Shimizu, 1996; Kodama, 2000).  Of the analogs, STX is one of the most toxic and well-

studied of the PSTs. STX itself, which falls under the highly toxic carbamate group, has 

the molecular formula C10H17N7O4. The lethal dose of STX in mice is 3-10 and 263 

µg·kg
-1

 body weight by peritoneal and oral delivery, respectively. Estimated lethal dose 

in humans, by ingestion, is 9-10 mg toxin·kg
-1

 body weight. Established in the 1930’s, the 

regulatory limit for PSPs is 80 µg toxin·100 g
-1

 shellfish meat is reached (Wekell et al., 

2004).  

Substantial progress has been made in understanding bloom dynamics of 

Alexandrium and other species of toxic dinoflagellates. However, there is still relatively 

little known about how and why the toxins are produced. One hypothesis is that cells may 

produce toxins as an adaptation to offset their ecological disadvantage of low nutrient 

affinities in comparison to other competitively superior algal groups (i.e. diatoms; 

Frangópulos et al., 2004). They may also be used as a grazer deterrent (Turner and 

Tester, 1997). In the case of the PSTs, their biosynthetic pathways are still under study. 

The precursors to PSTs in cells are the amino acids arginine and methionine (Anderson et 

al., 1990; Kellman and Neilan, 2007). Most of what we know of the biosynthetic pathway 

has come from studies of PST-producing cyanobacteria. Predictions for biosynthesis of 

PSTs have now led to their study using genetic analysis of cyanobacteria, targeting 
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specific gene families, for identification of enzymes involved in PST biosynthesis 

(Kellmann and Neilan, 2007) (Kellmann et al., 2008). 

Despite the hypothesized linkage between nutrients and HABs, there is little 

direct information demonstrating connections between specific nitrogen sources and algal 

blooms. Examining specific compounds, such as the toxins, may provide both source and 

processing information. The PSTs provide an opportunity for studying a compound that 

is unique to relatively few harmful algal spp. of Gymnodinium, Pyrodinium, Alexandrium 

and cyanobacteria; STX provides an excellent model system, because the toxin contains 7 

nitrogen atoms in each molecule. Thus, I hypothesize that stable nitrogen isotopes of 

STX, produced by A. tamarense, can be used as an indicator of the nitrogen source used 

for growth. To test this theory, nitrogen isotopic values of whole cells of A. tamarense 

were compared with nitrogen isotopic values of their growth medium nitrogen and the 

nitrogen isotopic values of their STX. The nitrogen source used was nitrate, under both 

replete and limiting conditions, to monitor the effects of changing nitrogen availability on 

isotopic values. When possible, carbon content was also measured along with nitrogen to 

evaluate C:N ratios and gather any additional information possible on culture conditions 

and cell growth characteristics. 
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Figure 2. Molecular structures of PSP toxins (modified from Kellmann and Neilan, 

2007). 
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Materials and Methods 

ALGAL CULTURES 

The strain used for this study is the toxic A. tamarense (PW06). It produces 

primarily STX with minor contributions from neoSTX. This characteristic, along with its 

ability to adapt to different nitrogen environments and concentrations (Leong and 

Taguchi, 2004), makes the strain ideal for studying STX nitrogen isotopes and avoiding 

confounding toxin congeners, as would be found in many other PST-producers. A. 

tamarense were grown in two different culture conditions: 1) nitrate-replete and 2) 

nitrate-limited.  

Culture medium consisted of 0.2 µm-filtered and autoclaved natural seawater 

(Gulf of Mexico) enriched with either f/2 or f/20 nutrients without silicates. All culture 

vessels were acid-washed and autoclaved before use. Culture vessels consisted of 20-liter 

carboys outfitted with 3 separate ports: air-in, air-out and sample collection. Cultures 

were constantly and gently bubbled with HEPA-filtered air from a Tetra Whisper air 

pump. Cultures were grown at 15ºC, on a 12:12-hr light:dark cycle and with cool-white, 

fluorescent illumination of approximately 150 µE·m
-2

·s
-1

.  
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NITROGEN-REPLETE EXPERIMENT 

For the nitrogen-replete experiment, cells were grown in batch culture in a single 

20 L carboy.  Starter cultures were grown to a density of ~1,000 cells·ml
-1

 in 2 L of f/2 

medium. Cells from starter culture were quantified microscopically and used to inoculate 

20 L of f/2 medium, to a beginning density of 87 cells·ml
-1

. At the same time each day, 

samples were withdrawn aseptically, and triplicate 1 ml subsamples were preserved in 

Lugol’s iodine solution for cell counts. Cell density was determined by counting 

preserved cells using a Sedgwick-Rafter (S-R) counting cell. To maintain high nitrogen 

levels, 88.3 µmoles of stock nitrate was added for every 200 cells·ml
-1

 increase. When 

peak cell density had been reached (~2,000 cells·ml
-1

), cells were harvested for whole cell 

and toxin isotope analysis.  

For whole cell analysis, ~15 ml culture samples were filtered onto pre-combusted 

(400ºC overnight) glass fiber filters (25 mm diam. Whatman GF/F).  Filters were placed 

in sterile 15 ml centrifuge tubes and then frozen at -20ºC until isotopic analysis.  For 

toxin analysis, the remaining culture was filtered through a 20 µm mesh filter. Retained 

cells were then washed into 50 ml centrifuge tubes using sterile seawater and collected by 

centrifugation at 3,000 x g for 10 min.  The supernatant was decanted and the cells 

resuspended in 0.2 ml of 0.1 M acetic acid. Cell suspensions were frozen until toxin 

extraction.  
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CLOSED SYSTEM ISOTOPE CALCULATIONS 

Isotopic differences between medium nitrate and whole cell nitrogen and between 

medium nitrate and STX nitrogen from the nitrogen-replete experiment were used to 

estimate expected isotopic values for the nitrogen-limited experiment based on ideal 

closed system equations according to Fry (2006; Fig. 3). The instantaneous product (IP) 

was not measured. Expected medium nitrate δ
15

N was calculated using the following 

equation for residual substrate (RS; medium nitrate):   

 

δ
15

NRS = δ
15

Ninput – Δ*ln(1-f), 

 

where “input” represents starting medium δ
15

N, “Δ” is the isotopic fractionation factor, in 

units ‰, and “f” represents the fraction of substrate reacted. The accumulated product 

(AP), which would be that expected for whole cells and STX assuming they follow the 

closed system mixing equations, were calculated using the following equation:  

 

δ
15

NAP = δ
15

Ninput + Δ*((1-f)/f)*ln(1-f). 
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Figure 3. Closed system, unidirectional isotope dynamics. Substrate is converted to 

product over time until it has been completely depleted. The instantaneous 

product follows the substrate value, offset by fractionation (Δ) in units ‰. 

The cumulative product changes more gradually and is the accumulation of 

product over time, taking into account mass balance. The cumulative 

product should at no time exceed initial substrate isotopic value. (Modified 

from Fry, 2006) 
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NITROGEN-LIMITED EXPERIMENT 

For the nitrogen-limited experiment, cultures were grown simultaneously in 

triplicate 20 L carboys (designated A, B and C). Cultures contained 20 L (20.15 kg by 

weight) of f/20 medium, in which the added nitrate concentration was reduced to 10% of 

f/2 levels while all other nutrients remained the same. Starter cultures were grown to a 

density of ~8,000 cells·ml
-1

 in three 1 L Fernbach flasks of f/2 medium. Cells from starter 

cultures were quantified microscopically using a S-R counting cell. Starter cultures were 

homogenized, and each carboy was inoculated with 1 L (1.01-1.11 kg by weight) to a 

beginning density of ~380 cells·ml
-1

.  No additional nitrate stock was added to the 

carboys, allowing the culture nitrogen to be depleted over time. At the same time each 

day, a sample was aseptically withdrawn for cell counts and medium nitrate analysis.  

Triplicate 1 ml subsamples were preserved in Lugol’s iodine for cell counts, as described 

above.  A 15 ml subsample was filtered through a 25 mm diameter pre-combusted GF/F 

filter (Whatman) and the filtrate stored at -20°C for later spectrophotometric 

determination of nitrate concentrations.  On alternate days, larger volumes were collected 

from 2 of the 3 carboys (cycling through all carboy combinations at least twice) to 

provide duplicate samples for whole cell, medium nitrate and toxin isotope analysis.  

