UNIVERSITY OF CALIFORNIA
SANTA CRUZ
AN INVESTIGATION INTO THE PREVALENCE OF ALEXANDRIUM
DERIVED TOXINS IN MARINE FOOD WEBS
A dissertation submitted in partial satisfaction
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
OCEAN SCIENCES
by
Rozalind Jewel Jester
June 2008

The Dissertation of Rozalind Jewel
Jester is approved:
Professor Mary W. Silver, Chair
Professor Jonathan P. Zehr
Dr. Christopher A. Scholin
Dr. Katherine A. Lefebvre
Lisa C. Sloan
Vice Provost and Dean of Graduate Studies

Copyright © by
Rozalind Jewel Jester
2008

ii

TABLE OF CONTENTS

LIST OF FIGURES

v

LIST OF TABLES

vi

ABSTRACT

vii

DEDICATION

ix

ACKNOWLEDGEMENTS

x

DISSERTATION INTRODUCTION

1

CHAPTER ONE: A shift in the dominant toxin-producing species in central
California alters phycotoxins in food webs
Abstract

4

Introduction

5

Materials and methods

9

Results

15

Discussion

17

Conclusion

23

Figures

25

Table

28

CHAPTER TWO: Uptake of paralytic shellfish poisoning and spirolide toxins
by paddle crabs (Ovalipes catharus) via a bivalve vector
Abstract

29

Introduction

30

Materials and methods

33

Results

42
iii

Discussion

47

Conclusion

50

Figures

52

Table

55

CHAPTER THREE: Presence of Alexandrium catenella and paralytic shellfish
toxins in finfish, shellfish and rock crabs in Monterey Bay, California, USA
Abstract

56

Introduction

57

Materials and methods

61

Results

66

Discussion and conclusions

72

Figures

82

Tables

86

DISSERTATION CONCLUSION

93

APPENDIX A: Toxin data and partial LSU rDNA sequences obtained from
California clones of Alexandrium catenella
94
REFERENCES

103

iv

LIST OF FIGURES

CHAPTER ONE: A shift in the dominant toxin-producing species in central
California alters phycotoxins in food webs
Figure 1

25

Figure 2

26

Figure 3

27

CHAPTER TWO: Uptake of paralytic shellfish poisoning and spirolide toxins
by paddle crabs (Ovalipes catharus) via a bivalve vector
Figure 1

52

Figure 2

53

Figure 3

54

CHAPTER THREE: Presence of Alexandrium catenella and paralytic shellfish
toxins in finfish, shellfish and rock crabs in Monterey Bay, California, USA
Figure 1

82

Figure 2

83

Figure 3

84

Figure 4

85

v

LIST OF TABLES

CHAPTER ONE: A shift in the dominant toxin-producing species in central
California alters phycotoxins in food webs
Table 1

28

CHAPTER TWO: Uptake of paralytic shellfish poisoning and spirolide toxins
by paddle crabs (Ovalipes catharus) via a bivalve vector
Table 1

55

CHAPTER THREE: Presence of Alexandrium catenella and paralytic shellfish
toxins in finfish, shellfish and rock crabs in Monterey Bay, California, USA
Table 1

86

Table 2

89

Table 3

90

Table 4

91

Table 5

92

APPENDIX A: Toxin data and partial LSU rDNA sequences obtained from
California clones of Alexandrium catenella
Table 1

98

Table 2

102

vi

ABSTRACT

AN INVESTIGATION INTO THE PREVALENCE OF ALEXANDRIUM
DERIVED TOXINS IN MARINE FOOD WEBS
Rozalind Jewel Jester

The production of toxic compounds by phytoplankton and their subsequent
transfer through marine food webs can have fatal consequences for both human
consumers and marine predators. This dissertation examines the potential
accumulation of toxins produced by dinoflagellates within the genus Alexandrium in
marine food webs using both field collected samples and laboratory experiments. In
particular, chapter one documents a dramatic change in the taxonomic structure of the
phytoplankton community that occurred during the summer of 2004 in Monterey Bay,
California - a change that resulted in a shift in the dominant toxin-producing species
and the phycotoxins present in the food web. After the shift from a typically diatomdominated system to a more red-tide, dinoflagellate-dominated system, Alexandrium
catenella became more prevalent and the toxins produced by this species, paralytic
shellfish toxins (PSTs), were detected in sentinel shellfish more frequently. Chapter
two presents results from two laboratory feeding trials designed to investigate the
uptake of PSTs and spirolides, two independent groups of toxins derived from A.
catenella and A. ostenfeldii, in paddle crabs (Ovalipes catharus) using Greenshell

vii

mussels as a vector. Both PSTs and spirolides were detected in the hepatopancreas of
paddle crabs, but not in the gills or the mussel tissue. These experiments
demonstrated that paddle crabs can acquire these toxins rapidly, reaching dangerous
PST concentrations after only 5 days of feeding on toxic mussels, and that uptake of
PSTs and/or spirolides could occur in nature when toxic shellfish are present.
Chapter three gives the results of a 3-year field study that examines 11 species of
commercially harvested finfish and 2 species of rock crab in Monterey Bay for the
presence of PSTs and compares the toxin levels in them to the density of A. catenella
and concentration of PSTs in the water column. When A. catenella was present, PSTs
were detected in 6 species not previously known to acquire PSTs in the region, but
most frequently in sardines (Sardinops sagax), anchovies (Engraulis mordax), brown
rock crabs (Cancer antennarius) and red rock crabs (C. productus). Lastly, Appendix
A presents toxin and sequence data derived from clones of A. catenella isolated from
different regions of the California coast. No distinctive regional pattern was observed
between isolates based on either cellular toxin measurements or large subunit
ribosomal DNA sequences.
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DISSERTATION INTRODUCTION

Over 4000 species of phytoplankton have been described and, as autotrophs,
they play a vital role in marine ecosystems by forming the base of the food web.
However, a small fraction of these species (< 2%) can have negative impacts on
human and/or marine ecosystem health, as well as on fisheries and other industries
that rely on marine resources (Sournia et al. 1995; Hallegraeff et al. 1993; 1995).
There are a variety of mechanisms by which phytoplankton may become harmful,
many of which are associated with episodes of explosive population growth and are
commonly referred to as “red tides” or harmful algal blooms (HABs). Of interest in
this dissertation are species that naturally produce secondary compounds that, when
passed through food webs, are toxic to humans and marine life. These toxinproducing algae are also sometimes referred to as HAB species, though some species
do not reach densities that would cause a visible “bloom.” This thesis focuses on
species of the dinoflagellate genus Alexandrium that are regularly associated with
toxic events in regions in which they rarely reach “bloom” proportions or discolor the
water (Price et al. 1991; MacKenzie et al. 2004; Anderson et al. 2005; McGillicuddy
et al. 2005).
Two unique and unrelated suites of phycotoxins are produced within the
genus Alexandrium. Paralytic shellfish toxins (PSTs), the more widely studied of the
two groups, have been detected in approximately 11 species of Alexandrium and
several other species of dinoflagellates (Landsberg 2002), whereas spirolides are only
1