For whole cell analysis, ~3-4 million cells were filtered onto pre-combusted 25 

mm Whatman GF/F filters, placed in sterile 15 ml centrifuge tubes and frozen at -20ºC 

until analysis. Filtrate was collected in 15 ml centrifuge tubes and frozen for 

spectrophotometric analysis of medium nitrate concentration. For toxin analysis, culture 

was filtered through a 20 µm mesh sieve. Filtered medium was further filtered through 

pre-combusted 25 mm Whatman GF/F filters and collected in 1 or 2 L acid-washed 

bottles and frozen at -20ºC for isotope analysis of medium nitrate.  The retained cells 

were collected as described above, and stored at -20C prior to toxin purification. 
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WHOLE CELL ISOTOPIC ANALYSIS 

Frozen Whatman GF/F filters with whole cells from each experiment were dried 

at 60ºC overnight and wrapped in tin boats for isotopic analysis. Based on cell counts, 

either a whole or partial filter was wrapped, with a target of ~100,000 cells. Nitrogen and 

carbon isotopic analysis was performed using a Finnigan Mat Delta Plus isotope ratio 

mass spectrometer (IRMS) coupled to a Carlo Erba NC 2500 elemental analyzer 

(University of Texas at Austin, Marine Science Institute). The detection limit for greatest 

accuracy was 0.5 µmoles of nitrogen and 4.0 µmoles of carbon. Isotope values are 

reported with respect to established standards: δ
15

N of air and δ
13

C of Vienna Pee Dee 

Belemnite (VPDB).  
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TOXIN PURIFICATION AND ISOTOPIC ANALYSIS 

Toxin purification procedures, using traditional low-pressure liquid 

chromatography methods, were modified from Laycock et al. (1994). To extract toxin for 

chromatographic analysis, cell suspensions were sonicated for 5, 30 second intervals 

using a Branson Sonifier 250 at a constant output of 40W. Cell debris was pelleted by 

centrifugation at 3,000 x g for 10 minutes. The toxin-containing supernatant was then 

decanted into a sterile 15 ml centrifuge tube for purification. If a large proportion of cells 

still appeared intact, the pellet was resuspended in 0.1 M acetic acid and extraction steps 

repeated. Repeated freezing and vortexing were also utilized to facilitate toxin extraction. 

Toxin extract was either frozen or kept at 4°C until purification. 

Before analysis, toxin samples were reduced to near dryness at 60ºC using a 

rotary evaporator, and then resuspended in 100-300µl 0.1 M acetic acid. The first 

purification step consisted of size-exclusion chromatography using Bio-Gel P2 (Bio-Rad, 

Hercules, CA). Dry resin was suspended in 0.1 M acetic acid and allowed to equilibrate 

at least 4 hr. Fines and excess acetic acid were decanted, and columns were packed to 

13.5 cm height in a 7.0 cm ID x 15.0 cm length column.  Prior to the first use, columns 

were washed with 100-200 ml acetic acid.  Between samples, columns were flushed 

copiously with 0.1 M acetic acid to prevent cross-contamination. Columns were eluted at 

a rate of 0.14-0.35 ml·min
-1

. To prevent overloading, sample volume applied was less 

than 5% of total resin volume.  

Toxin extracts were applied to the resin bed and eluted using 0.1 M acetic acid. 

Fractions were manually collected in 1.5-2.0 ml volumes. The presence of saxitoxin in 

the fractions was determined using thin layer chromatography (TLC). TLC was 

performed according to Buckley et al. (1976), on silica gel 60 plates (Merck, precoated). 

A 5-10 µl aliquot of each fraction was spotted onto the plate and separated for ~3 hr. 
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using a pyridine:ethyl acetate:water:acetic acid (75:25:30:15) solvent system.  A positive 

control consisting of purified STX (National Research Council of Canada, CRM-STX-e, 

lot # 20060419STX) was included on the plate for reference. After development, plates 

were kept at 60ºC until dry. Toxin spots were detected under long wave UV (366 nm) 

after spraying 1% H2O2 and heating at 100°C for 30 min. One of the STX-positive 

fractions from the nitrate-replete experiment was sent, along with STX standard, to the 

M. D. Anderson center (University of Texas at Austin) for mass spectrometric (MS) 

analysis using LCQ (liquid chromatography with quadrapole ion trap) MS with 

electrospray ionization (ESI).  

STX-positive fractions eluted from the Bio-Gel P2 columns at 4-9 ml. All STX-

positive fractions from a particular time point were combined and reduced to near 

dryness using a rotary evaporator. Dried samples were resuspended in 200-400 µl of 0.2 

M sodium phosphate buffer, pH 6.8 in Milli-Q water (6 µl buffer added for every 300 µl 

sample), prior to ion-exchange chromatography. 

The second purification step utilized cation-exchange chromatography on Bio-

Rex-70 resin (Bio-Rad, Hercules, CA).  Dry resin was suspended in 1.0 M hydrochloric 

acid, allowed to settle and then flushed with large volumes of Milli-Q water until pH and 

conductivity stabilized. Columns were packed to 13.5 cm height in 7.0 cm ID x 15.0 cm 

length columns.  Prior to use, resin was flushed with 50-100ml of water.  Resin was 

prepared fresh for each sample run.  Partially purified toxin extracts were applied to resin 

bed and eluted using a 0.0-3.0 M acetic acid gradient. Elution rate was the same as for 

Bio-Gel P2 columns. Fractions were manually collected in 1.5-2.0 ml volumes and 

analyzed via TLC for the presence of STX, as described above. STX-positive fractions 

eluted from the Bio-Rex-70 columns at 23-27 ml. 
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STX-positive fractions were combined for isotopic analysis. Liquid STX 

suspensions were pipetted into a tin capsule and dried at 60°C.  Nitrogen and carbon 

isotopic analysis was performed as described above. 
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MEDIUM NITRATE MEASUREMENT AND ISOTOPIC ANALYSIS 

The method used for analyzing medium nitrate concentrations was adapted from 

the spongy cadmium method of Jones et al. (1984). Procedures were modified to allow 

samples to be analyzed in microplates, to facilitate higher throughput analysis of nitrate 

concentrations (Appendix A).   

Spongy cadmium was prepared by placing a zinc stick (Baker, #4274-01) into 

20% w/v cadmium sulfate in Milli-Q water in a beaker.  Spongy cadmium was 

periodically scraped off as it formed, and broken into smaller (0.5-1.0g) pieces. Spongy 

cadmium was acidified with a several milliliters of 6 N (normal) hydrochloric acid and 

then washed repeatedly with Milli-Q water until the water reached a pH  

Nitrate reduction was performed in a 2.0 ml deep-well microplate.  A 100 µl 

aliquot of 0.7 M ammonium chloride pH 8.5, a piece of spongy cadmium (0.5-1.0g each), 

and 1.0 ml of sample were added (in the specified order) to each well. The plate was 

covered with a sealing mat and incubated at room temperature in a horizontal shaker, set 

at 150 rpm, for 90 min. After incubation, 200 µl of each reaction was transferred to a 

400µl, 96-well plate, and 20 µl each of prepared sulfanilamide (2% w/v in 4N HCl) and 

NED (0.2% w/v N-1-napthyl ethylene diamine in water) were quickly added. The plate 

was covered immediately after adding color reagents and incubated in the dark at room 

temperature for 60 min.  

Color development was detected as absorbance at 543 nm using a SPECTRAmax 

190 microplate reader. Each sample was run in triplicate along with a triplicate set of 0.0-

100.0 µM sodium nitrate standards. Sample nitrate concentrations were calculated using 

the regression equation of the standard curve of absorbance versus concentration.  



 25 

Isotopic analysis of medium nitrate was modified from the ammonium diffusion 

method of Sigman et al. (1997).  All sample containers were acid-washed and rinsed with 

Milli-Q water before use. Whatman filters (1-cm GF/D, #1823010) were pre-combusted 

at 400°C for 4hr. Magnesium oxide was combusted at 450°C for 4 hr. or overnight. Silica 

gel was regenerated at 150°C for 2-3 hr. as needed. All samples were run in duplicate, 

with concurrent standards of 50 µM sodium nitrate in Milli-Q water. Diffusion packets 

were constructed by acidifying a Whatman GF/D filter with 25 µl of 5 N sulfuric acid 

and sealing it between two 2.5 cm diameter Teflon membranes (Millipore LCWP 02500). 