produced by A. ostenfeldii. PSTs consist of over 20 derivatives of saxitoxin, a watersoluble neurotoxin, and have been recognized for nearly a century as a threat to
public health (Meyer et al. 1928; Oshima 1995). Human exposure to PSTs occurs
through the consumption of contaminated seafood, typically shellfish, and can cause a
potentially fatal syndrome called paralytic shellfish poisoning (PSP). Several PSP
related illnesses and deaths in the early 1900’s led to the development of extensive
seafood monitoring programs designed to protect the public from exposure to PSTs
(Price et al. 1991). Spirolides, in contrast, have only recently been discovered and are
comprised of a group of macrocyclic imine compounds that cause “fast-acting”
neurotoxic symptoms in mice (Hu et al. 1995; 1996; Richard et al. 2000). While
there is a potential for human intoxication through shellfish, the threat spirolides may
actually pose to human health is not yet clear.
The risk of Alexandrium spp. to marine food webs has been well established,
and it is globally understood that PSTs produced by these algae can both sicken and
kill higher order predators (Anderson and White 1992; Landsberg 2002). Filter
feeding organisms, like bivalve molluscs, zooplankton and planktivorous fish, are
exposed to PSTs by directly feeding on cells and can rapidly acquire high levels of
toxin (Bricelj and Shumway 1998). Accumulation of PSTs in planktivores can not
only result in mass mortalities of these organisms (Landsberg 2002), but also makes
them effective vectors of the toxins to higher trophic levels. Both fish and marine
mammal deaths have been attributed to the transfer of PSTs through the food web via
zooplankton and planktivorous fish (White 1977; 1980; Geraci et al. 1989; Mianzan
2

et al. 1997; Reyero et al. 1999; Sephton et al. 2007). In contrast to PSTs, spirolide
toxins have been detected in relatively few regions (e.g. northeastern U.S. and
Canada, throughout Europe and New Zealand) and, to date, are only known to
accumulate in shellfish (Hu et al. 1995; Aasen et al. 2005; Gribble et al. 2005;
Gonzalez et al. 2006; Amzil et al. 2007; Ciminiello et al. 2007; L. Rhodes pers.
comm.). Although PSTs appear to be much more widespread than spirolides, the
geographic distribution, toxicology and food web dynamics of the latter is currently
an active area research as evidenced by several reports in newly affected regions
(Aasen et al. 2005; MacKinnon et al. 2006; Gonzalez et al. 2006; Amzil et al. 2007;
Ciminiello et al. 2007). As such, it is likely that spirolides are much more prevalent
than indicated by our present knowledge.
The primary goal of this dissertation is to investigate the occurrence of PSTs
and spirolides in herbivores and other organisms that have the potential to acquire
these toxins in particular regions where toxic Alexandrium spp. frequently occur.
Chapter 1 describes the food-web consequences of an unexpected shift in the
phytoplankton community in Monterey Bay, California, in which the system changed
from typically diatom-dominated to dinoflagellate-dominated; this shift altered the
dominant algal toxins present in sentinel shellfish. Chapter 2 investigates the uptake
of PSTs and spirolides in a commercially harvested crustacean, the paddle crab
(Ovalipes catharus), in two laboratory feeding trials. Lastly, chapter 3 examines the
extent to which PSTs are present in 13 commercially harvested species in Monterey
Bay, California.
3

CHAPTER ONE

A shift in the dominant toxin-producing species in central California alters
phycotoxins in food webs

Abstract

In California, the toxic species of primary concern are the dinoflagellate
Alexandrium catenella and members of the pennate diatom genus Pseudo-nitzschia,
both producers of potent neurotoxins that are capable of sickening and killing marine
life and humans. During the summer of 2004 in Monterey Bay, we observed a
change in the taxonomic structure of the phytoplankton community – the typically
diatom-dominated community shifted to a red-tide, dinoflagellate-dominated
community. Here we use a 6-year time series (2000-2006) to show how the
abundance of the dominant harmful algal bloom (HAB) species in the Bay up to that
point, Pseudo-nitzschia, significantly declined during the dinoflagellate-dominated
interval, while two genera of toxic dinoflagellates, Alexandrium and Dinophysis,
became the predominant toxin producers. This change represents a shift from a genus
of toxin producers that typically dominates the community during a toxic bloom, to
HAB taxa that are generally only minor components of the community in a toxic
event. This change in the local HAB species was also reflected in the toxins present
in higher trophic levels. Despite the small contribution of A. catenella to the overall
4

phytoplankton community, the increase in the presence of this species in Monterey
Bay was associated with an increase in the presence of paralytic shellfish poisoning
(PSP) toxins in sentinel shellfish and clupeoid fish. This report provides the first
evidence that PSP toxins are present in California’s pelagic food web, as PSP toxins
were detected in both northern anchovies (Engraulis mordax) and Pacific sardines
(Sardinops sagax). Another interesting observation from our data is the cooccurrence of DA and PSP toxins in both planktivorous fish and sentinel shellfish.
We also provide evidence, based on the statewide biotoxin monitoring program, that
this increase in the frequency and abundance of PSP events related to A. catenella
occurred not just in Monterey Bay, but also in other coastal regions of California.
Our results demonstrate that changes in the taxonomic structure of the phytoplankton
community influences the nature of the algal toxins that move through local food
webs and also emphasizes the importance of monitoring for the full suite of toxic
algae, rather than just one genus or species.

Introduction

California has a long-standing history of toxic phytoplankton blooms that date
back to the early 1900’s (Meyer et al. 1928). In the past, the toxic species of primary
concern has been the dinoflagellate Alexandrium catenella, producer of a suite of
highly toxic compounds referred to as paralytic shellfish poisoning (PSP) toxins, and
human deaths related to PSP can be traced back over a century. After a major PSP
5

outbreak in 1927, the California Department of Public Health (CDPH) recognized the
continuing threat to shellfish consumers and initiated a statewide marine biotoxin
monitoring program (Price et al. 1991). Since the inception of the monitoring
program, over 500 human illnesses and 39 deaths have been reported, that last of
which occurred in the 1980s (Price et al. 1991). Interestingly, and despite its routine
presence in California, PSP toxins have not been associated with any marine animal
mortality events, as occurs in other regions afflicted by PSP (Geraci et al. 1989;
Reyero et al. 1999; White 1981). Aside from shellfish, sand crabs (Emerita analoga)
are the only other organisms in which PSP toxins have been reported in California
(Bretz et al. 2002).
More recently, members of the diatom genus Pseudo-nitzschia were
discovered to be problematic on the US west coast, when two species, P. australis
and P. multiseries, were linked to the production of domoic acid (DA) in 1991. The
event that led to this discovery involved the death of hundreds of brown pelicans
(Pelecanus occidentalis) in Monterey Bay, California (Fritz et al. 1992; Work et al.
1993). Since then, repeated DA poisoning events throughout central and southern
California have resulted in the closure of commercial fisheries and the deaths of
hundreds of pinnipeds and cetaceans (Langlois 2003; Langlois 2004; Scholin et al.
2000). Many potential vectors of DA to secondary predators have been identified
(Bargu et al. 2002; Goldberg 2003; Powell et al. 2002; Wekell et al. 1994), but
planktivorous fish, such as northern anchovies (Engraulis mordax) and Pacific
sardines (Sardinops sagax), are the most frequent vector implicated in animal
6