Diffusions were performed in 100 ml volumes containing 0.0-10.0 umoles of 

nitrogen.  Magnesium oxide (0.3 g per 100 ml initial sample) was added to the sample in 

a beaker.  If the starting sample volume was greater than 150 ml, the sample was boiled 

down, with constant stirring, to just under 100 ml.  If the initial sample volume was 100-

150 ml, Milli-Q water was added to 150 ml before boiling. The sample was then cooled 

and transferred to a 250 ml HDPE wide-neck square bottle. Sodium chloride (5 g/100 ml 

final sample) was added to the standards, which were prepared in Milli-Q water. A 

prepared diffusion packet was placed into each sample bottle, and then Devarda’s alloy 

(0.25 g/100 ml final sample) was added. Bottles were closed immediately after adding the 

Devarda’s alloy. Bottles were incubated at 40°C, with shaking at ~100 rpm, for 1 week.  

After incubation, each packet was removed from the bottle, quickly dipped in 

Milli-Q water, transferred to a small plastic petri dish and then placed, uncapped, into a 

desiccator with an open bottle of concentrated sulfuric acid. Packets were dried in this 

way over a thick bed of regenerated silica gel desiccant for a minimum of 3 days, or until 

isotopic analysis. Dried diffusion packets were dissected and the inner GF/D filters were 

wrapped in tin boats immediately prior to isotopic analysis. Nitrogen isotopic analysis 

was performed as described above. 



 26 

Results 

NITROGEN-REPLETE CULTURE CHARACTERISTICS 

The nitrogen-replete culture was monitored over 31 days, reaching a peak density 

of 2,235 cells·ml
-1

 on day 27. Initial light intensity was approximately 60 µE·m
-2

·s
-1

. Cells 

appeared highly stressed and grew poorly until an additional light source was installed on 

day 9, pushing light intensity up to approximately 120 µE·m
-2

·s
-1

 (Fig. 4). Cell 

morphology improved once additional light was provided. Exponential growth occurred 

over days 10-23. During exponential growth, cell growth rate (µ) was calculated using 

the following equation: 

 

, 

 

where “t” represents the time interval, and “Nt” and “No” represent the final and initial 

cells·ml
-1

, respectively. Cell growth rate was calculated as 0.2 d
-1

. After 22 days, cells 

once again began to appear stressed and amount of debris in samples increased until cells 

were finally harvested on day 31 when cell density was 2,050 cells·ml
-1

. 
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Figure 4: Nitrogen-replete culture growth. Day 0 corresponds to September 01, 2007. 

Arrow indicates when additional light source was installed. Exponential 

growth was calculated over days 10-23. 
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SAXITOXIN PURITY 

STX eluted from the chromatography columns consistently among all samples. 

The purity of STX was verified at the M. D. Anderson Center (Houston) using LCQ ESI-

MS in comparison to NRC STX standard (Fig. 5). Samples were scanned over a mass to 

charge ratio (m/z) of 80.00-320.00. STX peaks located at m/z of 300.3 were the only 

signals observed in both the standard and sample scans; small peaks on all scans were 

consistent with blank interference. 
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Figure 5: Mass spectrum for verification of STX in purified samples after column 

chromatography. A) Blank and NRC STX standard spectrums of 285.00–

320.00 m/z. B) #1 unknown, and #2 unknown spectrums of 285.00-320.00 

m/z. Spectra reveal the presence of STX with a peak at 300.3 m/z.  

 

 

 

B. 

A. 
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NITROGEN-REPLETE CULTURE: NITRATE, WHOLE CELL AND TOXIN ISOTOPE VALUES 

The average δ
15

N values of nitrate stock, whole cells, and STX were                      

-7.0 0.01‰, -8.5 0.17‰, and -10.0 0.87‰, respectively (Fig. 6; Table 1). The 

whole cells were 1.5‰ lighter than the nitrate stock, and STX was 1.5‰ lighter than the 

whole cells (Table 1). According to statistical analysis using one-way ANOVA, each 

sample was significantly different (P < 0.05) from the other two. Replicate samples from 

day 31 overloaded the IRMS machine; therefore, whole cell values shown were from 

days 28, 29, and 30. Cells contained an estimated 70.6-72.7 pmol N·cell
-1

, determined by 

the IRMS. The yield of STX nitrogen per cell was estimated to be 0.2 pmol, equivalent to 

22.5 fmol STX/cell or roughly 0.2% of total cellular nitrogen.  
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Figure 6: Nitrogen-replete culture. Nitrate stock, whole cells, and STX δ
15

N values. Stock 

and STX values are averaged from duplicate samples and whole cell value is 

averaged from three successive samples. Each sample is significantly 

different than the other two (one-way ANOVA, P < 0.05). Error bars 

represent standard deviation (SD). 
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Table 1. Nitrogen-replete culture. Nitrate stock, whole cells (WC), and STX δ
15

N values 

are listed in the second column. Isotopic differences in the 3
rd

 column were 

calculated using average δ
15

N values from column 2. The isotopic 

differences are the ‰ difference between the δ
15

N values of the two 

components listed for each subcolumn. Each successive step (stock > whole 

cell > STX) is 1.5‰ lighter than the previous, giving a total of 3.0‰ 

difference between stock nitrogen and STX nitrogen. 

 

 δ
15

N Isotopic difference 

 Stock Whole Cell STX Stock-WC WC-STX Stock-STX 

Number of values 2 3 2 1 1 1 

       

Minimum δ
15

N -7.0 -8.7 -10.6 1.5 1.5 3.0 

Maximum δ
15

N -7.0 -8.3 -9.4 1.5 1.5 3.0 

       

Mean δ
15

N -7.0 -8.5 -10.0 1.5 1.5 3.0 

Std. Deviation 0.0 0.2 0.8    
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NITROGEN-LIMITED CULTURE CHARACTERISTICS 

Cultures were monitored over 16-20 days, reaching peak densities of 6,444 

cells·ml
-1

 on day 16, 4,590 cells·ml
-1 

on day 20, and 4,446 cells·ml
-1 

on day 14 in carboys 

A, B, and C, respectively. Average peak density was 4,314 cells·ml
-1 

on day 16, the last 

day all 3 carboys were monitored concurrently (Fig. 7). Final harvest was day 16 for 

carboys A and C, and day 20 for carboy B. Exponential growth occurred over days 3-13. 

During this period, growth rates for the three carboys were measured at 0.3, 0.4, and     

0.5 d
-1

 (average growth rate = 0.4 d
-1

). 

Starting NO3 at day 0 was estimated to be just over 100 µM. Nitrate 

measurements using the spongy cadmium method began on day 3, at a concentration of 

99 µM. Nitrate concentration decreased at a rate of 11.4 µM·d
-1

 until it reached 8 µM on 

day 11 (Fig. 8). The greatest change was an almost 37 µM nitrate decrease between days 

7 and 8. However, this larger change is likely due to run-to-run variation with the spongy 

cadmium method rather than an actual increased utilization rate (see appendix for 

details). Calculating nitrate concentrations from medium diffusion results yielded 

concentrations similar to those found by spongy cadmium (SpCd), although overall the 

diffusion results were slightly higher and showed a NO3 utilization rate of 12.8 µM·d
-1

. 
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Figure 7: Nitrogen-limited culture growth. A) Dataset of culture growth over time with 

average cell counts, standard deviation (SD) and number of samples (N). B) 

Cells·ml
-1

 (filled squares) and log (cells·ml
-1

; open squares). Exponential 

growth was measured over days 3-13. Error bars represent SD. 
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Days after inoculation Mean SD N Mean SD N 

0 372 19 3 2.57 0.02 3 

3 96 67 3 1.86 0.44 3 

4 453 259 3 2.61 0.24 3 

5 762 60 3 2.88 0.03 3 

6 735 419 3 2.82 0.26 3 

7 1044 469 3 2.98 0.22 3 

8 1527 397 3 3.17 0.12 3 

9 1908 408 3 3.27 0.10 3 

10 2103 354 3 3.32 0.07 3 

11 2223 807 3 3.33 0.15 3 

12 2580 408 3 3.41 0.07 3 

13 3936 1050 3 3.58 0.12 3 

14 4068 354 3 3.61 0.04 3 

16 4314 1925 3 3.61 0.19 3 

18 3033 0 1 3.48 0.00 1 

20 4590 0 1 3.66 0.00 1 
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Figure 8: Nitrate measurements. A) Medium nitrate measurements showing average 

concentrations, standard deviation (SD) and number of samples (N). B) 

Decreasing nitrate concentration over time after inoculation. Concentrations 

were measured directly using the spongy cadmium (SpCd) method (open 

circles) and calculated from IRMS results for medium diffusions (filled 

circles). The dotted line represents an estimated beginning nitrate 

concentration of ~106 µM. Error bars represent SD. 

 SpCd Medium µM N IRMS Medium µM N 

Days after inoculation Mean SD N Mean SD N 

3 99.0 5.6 3    

4 94.9 2.1 3 105.3 1.3 4 

5 88.1 5.8 3    

6 74.0 4.0 3 94.3 0.3 4 

7 70.5 1.2 3    

8 34.0 5.4 3 54.6 17.7 6 

9 33.2 3.1 3    

10 19.8 6.1 3 29.4 0.1 2 

11 8.2 4.5 3    

12 2.5 2.2 3 3.5 3.3 4 

13 1.4 0.2 3    

14 1.6 0.6 3 0.5 0.0 4 
 

A. 

B. 
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NITROGEN-LIMITED CULTURE: NITRATE, WHOLE CELL AND TOXIN ISOTOPE VALUES IN 

COMPARISON TO CLOSED SYSTEM ISOTOPE CALCULATIONS 

For the nitrogen-limited experiment, an inoculum culture (1 L) was grown using 

the same nitrate stock as the nitrogen-replete experiment, with a δ
15

N of                            

-7.0 0.01‰. The carboy medium (20 L) was made with a different nitrate stock, with a 

δ
15

N of -1.8 0.05‰. After inoculation, initial δ
15

N of medium nitrate was calculated by 

mass balance to be -2.8‰.  Figure 9 shows medium nitrate δ
15

N values in comparison to 

predicted values based on closed system calculations. Medium nitrate δ
15

N values 

showed an initial increase from -2.4 to -1.7‰ on days 4-8, respectively. This initial 

increase in the medium nitrate δ
15

N values followed the expected increase based on the 

closed system calculations. Medium nitrate δ
15

N values were expected to have continued 

to increase until all medium nitrate had been consumed. However, after day 8 medium 

δ
15

N decreased to -3.9‰ on day 12 (Fig. 9). Values continued to decrease to -10.8‰ on 

day 14 (not shown). The negative values past day 12 are not shown because these are 

thought to be due to blank interference rather than actual medium δ
15

N values.  

Measured whole cell δ
15

N values were compared to predicted δ
15

N values based 

on closed system isotope calculations using a fractionation factor of 1.5‰ between 

medium nitrate and whole cell nitrogen (Fig. 10). Whole cells became heavier over time, 

from -8.0‰ on day 0 to a high of -2.8‰ on day 16. The whole cell δ
15

N values at the end 

of the experiment reflected the medium nitrate δ
15

N value at the beginning of the 

experiment, as expected (Fig. 10).  

Measured STX δ
15

N values were compared to predicted δ
15

N values based on 

closed system isotope calculations using a fractionation factor of 3.0‰ between medium 

nitrate and STX nitrogen (Fig. 11). STX δ
15

N values increased from -9.4 on day 0 to        

-4.0‰ on day 12 after which δ
15

N values decreased from -4.0 on day 12 to -5.8‰ on day 
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20. Whereas whole cell δ
15

N values followed the predicted trend and converged on the 

expected δ
15

N value at the end of the experiment, STX δ
15

N values diverged from the 

predicted values and did not converge on the expected δ
15

N value by the end of the 

experiment (Fig. 11). 

In contrast to the nitrogen-replete experiment, STX δ
15

N became heavier than 

whole cell δ
15

N between days 4 and 12 (Fig. 12). STX δ
15

N increased more rapidly than 

whole cell δ
15

N after inoculation, with STX becoming isotopically heavier than whole 

cells after day 4. STX δ
15

N values once again became lighter than whole cell δ
15

N values 

after day 12, corresponding to when nitrate in the medium had been completely 

consumed (Fig. 8). There was no significant relationship between whole cell δ
15

N and 

STX δ
15

N, although there is a slight positive correlation (R
2
 = 0.5).  

Overall, medium δ
15

N became significantly lighter by day 12 (one-way ANOVA, 

P < 0.0001) and whole cells and STX became significantly heavier over the course of the 

experiment (one-way ANOVA, P < 0.0001 for both). The ‰ difference between each 

successive step (nitrate stock  whole cells  STX) changed over the course of the 

experiment. The greatest absolute ‰ difference between whole cell nitrogen and STX 

nitrogen is seen at the end of the experiment after medium nitrate was depleted (Fig. 13). 

The magnitude of differences between the medium and whole cell δ
15

N ranged from 1.1 

up to 5.2‰, whole cell and STX from 0.0 up to 2.5‰, and medium and STX from 0.2 up 

to 6.6‰.  
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Figure 9. Nitrogen-limited culture. Medium nitrate δ
15

N values (closed circles) and 

predicted medium nitrate δ
15

N values (Residual Product; open circles). Error 

bars represent SD. 
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Figure 10. Nitrogen-limited culture. Whole cell (WC) nitrogen δ
15

N values (closed 

squares) and predicted WC nitrogen δ
15

N values (Accumulated Product; 

open squares). Dotted line represents the starting medium δ
15

N value. Error 

bars represent SD. 
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Figure 11. Nitrogen-limited culture. STX nitrogen δ
15

N values (closed triangles) and 

predicted STX nitrogen δ
15

N values (Accumulated Product; open triangles). 

Dotted line represents the starting medium δ
15

N value. Error bars represent 

SD. 

 

 

 

 

 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

-8

-6

-4

-2

0
STX

15
N

Accumulated Product (STX)

Days after inoculation

1
5
N

 



 41 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

-10

-8

-6

-4

-2

0

WC

STX

Days after inoculation

1
5
N

 

Figure 12: Nitrogen-limited culture. Medium nitrate, whole cells, and saxitoxin δ
15

N 

values. A) Average δ
15

N, standard deviation (SD) and sample number (N) 

for whole cells and STX. B) δ
15

N of whole cells (WC, squares), and STX 

(triangles). Initial medium nitrate δ
15

N (dotted line) was calculated at -2.8‰ 

using mass balance. Day 0 values represent the inoculum. Error bars 

represent SD. 

 

 WC δ15
N STX δ15

N 

Days after inoculation Mean SD N Mean SD N 

0 -8.0 0.00 3 -9.4 0.00 3 

4 -6.2 0.07 2 -6.2 0.04 2 

6 -5.7 0.91 3 -5.0 0.08 3 

8 -5.6 1.08 2 -4.7 0.18 2 

10 -5.1 0.53 2 -4.3 0.23 2 

12 -4.0 1.41 2 -4.0 0.12 2 

14 -3.3 0.26 2 -4.4 0.43 2 

16 -2.8 0.98 2 -4.7 0.16 2 

18 -3.4 0.00 1 -4.4 0.00 1 

20 -3.3 0.00 1 -5.8 0.00 1 

A. 

B. 
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Figure 13: Nitrogen-limited culture. Isotopic difference over time between whole cell 

nitrogen and STX nitrogen. The dotted line represents the initial isotopic 

difference at day 0 between whole cell nitrogen and STX nitrogen as 

determined from the inoculum. Error bars represent SD. 
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NITROGEN-LIMITED CULTURE: CELLULAR NITROGEN AND SAXITOXIN CONTENT 

Cells contained an estimated 40-100 pmol N·cell
-1

 (Fig. 14). The change in 

nitrogen per cell over time was significant (one-way ANOVA, P = 0.05), with the highest 

values occurring a few days after inoculation and the lowest values occurring after day 12 

when nitrate became limiting. The decreases in nitrogen per cell are reflected in the C:N 

ratios of the cells (Fig. 15). Whole cells maintained an average C:N ratio of 5.4  0.4 

from days 0-12, after which the ratio jumped to >7, exceeding the standard Redfield C:N 

ratio of 6.6 and reaching a high of 9.5 on day 20. C:N ratios were significantly different 

(one-way ANOVA, P < 0.0001) between days 0, 4, 6, 8 and 10 versus days 14 and 16, 

and between day 12 versus day 16. 

STX nitrogen yield per cell showed a similar trend to total nitrogen per cell, with 

some variation over time but overall little change. STX N began at 0.3 pmol N·cell
-1

 on 

day 0 then increased to 1.5 pmol N·cell
-1

 on day 4. STX N·cell
-1 

decreased to an average 

of 0.4 pmol·cell
-1

 on day 6 and maintained a relatively constant value until day 20 when it 

dropped to the lowest value of 0.1 pmol N·cell
-1

 (Fig. 14). Of total cellular nitrogen, 

average nitrogen from STX ranged from 0.1-1.5 pmol N·cell
-1

. With a ratio of 7 N·STX
-1

, 

there was an estimated yield of 14.3-17.7 fmol STX·cell
-1

, which is 0.6-0.8 of the amount 

recovered from the nitrogen-replete culture.  