mortalities in this region (Lefebvre et al. 1999; Scholin et al. 2000; Work et al. 1993).
To date, there have not been any incidences of human illness related to DA in
California, likely the result of prompt inclusion of DA monitoring by CDPH into the
statewide biotoxin monitoring program.
In addition to these well-known taxa, two genera known to be toxic in other
regions are present in California coastal waters. Dinophysis species such as D. fortii,
D. acuminata and D. rotundata, globally recognized as producers of diarrhetic
shellfish poisoning (DSP) toxins (Hallegraeff 1993), are routinely present along our
coastline. In addition, DSP toxins have been detected in surface water samples
(Weber 2000) and a recent study has confirmed for the first time the presence of low
levels of DSP toxins in mussels from Monterey Bay (Sutherland 2008). Another
potentially problematic dinoflagellate, Cochlodinium, has become more frequent in
central California (Curtiss et al. 2008), causing visible red tides and attracting the
attention of the media. The presence of this alga has raised concerns, as members of
this genus have caused fish mortalities in the coastal Pacific waters of Mexico,
Central America, Canada and Asia (Garate-Lizarraga et al. 2004; Kim et al. 1999;
Lara et al. 2004; Vargas-Montero et al. 2006; Whyte et al. 2001). There have not yet
been any published reports of human illnesses or animal mortality events caused by
Dinophysis or Cochlodinium in California, though there is unpublished circumstantial
evidence that a recent bloom of Cochlodinium caused mass shellfish mortalities (G.
Langlois pers. comm.).

7

The coastal upwelling region of Monterey Bay, the focal point of this study,
supports a rich and diverse marine ecosystem and is valued not only economically for
its fisheries, but also for its importance to marine wildlife. The primary production
level in Monterey Bay differs significantly in the three well-described hydrographic
“seasons” of the Bay (Bolin and Abbott 1963; Breaker and Broenkow 1994) and is
usually highest during the diatom-dominated spring to summer “upwelling season”
(Bolin and Abbott 1963). In contrast, periods of dinoflagellate dominance are
thought to be temporary and associated with intrusions of more nutrient-depleted,
offshore waters as can occur during the oceanic and Davidson Current “seasons”
(Bolin and Abbott 1963; Garrison 1979). The seasonal high productivity that
characterizes this region is particularly important to the variety of resident and
migratory animals, such as sea birds, marine mammals and turtles, that depend on this
area as a feeding ground (Benson et al. 2007; Croll et al. 2005; Hyrenbach et al. 2006;
Yen et al. 2004). Given that a major prey item for many of these predatory animals is
planktivorous fish, exposure to algal toxins may be common, given the efficiency
with which these fish vector toxins (Lefebvre et al. 1999; Scholin et al. 2000).
As part of our ongoing work in Monterey Bay monitoring the phytoplankton
community (especially HAB taxa) and examining the presence of algal toxins in
marine food webs, we observed an unexpected shift in the phytoplankton community.
This shift was characterized by the unusual dominance of dinoflagellates in this
typically diatom-dominated system. As such, in this study we compare the taxonomic
structure of the phytoplankton community before and after this change in the
8

dominant flora of Monterey Bay using samples collected over a 6-year period, with
particular attention paid to toxin-producing taxa and the presence of DA and PSP
toxins in the food web.

Materials and methods

Water sample collection

From January 2000 to December 2006 weekly surface water samples were
collected using a bucket at 2 sites within Monterey Bay, California: nearshore at the
Santa Cruz wharf (SCW) (36.95 N, 122.02 W) and offshore at the Monterey Bay
Aquarium Research Institute’s M1 mooring (36.75 N, 122.02 W). SCW water
samples were immediately transported to the lab for processing, while M1 samples
were collected midday aboard the R/V Pt. Lobos, stored in a dark cooler, and
transported to the lab for processing approximately 6 hours after collection. The 3
best known toxin-producing species in Monterey Bay, P. australis, P. multiseries and
A. catenella, were identified and enumerated on an epifluorescent compound
microscope (Zeiss Axio Imager) using whole-cell oligonucleotide probes as described
in Miller and Scholin (1998; 2000) and Scholin (1994). P. australis and P.
multiseries densities are summed and presented as “toxic Pseudo-nitzschia.” At
SCW, net plankton samples, used for phytoplankton community assessments, were
collected with a 20 !m mesh net hauled through the upper 3 m of the water column.
9

Using live net tow material viewed under a dissecting microscope (Olympus SZH
Stereozoom) and magnified 64X, the relative abundance (present, common or
dominant) of the most commonly observed genera of dinoflagellates and diatoms
were recorded. Aliquots of both water and net tow samples were preserved in 4%
formalin for archival purposes.

Fish and shellfish collection

Northern anchovies (Engraulis mordax) and Pacific sardines (Sardinops
sagax) caught commercially within Monterey Bay were collected opportunistically
from the landings of local fishing boats during periods of elevated cell densities
between January 2003 and December 2005. Freshly caught fish were collected
dockside, packaged whole and promptly placed in a -20°C freezer until processing.
In preparation for toxin analysis, slightly thawed fish were dissected and the viscera
of multiple specimens from each species were pooled and homogenized to provide
one representative sample per sampling day. The species and quantity of fish varied
based on the day’s catch and ranged from 8-90 individuals for anchovies and 4-34
individuals for sardines. Aliquots of homogenized viscera were placed in 50 ml
conical tubes and frozen for later DA and PSP toxin analysis.
Shellfish samples were collected as part of the statewide CDPH marine
biotoxin monitoring program. Since our nearshore site, SCW, is not in close
proximity to accessible shellfish beds, mussels (Mytilus californianus) were harvested
10

from a rocky intertidal beach north of Santa Cruz (Davenport Landing; 37.02 N,
122.21 W), placed in mesh bags (ca. 30 mussels) and suspended from the wharf a
minimum of 7 days before collection. Each week one mesh bag of SCW mussels
were shucked, homogenized using a standard kitchen blender, frozen at -20°C and
shipped to CDPH for toxin assay. Data were also used from shellfish samples
gathered statewide, including intermittently elsewhere in Santa Cruz County, and
submitted by the CDPH volunteer network. CDPH analyzes all submitted shellfish
samples for PSP toxins, whereas samples are only analyzed for DA when Pseudonitzschia (all species combined) densities begin to increase steadily, a signal of
potential bloom formation. These data are available online in the form of monthly
reports at
http://www.cdph.ca.gov/healthinfo/environhealth/water/Pages/Shellfish.aspx.

DA extraction and analysis

DA was extracted from aliquots of pooled, homogenized fish viscera (usually
4.0 g) and cleaned of interfering compounds using solid-phase extraction columns
according to Hatfield et al. (1994) and Quilliam et al. (1995). Extracts were analyzed
for DA using an isocratic gradient profile on a Hewlett-Packard 1050 HPLC. The
specific HPLC conditions are detailed in Vigilant and Silver (2007).
Analysis of shellfish samples for DA was carried out in the CDPH Food and Drug
Laboratory in Richmond, CA. DA concentrations were determined by HPLC
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following the extraction and analytical method outlined in Quilliam (1995). All DA
concentrations are reported as micrograms of DA per gram of tissue (!g g-1). The
current regulatory limit for DA in shellfish and in whole fish is 20 !g g-1.