A mass balance of nitrogen in the system was calculated, considering medium 

nitrate and cellular nitrogen to be the only two pools of nitrogen in the culture (Fig. 16). 

Cellular nitrogen constituted 13% of total system nitrogen (cellular nitrogen + medium 

nitrate) on day 0, increasing to 100% after day 10, when medium nitrate was depleted. 

Nitrogen concentration (µM) in medium nitrate and whole cells differed significantly 

over time (one-way ANOVA, P < 0.0001 and P = 0.0002, respectively). Medium nitrate 

changed significantly over time until day 12; whole cell nitrogen differed significantly 
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between day 0 versus days 10, 12, 14 and 16, between day 4 and days 12, 14 and 16, and 

between days 6 and 8 versus days 14 and 16. Total system nitrogen varied slightly over 

time. The greatest difference is seen after day 12 where nitrogen increases unexpectedly 

although there were no significant differences at any point (one-way ANOVA, P = 

0.2131). Values after day 12 are only showing the amount of nitrogen in cells since 

nitrate in medium could not be measured. 

The contribution of STX nitrogen to total cellular nitrogen was calculated using 

STX yields and nitrogen per cell values determined from the IRMS results. Over the 

course of the experiment, STX nitrogen yield comprised 0.2-1.4% of total cellular 

nitrogen, with the greatest percentage occurring on day 4 (Fig. 17). STX N·cell
-1

, in 

comparison to total N·cell
-1

 shows a slight positive correlation (R
2
 = 0.5), but the 

relationship is not significant (one-way ANOVA, P > 0.05; Fig. 18). Although not 

shown, there was also no relationship (R
2 

< 0.2) between whole cell N·cell
-1 

and δ
15

N or 

between STX N·cell
-1

 and δ
15

N. 
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Figure 14: Nitrogen-limited culture. Yield of pmol N·cell
-1

 over time for whole cells 

(WC; squares) and STX (triangles). N·cell
-1

 was calculated using cell 

counts, volume filtered, and IRMS results. Sample points are averaged using 

replicate carboy samples. Error bars represent SD. 
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Figure 15: Nitrogen-limited culture. Whole cell (WC) C:N ratios. A) Average C:N ratios 

with standard deviation (SD) and number of samples (N). B) C:N ratios on 

each sample day. C and N were measured using IRMS. Error bars represent 

SD. 

  

 WC C:N 

Days after inoculation Mean SD N 

0 4.6 1.4 3 

4 5.6 0.5 2 

6 5.1 0.4 3 

8 5.8 0.3 2 

10 5.3 0.4 2 

12 5.6 0.7 2 

14 7.8 0.8 2 

16 8.9 0.1 2 

18 7.5 0.0 1 

20 9.5 0.0 1 

A. 

B. 
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Figure 16: Nitrogen-limited culture. A) Average µM N measured in medium and whole 

cells (WC) with standard deviation (SD) and number of samples (N). Total 

N represents cellular nitrogen + medium nitrate. B) Mass balance of 

nitrogen in cells and of total nitrogen present. Whole cells contained 19, 33, 

45, 73, 87, 98, and 99% of total nitrogen on days 0, 4, 6, 8, 10, 12, and 14, 

respectively. Days 14-20 include only nitrogen measured in whole cells. 

Error bars represent SD. 

 

 µM N in WC µM N in medium µM N total 

Days after inoculation Mean SD N Mean SD N Mean SD N 

0 20.1 0.0 3 106.0 0.0 3 126.1 0.0 3 

4 47.8 2.9 2 94.9 2.1 3 143.6 1.0 2 

6 59.9 5.3 3 74.0 4.0 3 133.9 3.7 3 

8 90.5 4.1 2 34.0 5.4 3 127.3 1.2 2 

10 132.0 44.0 2 19.8 6.1 3 148.5 41.0 2 

12 148.5 29.9 2 2.5 2.2 3 151.6 32.5 2 

14 173.5 107.4 2 1.6 0.6 3 175.3 108.1 2 

16 231.5 28.5 2    231.5 28.5 2 

18 141.5 0.0 1    141.5 0.0 1 

20 236.0 0.0 1    236.0 0.0 1 

A. 

B. 
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Figure 17: Nitrogen-limited culture. A) Percent contribution of STX nitrogen to whole 

cell nitrogen with standard deviation (SD) and number of samples (N). B) 

%STX throughout the experiment. Maximum STX occurred on day 4 at 

1.4% and minimum occurred on day 20 at 0.2%. Error bars represent SD. 

 

  

 %STX 

Days after inoculation Mean SD N 

0 0.55 0.00 3 

4 1.42 0.26 2 

6 0.46 0.05 3 

8 0.51 0.14 2 

10 0.78 0.42 2 

12 0.78 0.23 2 

14 0.77 0.37 2 

16 0.61 0.05 2 

18 0.99 0.00 1 

20 0.24 0.00 1 

A. 

B. 
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Figure 18: Nitrogen-limited culture. Relationship between total (WC) N·cell
-1

 and STX 

N·cell
-1

. The line on the graph represents the linear regression of STX 

N·cell
-1

 on WC N·cell
-1

.  
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Discussion 

GENERAL INFORMATION 

The primary purpose of this study was to determine the utility of STX nitrogen 

isotopes as a proxy for the nitrogen source the whole cells use for growth. For this 

purpose it was necessary to develop a purification protocol for isolating and purifying 

STX from A. tamarense that would also eliminate confounding nitrogen sources, such as 

are commonly found in solvents and buffers used in standard STX purification 

procedures. The results reported above demonstrate that the procedure developed for 

isolation and purification of STX from A. tamarense, followed by nitrogen isotopic 

analysis by IRMS, provides a useful method for determination of nitrogen isotopic values 

of STX. These STX nitrogen isotopic values were then compared to nitrogen isotopic 

values measured for whole cells and stock nitrate. From source to producer, isotope 

values should be progressively lighter since lighter isotopes (N-14) are mobilized slightly 

faster than heavier isotopes (N-15). Therefore, I hypothesized that whole cells would be 

isotopically lighter than nitrate.  

Knowledge of the flows of energy and matter through a food web is basic to 

understanding any ecosystem. Food web studies looking at sources and fate of nutrients 

through a system commonly include nitrogen isotopes as either source or processing 

tracers. Compounds that move relatively unchanged through a system can provide 

information on the source of those compounds whereas those that undergo isotopic 

changes can provide information on trophic level of, and processing by, the organism 

from which the compounds are isolated. STX at any point should be isotopically lighter 

than medium nitrate, however, the relationship between the whole cells and the STX is 
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more difficult to predict because it depends on the biosynthetic pathways and relative rate 

of production of STX relative to other cellular components.  

This is the first known study looking at STX nitrogen isotopes, focused on A. 

tamarense grown on nitrate medium. The objective here was to determine the 

relationship between the δ
15

N of STX nitrogen, medium nitrate nitrogen, and whole cell 

nitrogen. Isotope fractionation in this study showed that nitrogen underwent processing 

within the cells before being incorporated into STX, which is in agreement with previous 

studies that have shown that toxins in Alexandrium are synthesized from amino acid 

precursors (Anderson et al., 1990; Cembella, 1998; Kellman and Neilan, 2007). 

However, this study revealed that the extent of nitrogen processing within the cell leading 

to STX synthesis can vary. 
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NITROGEN REPLETE CULTURE: METHODS TEST 

The nitrogen-replete culture was used as a control to test the methods developed 

and verify their efficacy. The methods developed were successful as STX purity was 

verified by MS in comparison to NRC STX standard (Fig. 5). Under the nitrogen-replete 

conditions used here, the isotope value of the medium should not change by any 

significant amount since the medium nitrate pool is continually replenished, with the 

changes in the proportion of N-15 relative to N-14 negligible. Nitrogen isotopes from the 

nitrogen-replete experiment demonstrated 1.5‰ depletion in δ
15

N from medium nitrate to 

whole cell nitrogen, and from whole cell nitrogen to STX nitrogen. Previous studies have 

observed δ
15

N isotopic differences between whole cells and nitrogen sources to vary by 

culture conditions and cell characteristics. Dinoflagellate δ
15

N depletion relative to 

nitrogen source has been measured at around 2.2‰ (Montoya and McCarthy, 1995; 

Needoba et al., 2003), which is very similar to the results measured here.  

The nitrogen-replete culture was controlled to maintain a nitrate concentration of 

around 883 µM. In the natural environment, however, nitrate concentrations can vary 

widely, from 0-30 mM NO3 (Sarmiento and Gruber, 2006). 
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CLOSED SYSTEM ISOTOPE CALCULATIONS 

Both the nitrogen-replete and nitrogen-limited cultures used were batch cultures; 

they are closed systems, in which materials are neither gained nor lost from the system. 

The nitrogen-replete culture was supplemented with additional nitrate throughout the 

experiment, however, during the nitrogen-limited experiment, substrate (nitrate) was 

drawn down over time, with the nitrogen accumulating in the cells. The simplest model 

of the behavior of nitrogen isotopes in a closed system is shown in figure 4. This model 

assumes that there is no additional nitrogen source except that which was added at the 

beginning, no other nitrogen sink except for the cells, and the nitrogen is converted from 

substrate to product in a unidirectional manner. Deviation from the model predictions 

could represent a number of things, including additional nitrogen sources or sinks or 

physiological processes that could include recycling within the cell or medium.  

The isotopic fractionation (Δ) in units ‰ were 1.5 for RS, 1.5 for AP calculated 

for whole cells, and 3.0 for AP calculated for STX. These Δ values were taken from the 

observed isotopic differences between nitrogen pools during the nitrogen-replete 

experiment (Table 1). Figures 10, 11 and 12 show calculated versus observed δ
15

N values 

for the nitrogen-limited experiment. Deviations from the expected values are discussed in 

detail below. 
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NITROGEN-LIMITED CULTURES 

Upon inoculation into new medium, there was an increase in STX N·cell
-1

 and 

δ
15

N, an increase in total N·cell
-1

 and δ
15

N, but not a concurrent increase in cell numbers. 

The large initial change in isotope values of the whole cells and STX (Fig. 12) was due to 

the fact that the cells came from an inoculum culture grown on an isotopically different 

nitrogen source than the nitrogen-limited experimental culture medium. Thus, the starting 

cellular nitrogen pool had a δ
15

N value of -8.0‰, close to that of the inoculum nitrate 

stock of -7.0‰, whereas the new medium nitrate stock had a δ
15

N value of -1.8‰. Mass 

balance calculation of beginning nitrogen-limited medium nitrate δ
15

N was -2.8. The 

cellular nitrogen pool equilibrated with the external nitrogen pool as nitrogen was taken 

up and incorporated into cell biomass. 

There was an initial burst in STX N·cell
-1

 and total N·cell
-1

 upon inoculation of 

new medium. This increased STX production has been observed in previous studies upon 

nitrate supplementation (Hanhua et al., 2006). However, the increase was unexpected 

because inoculum cultures were not nutrient limited. Cells should therefore not have 

experienced an overall increase or decrease in external nitrogen concentration. The two 

primary differences between inoculum and carboy were that the inoculum culture was 

static (no aeration or mixing) whereas in the carboy they were bubbled with a constant air 

supply, and cells went from high cell density in the inoculum to low cell density in the 

carboy. In static cultures, the cells may have been nutrient limited simply because they 

were depleting the nutrients immediately around them faster than the nutrients could be 

resupplied via diffusion. Either bubbling or decreased cell density could be a possible 

explanation for the initial burst in nitrogen uptake by the cells. The physical process of 
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transferring cells from the inoculum to the new medium may also have caused some 

stress to the cells. 

 Ideally the cell δ
15

N should follow the AP calculated for whole cells and once all 

nitrogen has been converted to biomass the cell δ
15

N should look like the beginning 

medium nitrate δ
15

N. Whole cell δ
15

N has the same trend as expected, getting heavier 

over time and then leveling out and approaching the expected δ
15

N values after day 10 

once nitrogen was limiting. The fact that the whole cells are isotopically lighter than 

expected up until the end is attributed to the initial δ
15

N of the whole cells coming from 

the -7.0‰ inoculum nitrogen. Overall, δ
15

N of whole cells changes as predicted for AP of 

whole cells, taking into account the initial large difference in δ
15

N of whole cells and 

medium nitrogen. 

The relationship between STX nitrogen and whole cell nitrogen did not behave as 

expected over the course of the experiment with a consistent 1.5‰ isotopic enrichment. 

Initially, STX nitrogen became heavier at a faster rate than whole cell nitrogen. As 

medium nitrogen decreased, the STX nitrogen and whole cell nitrogen values converged, 

and by the end of the experiment they were fully equilibrated to the expected difference 

of 1.5‰. This suggests an uncoupling between cell growth rates and STX synthesis rates 

at the beginning of the experiment. In between, the % STX varies little and the change in 

δ
15

N values towards the end most likely represents equilibration of the STX nitrogen pool 

with the total whole cell nitrogen. Nitrogen was depleted in this study just after day 10, 

similar to the rate of nitrate utilization found by Hanhua et al. (2006) for batch cultures of 

A. tamarense. 
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MEDIUM NITRATE ISOTOPE MEASUREMENTS: DEVIATIONS AND INTERFERENCE 

Nitrate δ
15

N values of the medium did not behave as expected. Rather than 

become consistently heavier over time, the medium δ
15

N values followed the expected 

δ
15

N from the RS mixing equation for a few days, but then they became more negative. 

The absolute source(s) of error or interference that can account for the large negative 

δ
15

N values cannot be absolutely determined. Diffusions for determination of medium 

nitrate δ
15

N were performed in two separate runs: the first run consisted of samples from 

the first three time points and the second run consisted of samples from the last three time 

points. The most obvious explanation seems to be that there is some very light nitrogen 

source in each of the second set of samples that is making the overall δ
15

N values more 

negative.  The δ
15

N values become more negative as the amount of nitrogen in the 

samples decreases; this would be consistent with a small quantity of isotopically light 

nitrogen that has a greater effect on the overall δ
15

N as the amount of culture nitrogen 

decreases.  The IRMS measured ~0.2 µmoles nitrogen in two of the day 12 samples and 

all four of the day 14 samples, which should have contained essentially no nitrogen 

according to the spongy cadmium (SpCd) measurements.  The day 14 nitrate sample was 

therefore likely to be composed primarily of this unknown blank, which would be 

predicted to have the same δ
15

N value as that sample - approximately -12‰. 

There are two potential sources for this blank, the culture medium and/or the 

nitrate diffusion procedure.  The diffusion procedure included a NaNO3 standard 

(prepared in Milli-Q), which did not show the effects of this unknown blank. All of the 

reagents used in the diffusion procedure are common to both standard and sample, thus 

reagent contamination does not appear to be the source.  The experimental samples were 

boiled, whereas the standard was not, so the contamination could come from the beakers 
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used for boiling.  If this were the source, the contamination would have to be in the form 

of nitrate, as ammonium would be lost during boiling.  While I cannot rule out this 

possibility, it seems unlikely that six different beakers would be contaminated with a 

similar amount of isotopically light nitrate. 

Within the medium, bacterial activity could potentially affect medium δ
15

N 

values, as the cultures are not axenic.  Bacterial nitrification could theoretically produce 

isotopically light nitrate as nitrification does have a large fractionation. For example, the 

isotopic fractionation during nitrification by Nitrosomonas europaea is 35‰ (Mariotti et 

al., 1981). However, this would require that organic nitrogen or ammonium released by 

the algae be completely converted back to nitrate within the culture vessel. 

Another potential source is the Devarda’s alloy and dissolved organic nitrogen 

(DON) blank associated with the nitrate diffusion method, which can be substantial 

(Sigman et al., 1998). Sample δ
15

N values were adjusted for the Devarda’s blank but not 

for the DON blank. DON interference in the presence of Devarda’s can be caused by 

either breakdown of DON to nitrate and subsequently to ammonia, or breakdown of DON 

to ammonia during sample incubation (Sigman et al., 1997) The DON blank would be 

more prominent in the second round of diffusions as medium nitrate concentrations were 

very low and DON could make up the majority, if not all, of the measured ~0.2 µmoles 

nitrogen in the final two time points, which had a δ
15

N of -12‰ by IRMS. DON could 

have been present initially in the filtered SW used to prepare the cultures and could have 

been released during the experiment by the algal cells and any bacteria present. However, 

without knowing the amount of DON in the medium and its δ
15

N value, the observed 

variations in medium δ
15

N values cannot be confidently attributed to solely DON 

interference. 
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SAXITOXIN NITROGEN ISOTOPES: A COMPOUND-SPECIFIC TRACER 

In order to determine whether or not STX nitrogen isotopes can be used to track 

the nitrogen source cells used for growth, the isotopes of medium nitrate, whole cells, and 

STX under both nitrogen-replete and nitrogen-limited conditions were analyzed. A 

stepwise decrease of 1.5‰ from medium nitrate to whole cells and from whole cells to 

STX was observed in the nitrogen-replete experiment. This indicates that STX undergoes 

more processing than does the average cellular component and is in agreement with the 

idea stated previously of having amino acid precursors within the cell. The isotopic 

differences measured in the nitrogen-replete culture were used to construct a closed 

system model of expected isotope values as substrate (medium nitrate) was depleted over 

time. 