PSP toxins extraction and analysis

The same fish viscera homogenates from which aliquots were taken for DA
analysis were subsampled and analyzed for PSP toxins, except for samples collected
in 2005, which were not analyzed for DA because of the absence of toxin-producing
Pseudo-nitzschia in the water. PSP toxins were extracted from fish viscera within 4
weeks prior to analysis following the AOAC (2000) protocol used for analyzing
shellfish. Briefly, equal volumes of extraction solvent (0.1N HCL) to sample weight
(usually 10.0 g) were well mixed, pH adjusted to 3 ± 0.5 and boiled for 5 minutes. If
necessary, samples were pH adjusted again then centrifuged for 15 minutes at 3800
rpms. The resulting supernatant was passed through a 0.45 !m mixed cellulose ester
syringe filter (Millipore Corp., Bedford, MA, USA) and frozen at -20°C until
analysis. The concentration of PSP toxins were determined using a receptor-binding
assay described in Trainer and Poli (2000). In this assay scintillation spectroscopy
was used to quantify the competitive displacement of toxin in the sample by [3H]
saxitoxin (STX; Amersham, Buckinghamshire, England) bound to sodium channel
receptors (prepared from rat brains; Pel-Freez Biologicals, Rogers, AR, USA).
Standard curves were generated for each assay run using a certified STX standard
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(National Research Council of Canada, Institute for Marine Biosciences, Halifax,
Nova Scotia, Canada).
Shellfish samples were tested routinely for PSP toxins by CDPH using the
standardized mouse bioassay (AOAC 2000). All PSP toxin concentrations are
reported in micrograms of STX equivalents per 100 grams of tissue (!g STXeq 100
g-1). The regulatory limit for PSP toxins in shellfish is set at 80 !g STXeq 100 g-1.
Because the receptor binding methods used here are more sensitive than the mouse
bioassay methods used by the CDPH, the data obtained from PSP toxin analysis of
fish using our receptor assays should not be considered equivalent to CDPH methods
used to protect shellfish consumers in the state of California.

Data analysis

Monterey Bay phytoplankton data

Phytoplankton data for Monterey Bay consisted both of cell counts of toxic
species of interest but also of more qualitative assessments of community
composition from net tow samples. Based on observed changes in patterns of both
the toxin-producing species and the phytoplankton community in the summer of 2004
(see results section 3.1), the data from the earlier period (January 2000 to June 2004)
were compared to those collected in the later one (July 2004 to December 2006).
Differences in cell concentrations of toxic Pseudo-nitzschia species and A. catenella
13

between the two time periods were tested for statistical significance using a
Wilcoxon-Mann-Whitney Rank Sum test. The phytoplankton community
composition for the two periods was similarly compared. The number of times each
genus was observed in any relative abundance category (i.e. observed as present,
common or dominant vs. not observed) was tallied for the two time periods (January
2001 to June 2004, n=177; July 2004 to December 2006, n=133) and then compared
using a 2-tailed Fisher’s Exact Test (F.E.T).

Statewide shellfish data

In an attempt to gain a broader geographic perspective on the potential
temporal shift in phycotoxins that was possibly occurring in Monterey Bay, we
analyzed a subset of the statewide shellfish data from CDPH that was available from
the period of interest, namely between July 1999 and October 2006. For each week
and each of the coastal counties, we selected the data with the highest level of toxin
recorded for that week and categorized it as non-detect, below regulatory limit or
above regulatory limit. Next, counties were grouped into northern, central and
southern California regions. Boundaries were based on the following county lines:
the northern counties included Del Norte to Marin (41.99 N - 37.83 N), the central
counties San Francisco to San Luis Obispo (37.84 N - 34.97 N), and the southern
counties Santa Barbara to San Diego (34.97 N - 32.53 N). As above, the shellfish
data was grouped into two time periods (July 1999 to June 2004 and July 2004 to
14

October 2006) and compared using F.E.T. to determine whether the three regions
were experiencing similar changes to those noted in Monterey Bay.

Results

Changes in the phytoplankton community and toxic species in Monterey Bay

Our assessments of relative abundance for the most common phytoplankton
genera at the Santa Cruz Wharf (SCW) show that genera of red-tide forming
dinoflagellates substantially increased starting in July 2004 (Fig. 1), particularly
Akashiwo, Ceratium, Cochlodinium, and Prorocentrum (p<<0.01, F.E.T.).
Correspondingly, there was a marked decrease in the relative abundance of diatoms.
Hereinafter, we refer to this fundamental change in the Monterey Bay phytoplankton
community, from diatom-dominated to a dinoflagellate-dominated, as a “floral shift.”
The most notable change was in the potentially toxic Pseudo-nitzschia, which showed
a highly significant 31% decrease in the number of times members of the genus were
observed (Fig. 1A; p<<0.01, F.E.T.). Although Pseudo-nitzschia spp. were still
regularly present in net tow samples (Fig. 1B) the overall dominance of this genus in
the phytoplankton community was greatly reduced. Prior to the floral shift these
diatoms were recorded as a dominant member of the community in 64 samples
(36%), compared to only 3 samples (2%) after the shift. The other genera known in
Monterey Bay to include toxin-producing species, Alexandrium and Dinophysis,
15

showed significant increases in the number of times they were observed (p<0.05,
F.E.T.), though there was no significant difference between the two periods when
considering their “dominance” in net plankton samples, not a surprising result given
their relatively low cell numbers even when contaminating mussel samples.
The densities of toxic Pseudo-nitzschia and A. catenella obtained using
species specific probes at SCW and M1 are shown in Fig. 2A-B. The changes in cell
densities of both species are highly significant, with toxic Pseudo-nitzschia
decreasing and A. catenella increasing after the floral shift (p<<0.01, WilcoxonMann-Whitney Rank Sum Test). Blooms of toxic Pseudo-nitzschia spp., i.e. periods
when P. australis and/or P. multiseries were dominant, virtually disappeared within
Monterey Bay after the 2004 shift. In contrast, A. catenella not only became more
frequent but cell abundance also exceeded “danger” levels more often (Table 1).

Presence of toxins in shellfish and fish in Monterey Bay

Both DA and PSP toxins were detected in commercially caught sardines and
anchovies and sentinel shellfish collected around the bay (Fig. 2E-G). On a number
of dates, both PSP and DA co-occurred in the same samples. Twelve of the 33 fish
viscera samples (Fig. 2E and 2F) and, of the data obtained by CDPH (Fig. 2G and
2H), 7 of the 141 shellfish samples collected in Santa Cruz County tested positive for
both phycotoxins during the study interval. In Fig 3 we show the occurrence of PSP
toxins and DA in sentinel shellfish before and after the floral shift in Monterey Bay.
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For example, of the 496 samples collected prior to the shift in northern California,
PSP toxins were above the regulatory limit in 5% of the samples, present but below
regulatory limit in 25%, and not detected in 70% of the samples. There was a
statistically significant increase in not only the number of shellfish samples in which
PSP toxins were detected, but also in the number that exceeded the regulatory limit in
central and southern California (p<<0.01, F.E.T.), but not in northern California. The
region that demonstrated the greatest change for PSP toxins, central California, is also
the region where there was a significant decrease in number of shellfish samples that
tested positive for DA (p<<0.01, F.E.T.). In both northern and southern CA there
was no significant change in the number of samples in which DA was detected
between the two time periods.