The nitrogen-limited results were more complex than the nitrogen-replete results. 

The nitrogen-limited results showed that that there was not a constant relationship 

between STX δ
15

N and whole cell δ
15

N (Fig. 13) as predicted from the nitrogen-replete 

experiment. The results were confounded by the fact that the starting nitrogen isotope 

values of the inoculum stock nitrate and the new medium stock nitrate were different, 

preventing establishment of an accurate estimate of the actual isotopic fractionation 

between medium, whole cells, and STX, and the range of isotopic fractionation over 

time. The range seen was due to equilibration of the cells and STX with the new medium 

nitrogen. 

Cellular STX content is largely dependent on culture conditions and growth stage. 

For example, another study linked STX production with the G1 growth phase 

(Taroncher-Oldenburg, 1999). Some found an inverse relationship between growth rate 

and toxin content (Proctor et al., 1975; Ogata et al., 1987), and some a positive 

correlation (Murata et al., 2006). Others found decreased STX content under nitrogen 
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limitation, and increased STX content under either increased nitrogen supply (Anderson 

et al., 1990; Leong et al., 2004; Murata et al., 2006) or under phosphorus limitation 

(Boyer et al., 1987; Frangópulos et al., 2004; Murata et al., 2006; Taroncher-Oldenburg, 

1999). Expected STX δ
15

N values may depend not only on source materials but also on 

cell physiology and ambient conditions.  

STX δ
15

N values were initially expected to always be lighter than whole cells 

because nitrogen is first processed by the cells, with a portion of the nitrogen then being 

shuttled into STX synthesis. However, upon inoculation of the nitrogen-limited cultures, 

the fact that STX nitrogen became isotopically heavier than the whole cells indicates that 

there is variation in either the route of STX synthesis or the rate of STX synthesis in 

relation to other cellular components. The variation in STX synthesis has major 

implications for trying to use STX nitrogen isotopes to indicate nitrogen source, because 

if the variation involved in STX synthesis is larger than the difference in δ
15

N between 

nitrogen sources, the nitrogen isotopes alone would not be sufficient to identify the 

nitrogen source used by the cells. 

The variability in toxin production here highlights the gaps in our knowledge of 

how and why STX is produced by the cells. John and Flynn (2002) developed a model 

for evidence of the fate of A. fundyense toxin nitrogen under different nutrient regimes - 

toxin expulsion under nutrient limitation when grown on ammonium and toxin recycling 

under nutrient limitation when grown on nitrate. STX δ
15

N measured in the nitrogen-

limited cultures may indicate toxin recycling within the cells as the STX δ
15

N equilibrates 

with the whole cell δ
15

N. Toxin recycling cannot be demonstrated from the results of this 

study because that would require examination of additional cellular components along 

with STX δ
15

N in order to correlate STX with the isotopic composition of its amino acid 

precursor(s). 
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If toxin were actually being expelled from the cell, and no processing of the 

compound occurred, then the STX δ
15

N values would be expected to remain relatively 

constant with a concurrent decrease in toxin nitrogen per cell. Toxin synthesis may also 

cease under nutrient limitation and the STX would become progressively diluted as cells 

divide, causing decrease in STX per cell with no affect on STX δ
15

N values. Dilution 

cannot be ruled out since there were a limited number of samples after the nitrate was 

depleted. The % STX contribution to total cellular nitrogen decreased by 80% at the end, 

indicating uncoupling between cell growth and STX production. This result agrees with 

results from Leong et al. (2004) in which they observed competition between toxin 

production and metabolic processes, such as growth, in A. tamarense cells grown on 

nitrate.  

  



 61 

Conclusions 

This is the first known study to examine nitrogen isotopes of STX in relation to 

whole cell and source nitrogen. I found that STX nitrogen isotopes have the potential to 

be used as nitrogen source indicators. From the nitrogen-replete experiment I expect a 

decrease of 3.0‰ between the nitrogen source and STX. The nitrogen-limited experiment 

showed that this isotopic difference can vary and so should be used with caution. Based 

on previous research on cell growth and toxin production dynamics under different 

nutrient regimes, it is also reasonable to assume that the results would differ if a different 

nitrogen source was utilized by the cells for STX production. The results of the nitrogen-

limited cultures demonstrated variability in STX synthesis and isotope fractionation but 

were confounded by the use of two different stock nitrates of different δ
15

N values, 

preventing final conclusions as to the overall fractionation range between whole cells and 

STX. Changes in the relationship between the nitrogen content and δ
15

N values of STX 

and whole cells highlight the need for better understanding of the physiological changes 

occurring during cell growth and toxin production. Unfortunately the medium δ
15

N 

became inexplicably negative, but the nitrogen-replete and first half of the nitrogen-

deplete experiments shows potential for correlation between source nitrogen, whole cells, 

and STX in addition to providing information on cell growth characteristics.   

Isotopic analysis of STX components can potentially be used to identify source 

materials, processing information, and shed light on the method and purpose of STX 

production. Using multiple isotope tracers could increase resolution for identifying 

source materials - STX isotopic analysis could be expanded to included C and O. 

Additional tests should look at the effects of different nitrogen sources, including 

nitrogen sources the organisms in question can utilize – A. tamarense can utilize nitrate, 
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ammonium and urea (Leong et al., 2004). This could reveal important differences in 

isotopic compositions between nutrient sources. According to Leong et al. (2004), urea, 

ammonium, and nitrate produce varying levels of toxicity and cellular nitrogen, which 

may in turn affect toxin isotopic values. Continuous or semi-continuous cultures would 

be beneficial for monitoring steady-state conditions, equilibration times, and effects of 

changing growth medium on isotope values. Other cellular components, such as amino 

acids, could be studied simultaneously to help pinpoint nitrogen cycling through the cell 

to STX.  

With some refinement, the methods described here could be used in a field study 

for identifying the nitrogen source(s) cells use for growth. However, this should be 

considered with caution because although source δ
15

N values may vary widely, they may 

also overlap. It would also be necessary to know what nitrogen sources are being used by 

the cells because the isotopic value could be the combination of multiple sources rather 

than just one. Since natural samples would be composed of different nitrogen sources, we 

need to have a firmer handle on toxin physiology and isotopic fractionation under 

different nutrient regimes in order to model expected STX nitrogen isotope results.   
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Appendix – Spongy Cadmium Development 

INTRODUCTION 

The spongy cadmium method was modified from the procedure outlined by Jones 

et al. (1984). This method converts nitrate in a sample to nitrite, which can then be 

analyzed colorimetrically. The concentration of nitrate in a sample unknown can be 

calculated from a standard curve constructed from concurrently run nitrate standards. 

 A microplate method was developed for low volume, high throughput analysis of 

nitrate in samples. Rather than needing 25 ml as Jones et al. (1984) used, the microplate 

method can be performed using 1 ml of sample. After shaking and preparation in 2-ml, 

96-well plates, samples are then transferred to 400 µl, 96-well plates for colorimetric 

reading. This allows a nitrate analysis on low volumes, with high throughput and greater 

sample consistency. 
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MATERIALS AND METHODS 

Preparation of standards 

The microplate method was tested using nitrite and nitrate standards ranging from 

0.1-100.0 µM.  Nitrite standards were dilutions from a Promega NaNO2 stock solution. 

Nitrate standards were prepared from dry NaNO3 chemical stock. Unless otherwise 

specified, nitrite standards were prepared using Milli-Q water and nitrate standards were 

prepared using filtered seawater, and both nitrite and nitrate with 100 µl Milli-Q buffer 

and NH4OH to adjust pH of the solution. 

 

Protocol 

The basic protocol was modified from Jones et al. (1984).  Samples were mixed 

with spongy cadmium and ammonium chloride then this mixture was incubated, while 

being shaken, to reduce nitrate to nitrite. After incubation, an aliquot of the sample was 

combined with colorimetric reagents for visualizing the sample absorbance at 543 nm. 

Conditions were varied to determine optimal values for the following parameters: color 

reagent incubation time, buffer used, standard selection, color reagent amounts and 

concentrations, bases, and mixing tubes/plates. Nitrite and nitrate standards are all treated 

the same within a run, the only difference being that nitrate samples included spongy 

cadmium in order to convert nitrate to nitrite for analysis.  Spongy cadmium was 

prepared fresh for each run because, although it can be regenerated after use, its viability 

decreases after use.  
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RESULTS AND DISCUSSION 

Nitrite standards 

Absorbance of nitrite standards was highly consistent as seen in figure A.1, with 

no significant difference between runs (P = 1.000). There is greater uncertainty associated 

with the lower values; measurements vary by 21, 19, 18, 18, 34, 37, and 46% for 100.0, 

50.0, 10.0, 5.0, 1.0, 0.5, and 0.1 µM, respectively. Comparing all concentrations using 

one-way ANOVA, all but the following pairs differed significantly: 10.0/5.0, 1.0/0.5, 

1.0/0.1, 0.5/0.1, and 0.1/0.0. There was a significant, positive correlation (P < 0.05; R
2
= 

1.000) between absorbance and nitrate concentration. 
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Figure A.1: NO2 standard analysis. Samples are combined from 11 different independent 

runs, each on a different day. Absorbance values at 543 nm versus µM 

nitrite. There was overall no difference between runs although there is 

greater variation at highest and lowest concentrations. Detection limit was 

1.0 µM. Error bars represent SD. 
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Nitrate standard 

Nitrate standards overall were more variable than nitrite standards although there 

is only a statistically significant difference at 100.0 (P < 0.001) and 50.0 (P < 0.01) µM 

(Fig. A.2). Nitrate standards ranged from 0.1-100.0 µM. One run included a 1,000.0 µM 

standard, but this sample exceeded the maximum absorbance on the plate reader and so 

was not repeated. The absorbance values of the nitrate standards varied widely by run as 

seen in figure A.3. There is no significant difference except between the lowest and 

highest values. From this it is evident that nitrate standards, unlike nitrite standards, must 

be run concurrently with each unknown. 
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Figure A.2: NO2 and NO3 standard curves. Comparison of standard curves for both NO2 

and NO3. Both show greater uncertainty associated with the highest and 

lowest values. They are significantly different at concentrations of 100.0 µM 

(P < 0.001) and 50.0 µM (P < 0.01). 
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Figure A.3: NO3 standard analysis. Results are combined from a number of different 

nitrate runs, showing high overall variation between runs. Absorbance 

values at 543 nm versus µM nitrate. Results varied by 34, 28, 51, 53, 86, 28, 

and 93% for concentrations of 100, 50, 10, 5, 1, .5, and .1, respectively. 

There is no significant difference except between the lowest (≤10) and 

highest (≥ 50) values. 
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Effects of spongy cadmium 

The spongy cadmium itself can have a potentially large effect on absorbance 

results. Figure A.4 is included as an example of an anomalous run that demonstrates the 

potential interference from spongy cadmium. Nitrate standards were measured after color 

incubation times of 10, 30, 50, 70, and 90 minutes. Spongy cadmium used during shaking 

was observed to consist of very fine granules rather than larger individual pieces of 

equivalent weight. The anomalous values in figure A.4 are therefore likely due to a large 

interference from the fine spongy cadmium particles. The smaller the particles used, the 

more likely they will not be able to be separated out from the sample measured in the 

plate reader and therefore the more likely they are to provide interference.  
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Figure A.4. Sample anomalous run. Nitrate standard absorbance values measured at time 

(T) = 10, 30, 50, 70, and 90 minutes. Cadmium used in samples was 

observed to consist of many small granules, resulting in a large blank 

interference, especially affecting low concentrations. 
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Effects of incubation time 

Incubation time was monitored to determine optimal measurement time after the 

addition of color reagents. Standards were prepared in Milli-Q water and allowed to 

incubate with color reagents for a maximum of 90 minutes, with absorbance values 

measured every 20 minutes. This test was conducted with both nitrate and nitrite, using 

either 10, 30, 50, 70, and 90 minutes or 20, 40, 60, and 80 minutes. Both nitrate and 

nitrite were monitored at 10, 30, 50, 70, and 90 minutes (Fig. A.5). For a given nitrite 

concentration, there is no significant difference in absorbance between time points, 

although there is an initial change. At 50 minutes incubation, the absorbance readings 

level out and remain the same until the last read at 90 minutes. One observation to note is 

that a larger underestimate at the higher concentrations corresponds to a larger 

overestimate at the lower concentrations. Samples were only distinguishable down to 

1µM.  

Figure A.6 shows a time analysis run using nitrate standard, absorbance values 

measured at 20, 40, 60, and 80 minutes. There was no difference in absorbance values 

from 20-80 minutes. Samples can only be distinguished down to 1 µM. From the time 

point comparisons, sample measurements should be determined between 30-50 minutes 

color incubation to help minimize over- or underestimates. 
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Figure A.5: NO2 time measurements. Standard absorbance values measured at time (T) = 

10, 30, 50, 70, and 90 minutes. While differences are not statistically 

significant, values increase over time until 50 minutes then remain relatively 

constant thereafter. Samples were distinguishable down to 1 µM.  
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Figure A.6: NO3 time measurements. NO3 standard absorbance values measured at time 

(T) = 20, 40, 60, and 80 minute incubation times. There was no difference 

between time points. Each point on the standard curve is an average of 12 

different sample reads, 3 from each time point. Samples can only be 

distinguished down to 1 µM, above which values vary by 3% at each point. 

There are no error bars because there was no difference over time. 
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Effects of seawater matrix 

Comparisons were also made between standards prepared in Milli-Q water, Milli-

Q water with f/2 nutrients, filtered seawater, and filtered seawater with f/2 nutrients; and 

between sample buffer with and without EDTA. As shown in figure A.7, there were no 

significant differences between the standards. The standard runs shown here were done 

on 3 different days, with the majority of variation that is present being explained by run-

to-run variation. Figure A.8 shows absorbance values comparing the following buffer 

combinations (unless otherwise stated, buffer volume is 200 µl): Milli-Q water and 

EDTA, with standards prepared in both Milli-Q and filtered seawater, and 200 and 100 µl 

of EDTA in standards prepared in filtered seawater. The only significant difference is in 

the buffer volume used, where 200 µl yielded better discrimination between 

concentrations than did 100 µl. Water versus EDTA showed no difference. The biggest 

difference, other than buffer amount, is the day of the run. 
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Figure A.7: Medium comparison. Comparison of nitrate standards prepared in Milli-Q 

water, Milli-Q with f/2 nutrients, filtered seawater (SW), and SW with f/2 

nutrients. Circles, squares, and triangles each represent samples run on a 

particular day. Filled symbols represent medium made in Milli-Q, gray 

symbols represent medium made in SW, and open symbols represent 

medium (Milli-Q or SW) made with f/2 nutrients. There is no significant 

difference between types of sample matrix. The largest difference occurs 

between the days of the sample runs. 
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Figure A.8: Buffer/Base comparison. Comparison of nitrate standards prepared using 

either Milli-Q or EDTA (100 and 200 µl) buffer. Circles, squares, and 

triangles each represent samples run on a particular day. Filled symbols 

represent samples run using EDTA buffer and open symbols represent 

samples run using Milli-Q buffer. The only difference that is not attributable 

to run-to-run variation is between 200 and 100 µl EDTA buffer, with 200 µl 

giving a lower absorbance, but only at concentrations > 50 µM. All values 

converge below 10 µM. 
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CONCLUSIONS 

The optimal reaction conditions were determined to be: nitrate standards from 

0.0-100.0 µM, standards prepared in filtered seawater, with Milli-Q buffer, run 

concurrently with samples, and read on plate reader 50 minutes after adding color 

reagents. Standards can be easily run in triplicate along with each unknown. Although 

results show that sample matrix does not affect the results, standards should be prepared 

in the same matrix (fresh or salt water) as the samples to maintain consistent reaction 

conditions.   

Several aspects of the procedure are critical for producing the most accurate and 

consistent data.  First, it is important to always run a standard set along with the unknown 

set, because of the run-to-run variability in the nitrate standard curves. Second, it is 

important to keep in mind that the spongy cadmium can potentially cause very large 

variation in individual samples and can easily override the sample signal at low 

concentrations – the spongy cadmium used has a large effect, from the amount used to 

the size and “freshness” of the pieces. Third, the most reliable measurement range is from 

1.0-100.0 µM. Below 1.0 µM there is less certainty, although measurements can be made 

down to 0.1 µM. In all of my standard tests, the results underestimated concentrations at 

higher values and overestimated concentrations at the lower end, although the amount of 

over- or underestimate varies by run. The concentrations used to construct a standard 

curve for identification of unknowns should therefore be made using relevant 

concentration ranges.  
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