Discussion

Starting in the summer of 2004, a shift in the ecosystem occurred when the
dominant phytoplankton in Monterey Bay changed from diatoms to dinoflagellates
(Fig. 1A-B). While diatoms were still routinely present in our samples after the floral
shift, the relative increase in dinoflagellates was quite striking. Blooms of
dinoflagellates, or “red tides,” are not uncommon in Monterey Bay, though there are
no documented cases in which dinoflagellates dominated the phytoplankton
community so frequently as observed in this study. Generally, this region is
considered diatom-dominated and red-tide events are usually short lived and seasonal
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(Bigelow and Leslie 1930; Bolin and Abbott 1963; Garrison 1979). A distinctive
signal associated with this transition was the presence, and the subsequent frequent
overwhelming dominance, of a dinoflagellate previously rarely noted in Monterey
Bay, Cochlodinium (Fig. 1B). There has not been any confirmed animal mortalities
associated with this species in the Bay, yet there is concern that dense red tides of this
organism have the potential to negatively impact local wildlife. These concerns may
be justified, as blooms of C. polykrikoides, C. catenatum and Cochlodinium sp. have
been associated with kills of wild fish populations in central America (GarateLizarraga et al. 2004; Lara et al. 2004; Vargas-Montero et al. 2006) and implicated in
the mortality of farmed salmon in western Canada (Whyte et al. 2001). Since 2004,
Cochlodinium sp. has caused visible discoloration in nearshore waters and has been
one of the most common dinoflagellates observed at SCW (Curtiss et al. 2008).
An important feature of the shift from diatoms to dinoflagellates was the
concurrent shift in the toxic species. Clearly the dominant HAB taxa in the Bay
during the early years of our time series (2000-2004), Pseudo-nitzschia’s relative
importance was significantly reduced during the dinoflagellate-dominated interval.
Although Pseudo-nitzschia spp. were still present during this period, as shown in the
community composition data (Fig. 1), the known toxic species (P. australis and P.
multiseries) virtually disappeared (Fig. 2A). Not only was there a 31% decrease in
number of times Pseudo-nitzschia species were found in net tow samples (Fig. 1A),
but also a 22% decrease in the number of times toxic Pseudo-nitzschia exceeded cell
densities we consider “danger levels” (Table 1). Associated with this latter interval
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was an increase in the presence of two potentially toxic dinoflagellate genera,
Alexandrium and Dinophysis. The human health threat posed by the presence of
Dinophysis in California is not yet clear, though the recent confirmation of low levels
of DSP toxins in shellfish (Sutherland 2008) warrants consideration of this group as
potentially problematic. While these two genera almost never dominated the
community (Fig. 1B), human health threats can occur at low cell densities.
Coincident with the absence of toxic Pseudo-nitzschia after the floral shift was a
general increase in the frequency and abundance of A. catenella (Fig. 2B), as well as
an 8% increase in the number of times this species exceeded “danger levels” (Table
1). Despite the fact that A. catenella rarely comprises a major fraction of the
community, its highly toxic nature raises concerns about this species’ increasing
presence. Furthermore, this change represents a shift from a genus of toxin producers
that typically dominate the community during a toxic event, to taxa that can produce
dangerous quantities of toxin even at low cell densities. Such a shift has considerable
implications for phytoplankton monitoring and substantiates the importance of
shellfish assays, because these toxic events are not dictated by the relative dominance
of a species.
From an environmental and human health perspective, it is critical not only to
recognize the prevalent toxin in a region but also to understand its possible movement
through the food web. Potential dangers to humans are recognized through shellfish
monitoring, but additional dangers to humans and marine wildlife exist when
schooling pelagic filter feeders are in the region where toxic algae are present.
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Sardines and anchovies are known vectors of DA in Monterey Bay (Lefebvre et al.
1999; Lefebvre et al. 2002b), and a shift in the predominant toxic phytoplankton and
associated toxins will have important consequences for higher trophic level
consumers. During the study period we tested commercially caught sardines and
anchovies and sentinel shellfish for both DA and PSP toxins (Fig. 2E-G). The trend
in toxins present in the clupeoids and shellfish tends to mimic the pattern of the cells
in the water, though there are some discrepancies in the magnitude of events. We
attribute this to the variability in cellular toxin production that can occur in both DAproducing Pseudo-nitzschia species (Baugh et al. 2006; Buck et al. 1992; Wells et al.
2005) and PSP toxin-producing A. catenella (Anderson 1990; Poulton et al. 2005).
The floral shift noted here might well result in a change in the toxin
potentially transmitted to higher trophic levels, a possibility we were able to test in
this study. During periods of toxic Pseudo-nitzschia events, which occurred
frequently prior to the shift, DA concentrations in fish viscera reached levels that
have previously sickened and killed marine birds and mammals (Lefebvre et al. 1999;
Scholin et al. 2000; Work et al. 1993), and concentrations in shellfish periodically
exceeded the regulatory limit (20 !g g-1) (Fig. 2E & 2G). Fish collected after the
floral shift were not tested for DA because of the absence of toxic Pseudo-nitzschia in
the water, and though shellfish were regularly tested their DA levels did not exceed
the regulatory limit. Here we report for the first time in California, that planktivorous
fish do regularly acquire PSP toxins in the presence of toxin-producing Alexandrium
(Fig. 2F). Thus, sardines and anchovies can potentially transfer critical levels of PSP
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toxins, not just DA, to their predators. The pattern of PSP toxins in shellfish also
clearly reflects the increase in A. catenella; after the floral shift PSP toxins levels
exceeded the regulatory limit (80 !g 100g-1) four times, compared to only once in the
previous four years (Fig. 2H). At times both toxic Pseudo-nitzschia and A. catenella
were simultaneously present in the water, and, correspondingly, fish were
simultaneously contaminated with both DA and PSP toxins (12 of 33 samples).
While PSP toxin levels in the co-contaminated samples were relatively low, in half of
these samples DA concentrations in the viscera were dangerously high (up to 493 !g
g-1). This co-contamination also occurred in Santa Cruz County shellfish (7 of 141
samples). Currently it is unknown how simultaneous exposure to two neurotoxins
affects predators.
The floral shift, with its corresponding change in the dominant toxinproducing genera in Monterey Bay, raises the possibility of a broader shift along the
coastline. To investigate the geographic scale of this shift, we used PSP toxin and DA
data from statewide shellfish samples collected between July 1999 and October 2006
as part of the CDPH biotoxin monitoring program. In Fig. 3A, we show the statewide
occurrence of PSP toxins in shellfish before and after the period of the floral shift in
Monterey Bay. The most striking change was along the central California coast,
where there was a notable increase (from 1% to 10%) in the number of shellfish
samples in which PSP toxins exceeded the regulatory limit. Furthermore, for the first
time during this study period, shellfish samples in southern California exceeded the
regulatory limit, a region not often experiencing PSP events since the 1980’s (Price et
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al. 1991). These shellfish data suggest that Alexandrium not only increased in
frequency and abundance in Monterey Bay, but also along central and southern
California. The occurrence of DA in shellfish (Fig. 3B) showed a significant decline
in the number of shellfish samples that tested positive for DA in central California
before and after the floral shift (p<<0.01, F.E.T.), suggesting toxic Pseudo-nitzschia
were absent from this region during that time. Overall, these results imply that the
change in the dominant toxic species that occurred in Monterey Bay likely occurred
over at least most of the central coast where the greatest changes in shellfish toxicity
were seen.
Biological transitions in marine ecosystems and sudden shifts in the
dominance structure of the plankton community have been linked to interannual and
interdecadal basin-scale regime shifts, such as El Niño Southern Oscillation and
Pacific Decadal Oscillation (Chavez et al. 2003; McGowan et al. 1998). The shift we
observed in Monterey Bay from a diatom-dominated to a dinoflagellate-dominated
system may exhibit features that are similar to a “regime shift,” however the temporal
and regional scale of our observations limits the conclusions we can make.
Interestingly, the dinoflagellate-dominated interval we describe encompassed a period
in which anomalous oceanographic conditions were reported in some areas within the
California Current System (CCS). Goericke et al. (2005) and Peterson et al. (2006)
indicate that in 2004 and 2005 the central CCS experienced a delayed onset of
upwelling conditions (weaker than average in the spring/summer and stronger than
average in the fall/winter) and was anomalously warm at times of the year. This late
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transition to upwelling conditions, particularly in 2005, was linked to several unusual
and detrimental changes in higher trophic levels. These included reports of low
zooplankton biomass, poor recruitment of krill and a variety of fish, reduced seabird
fecundity and altered foraging patterns in marine mammals, all of which occurred
within central California during this dinoflagellate-dominated period (Peterson et al.
2006; Sydeman et al. 2006; Weise et al. 2006). This is not to say that that the cause
of these events was related to the prevalence of dinoflagellates, but rather to suggest
that the underlying mechanism driving these events may be the same as those
responsible for the shift from diatoms to dinoflagellates. Given the importance of
physical forcing to phytoplankton growth and, specifically, those conditions that
favor proliferation of the dinoflagellate taxa we observed (Kudela et al. 2008;
Smayda 2002), it is likely that the anomalous oceanographic conditions reported in
the central CCS played a role in the floral shift we observed. At this time, we still do
not have a clear idea of what triggered these anomalies that began in 2004 and that
have persisted through at least 2006.

Conclusions

The results presented here document a shift in toxin-producing species
associated with an overall restructuring of the phytoplankton community. If a shift in
the base of the food web, such as the one we describe here, persists for even a few
years it can have large-scale consequences for migratory animals that seasonally visit
23

areas such as Monterey Bay (e.g. turtles, birds and whales). Such a change
emphasizes the necessity of continuously sampling the full suite of toxic algae, not
just one genus or species. Indeed, a recent and unexpected bloom of Pseudo-nitzschia
occurred in the spring of 2007 after the present study ended, a bloom extending from
southern California up to Monterey Bay (pers. obs.). It is not yet clear, given that
event, whether the community is returning to its “normal” diatom-dominated state, or
if this recent diatom “outbreak” is an anomaly in a presently dinoflagellate-dominated
period. Nonetheless, the response of toxin-producing taxa documented here
demonstrates that changes in the taxonomic composition of the phytoplankton
community alters the algal toxins that move through local food webs to ultimately
reach marine animals and humans.
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Fig. 1. Relative abundance of diatoms and dinoflagellates common to Monterey Bay,
California: (A) Change in the % of samples in which a given genus was observed
after the floral shift [asterisks indicate a statistically significant difference (p<0.05,
F.E.T.)]; (B) Time series showing the relative abundance of diatom and dinoflagellate
genera. Each row represents the change in relative abundance over time for the genus
indicated on the y-axis; intensity of color increases with dominance and the arrow
indicates the floral shift. Relative abundance ranges from not present to dominant, as
shown in the overlying arrow bar.
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Figure 2: Abundance of 2 toxic Pseudo-nitzschia species, Alexandrium catenella and
their respective toxins in planktivorous fish and shellfish within Monterey Bay,
California. Vertical dotted line indicates period of floral shift: (A) Density of toxic
Pseudo-nitzschia species (sum of P. australis and P. multiseries); (B) density of A.
catenella; (C) Pseudo-nitzschia; (D) Alexandrium catenella; (E) concentration of DA
in fish (µg g-1 viscera); (F) concentration of PSP toxins in fish (µg 100g-1 viscera); (G)
concentration of DA in sentinel shellfish (µg g-1 total body); (H) concentration of PSP
toxins in sentinel shellfish (µg 100g-1 total body). In G and H, the gray line is the
federal regulatory limit in shellfish (20 µg g-1 for DA and 80 µg 100g-1 for PSP
toxins); black squares represent samples in which no toxin was detected.
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Figure 3: Regional patterns along the California Coast of PSP and DA toxins in
shellfish before and after the floral shift in Monterey Bay: Distribution of (A) PSP
toxins and (B) DA in shellfish from northern, central and southern California during
two intervals; toxin concentration above regulatory limit (+), toxins detected but
below regulatory limit (-), or not detected (nd). In both A and B the left panel
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when dinoflagellates were dominant, with the floral shift occurring in July 2004.
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Table 1: Occurrence of toxic Pseudo-nitzschia species and A. catenella during two
intervals
Number of
Toxic species Exceeded
observations detected
danger level*
(n)
(% of n)
(% of n)
Toxic Pseudo-nitzschia
Diatom dominated interval
409
Dinoflagellate dominated interval 263

56
31

26
4#

A. catenella
Diatom dominated interval
363
Dinoflagellate dominated interval 243

31
62

4
12‡

*Danger level defined here as cell densities exceeding 10,000 cells liter-1 for toxic
Pseudo-nitzschia (P. australis + P. multiseries) and 1,000 cells liter-1 for A. catenella,
densities above which toxic events can occur.
#
A significant 22% decrease (p<<0.01, F.E.T.)
‡
A significant 8% increase (p<<0.01, F.E.T.)
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CHAPTER TWO

Uptake of paralytic shellfish poisoning and spirolide toxins by paddle crabs
(Ovalipes catharus) via a bivalve vector

Abstract

The uptake of paralytic shellfish poisoning (PSP) toxins and spirolides by the
paddle crab (Ovalipes catharus) was investigated in two laboratory feeding trials
using GreenshellTM mussels (Perna canaliculus), which had been fed toxic strains of
either Alexandrium catenella or A. ostenfeldii, as a vector. Toxin uptake into the crab
occurred in both feeding trials and was limited to the visceral tissue; no toxins were
detected in the body meat or the gills. The first trial utilized a strain of A. catenella
that had high total PSP toxin content, 442.3 ± 91.6 fmol/cell, that was dominated by
low toxicity N-sulfocarbamoyl toxins resulting in a low cellular toxicity, 5.5 ±1.6 pg
STXeq/cell. In this trial, toxin accumulation in the crabs was highly variable and
ranged from 3.8 – 221.5 !g STXeq/100 g, with 3/4 of the crabs exceeding the
regulatory limit of 80 !g STXeq/100g. Eight days after feeding on toxic mussels the
crabs still retained high levels of toxin suggesting that depuration rates in this species
may be slow. In the second feeding trial, the A. ostenfeldii strain fed to mussels
produced low levels of both PSP toxins (52.0 ± 19.5 fmol/cell; 1.4 ± 0.3 pg
STXeq/cell) and spirolides (1.8 pg/cell) and, as a result, the concentration transferred
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to crabs via the mussels was very low – PSP toxins ranged from 2.5 - 6.8 !g
STXeq/100 g and spirolides from 6-7 !g/kg. The results of our study demonstrate that
paddle crabs are capable of acquiring both PSP toxins and spirolides and suggest that
this may occur in the wild during a toxic shellfish event. It also highlights the need to
remove the viscera before consumption.

Introduction

The uptake of algal toxins by filter-feeding shellfish is widely recognized as a
risk to public health, however there are also a variety of other higher-order carnivores
that can accumulate potentially hazardous levels of toxins. Among these alternate
vectors are scavenging crustaceans, which are gaining attention as organisms that can
transfer toxins to seafood consumers (Shumway 1995). A variety of harmful algal
bloom toxins, including paralytic shellfish poisoning (PSP) toxins, diarrhetic shellfish
toxins, palytoxins and domoic acid, have been identified in the edible tissue of crabs
and lobsters from around the world (Yasumoto et al. 1986; Wekell et al. 1994;
Shumway 1995; Oikawa et al. 2002; Torgersen et al. 2005; Ho et al. 2006; Jiang et al.
2006; Sephton et al. 2007), and have even resulted in human fatalities on rare
occasions (Alcala et al. 1998; Llewellyn et al. 2002). The primary route of exposure
to lobsters and crabs is through the consumption of bivalve molluscs and, though
toxins have been detected in several tissue types (e.g. gills, guts, gonads, body meat),
the hepatopancreas is the organ that typically contains the highest concentrations and
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is most frequently contaminated (Shumway 1995; Torgersen et al. 2005; Jiang et al.
2006; Sephton et al. 2007). The hepatopancreas, known as crab “butter” or “mustard,”
is not commonly consumed, however it is considered a delicacy by some (e.g. in
Japan; Oikawa et al. 2002) and the presence of high toxin concentrations in this organ
warrants concern.
Throughout New Zealand the paddle crab (Ovalipes catharus) is a
commercially harvested crustacean marketed both locally and in Japan. The paddle
crab is particularly vulnerable to consuming algal toxins through its diet because,
while it is an opportunistic predator, it primarily preys upon molluscs (Wear and
Haddon 1987). In fact, Rhodes et al. (2007) determined through laboratory
experiments that paddle crabs do accumulate palytoxins in the digestive and
reproductive organs when fed a diet of toxic mussels. Those findings, along with the
general ability of crabs to uptake algal toxins, raises the concern that paddle crabs
may also acquire other algal toxins commonly found in New Zealand coastal waters.
Currently, the New Zealand Food Safety Authority requires that crabs harvested in an
area where biotoxins are present in shellfish must be gutted prior to cooking and/or
export (Busby 1999).
In this study we examine the uptake of two unique groups of phycotoxins,
PSP and spirolide toxins, by paddle crabs using a bivalve vector, the GreenshellTM
mussel (Perna canaliculus). Both PSP and spirolide toxins have been detected in
New Zealand shellfish, and in this region they are produced by particular species
within the dinoflagellate genus Alexandrium (Rhodes et al. 2001; MacKenzie et al.
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2004). PSP toxins, the more widely studied of the two groups of toxins, consist of a
suite of toxins derived from a potent neurotoxin, saxitoxin (STX), and are produced
by several dinoflagellate genera throughout the world. PSP toxins have been detected
in New Zealand isolates of A. minutum (MacKenzie and Berkett, 1997), A. catenella,
A. tamarense and A. ostenfeldii, though the only species that has been associated with
significant shellfish poisoning events is A. catenella (MacKenzie et al. 2004).
Because the various STX analogues differ in specific toxicity (low toxicity Nsulfocarbamoyl toxins, moderately toxic decarbamoyl toxins and the highly toxic
carbamate toxins), the overall toxicity of a given Alexandrium strain or contaminated
shellfish sample will be dependent on the relative proportions of these analogues.
More recently discovered and unrelated to PSP toxins, spirolides are produced only
by A. ostenfeldii and are comprised of macrocyclic imine compounds that cause “fastacting” neurotoxic symptoms, including rapid death, in mice (Hu et al. 1995;
Cembella et al. 2000; Richard et al. 2001). While PSP toxins have been widely
recognized as a threat to human health for several decades, the actual risk that
spirolides pose to seafood consumers is an area of active research.
In the experiments presented here we used known toxin-producing strains of
A. catenella and A. ostenfeldii to contaminate Greenshell mussels that were then fed
to paddle crabs in two individual feeding trials. The first trial examines the uptake
and retention of PSP toxins produced by A. catenella, and the second examines the
uptake of PSP toxins and spirolides simultaneously produced by A. ostenfeldii.
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Materials and methods

Toxin uptake experiments

A. catenella and A. ostenfeldii batch cultures

Two toxic Alexandrium isolates maintained within the Cawthron Culture
Collection of Micro-algae, A. catenella (CAWD45) and A. ostenfeldii (CAWD 135),
were used as the source of PSP toxins and/or spirolide toxins in two separate feeding
trials carried out at the Cawthron Institute in Nelson, New Zealand. In these
experiments paddle crabs were fed toxic mussels to examine the uptake of 1) PSP
toxins produced by A. catenella and 2) spirolide and PSP toxins produced by A.
ostenfeldii. In preparation for feeding to Greenshell mussels, several batch cultures
(ca. 12 l) of each strain were grown in aerated 100% GP medium (Loeblich and Smith
1968) at 18oC under 90-100 µmol m-2s-1 photon flux (12:12 h light:dark). On the day
cultures were to be fed to Greenshell mussels, 50 ml subsamples were collected from
stationary phase cultures and either preserved in Lugol’s for cell counts or pelleted by
centrifugation at 3000 x g and stored at -20oC for toxin analysis by high performance
liquid chromatography (HPLC) or liquid chromatography mass spectrometry
(LCMS). Cell densities were determined by counting settled 0.1 ml aliquots of
preserved culture in triplicate.
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Feeding of A. catenella and A. ostenfeldii to Greenshell mussels

Approximately 200 live Greenshell mussels were purchased at a local seafood
retailer (Guyton Fisheries Ltd., Nelson, New Zealand) and acclimated at 18oC for a
minimum of 24 hrs prior to feeding. Before the mussels were used, three replicates of
unexposed mussels (8 whole individuals per sample) were submitted to the Biotoxin
Lab at Cawthron for a full toxin screen by LCMS (McNabb et al. 2005) in order to
document any background toxin concentrations. Mussel samples were negative for all
toxins, with the exception of one mussel sample that contained trace levels of domoic
acid and iso-domoic acid C. No spirolide or PSP toxins were detected. Approximately
30 non-toxic mussels were set aside for feeding to control crabs. The remaining
mussels were placed on mesh racks in aerated cylindrical glass tanks (12-14
specimens per cylinder) containing 4 l of 0.3µm, UV-filtered seawater. A. catenella
or A. ostenfeldii culture was added to the cylinders incrementally over 8 hrs, left over
night and the process repeated for 2 or 3 days. At the end of the exposure period
mussels were frozen whole at -20oC. A subset of each group of exposed mussels was
set aside for toxin analysis and the rest were fed to paddle crabs in the following
feeding trials.
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Feeding of toxic Greenshell mussels to paddle crabs

Male and female paddle crabs from the Marlborough Sounds were collected
by commercial fishermen on two different days (June 15 and July 3, 2007) and
promptly transferred to the laboratories at Cawthron where they were placed, 3
individuals per container, in filtered seawater and fed a diet of non-toxic Greenshell
mussels. As with mussels, a composite sample of whole unexposed crabs from each
collection date (3 crabs from June 15 and 4 crabs from July 3) were determined to be
free of toxins after a full biotoxin screen (LCMS; McNabb et al. 2005). In preparation
for the experiments, crabs were acclimated for a minimum of five days in 0.3 µm,
UV-filtered seawater at 18°C (exchanged at least once daily) and each crab fed one
non-toxic mussel every 1-2 days. As required by the New Zealand Animal Welfare
Act of 1999, Animal Welfare Ethics approval was obtained through the Nelson
Marlborough Institute of Technology’s Animal Ethics Committee before
commencing with the feeding trials.
Preliminary feeding observations revealed that paddle crabs readily fed on
thawed Greenshell mussel tissue, but would not always consume the whole mussel.
Therefore, in the following feeding trials each crab was fed " of a thawed mussel (ca.
6 g) per feeding to ensure consumption of the visceral mass, the bivalve tissue with
the greatest body burden shortly after toxification (Bricelj and Shumway 1998). The
two feeding trials were carried out sequentially.
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In feeding trial #1, 14 crabs were arranged in the following experimental set
up to examine the uptake and retention of PSP toxins produced by A. catenella:

•

One control treatment (2 crabs) fed non-toxic mussel for 5 days

•

Two uptake treatments (U1 and U2; 3 crabs each) fed toxic mussel for 5 days

•

Two retention treatments (R1 and R2; 3 crabs each) fed toxic mussel for 4
days, then fed non-toxic mussel periodically until harvested on days 9 and 12.

Starting on day 3 of the experiment a daily sample of crab fecal pellets from the two
“retention” treatments was collected. After feeding each day, fecal pellets were
siphoned from the tank periodically throughout the day and the following morning
prior to daily cleaning and feeding (ca. 24 hrs between sampling). Each day’s sample
was centrifuged at 3000 x g, the supernatant poured off and frozen at -20oC until
extraction. At the end of the experiment crabs were anesthetized by covering with a
salted crushed ice slurry for at least 20 minutes. Once crabs showed no movement or
response to touch they were sacrificed by crushing the cerebral ganglion and then
dissected into three tissue types, the gills, viscera (digestive system, hepatopancreas
and gonads) and body meat. For each treatment the gills or body meat of individual
crabs were pooled with like tissue resulting in one sample each per treatment.
Because toxin was expected to accumulate primarily in the visceral tissue, the viscera
for each crab was collected and analyzed separately. After dissection, these tissues
were frozen at -20oC pending toxin analyses.
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In feeding trial #2, 12 male crabs were fed mussels daily for 4 days to
examine the uptake of spirolides and PSP toxins produced by A. ostenfeldii. In this
experiment there were 3 replicate treatments (3 crabs each) fed toxic mussels and 1
control (3 crabs) fed non-toxic mussels. At the end of the experiment, crabs were
anesthetized and dissected as described above. The viscera, body meat and gills for
all three crabs in each treatment were pooled to give one sample per tissue type per
treatment.
In addition to the feeding trials, one crab was submerged in 10 l of aerated A.
catenella culture (5.9 x 106 cells l-1) for 24 hrs to determine the potential for PSP
toxin contamination in crab gills and viscera after exposure to a “bloom.”

Toxin extraction and analysis

PSP toxin extraction and analysis by HPLC

PSP toxins were extracted from cell pellets of A. catenella and A. ostenfeldii
(see section 2.1.1) in 0.5 ml of 0.5 M acetic acid. After the addition of extraction
solvent, samples were sonicated on ice for 30 seconds and then centrifuged at 3000 x
g for 15 minutes. The supernatant was passed through a 0.45 µm minisart RC4
syringe filter (Sartorius, Auckland, New Zealand), collected in a HPLC vial and
stored at -20oC until analysis.
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Crab feces samples from feeding trial #1 were thawed and the wet weight
recorded prior to extraction in 1.0 ml of 0.5 M acetic acid. Samples were sonicated,
centrifuged, filtered and stored at -20oC, as in the Alexandrium culture samples.
PSP toxins were extracted from thoroughly homogenized mussel and crab
tissue following the AOAC (2000) protocol used for analyzing shellfish. Briefly,
equal volumes of extraction solvent (0.1N HCL) to sample weight (8.5-10.0 g) were
well mixed, pH adjusted to 3 ± 0.5 and boiled for 5 minutes. If necessary, samples
were pH adjusted again then centrifuged for 15 minutes at 3000 x g. The resulting
supernatant was passed through a Sep-Pak C18 cartridge column, spun at 4500 x g for
15 minutes and filtered through a 0.45 µm minisart RC4 syringe filter. Samples that
would not pass through the syringe filter were placed in a Millipore Ultrafree-MC
(10,000 NMWL) centrifugal filter unit and centrifuged at 20,000 x g until sufficient
volume for HPLC analysis had been collected. All extracts were stored in sealed
HPLC vials and frozen at -20°C until analysis (maximum 3 weeks). Note that this
AOAC extraction method results in a partial conversion of low toxicity Nsulfocarbamoyl toxins into their more potent carbamate counterparts, though it is still
useful in evaluating samples by HPLC (Luckas et al. 2003).
Using certified reference materials obtained from the National Research
Council of Canada (Institute for Marine Biosciences, Halifax, Nova Scotia, Canada)
we were able to determine the concentration of the following PSP toxins: carbamoyl
toxins [gonyautoxins 1-4 (GTX 1-4), neosaxitoxin (neoSTX) and STX], decarbamoyl
toxins (dcGTX 2-3, dcSTX) and N-sulfocarbamoyl toxins (GTX 5). National
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Research Council of Canada reference materials were used for indicative calculation
of C1-4 analogues. Individual PSP toxins were resolved by HPLC with post-column
derivatization based on the method described by Oshima (1995). Specifically, sample
extracts were analyzed on a Shimatsu HPLC system consisting of a SIL-10A auto
injector, LC-10AT mobile phase pump (1.0 ml/min flow rate) and a RF-10A
fluorescence detector set at excitation and emission wavelengths of 330 nm and 390
nm, respectively. The post column oxidation system was comprised of a LC-10AD
double-head reaction pump for the oxidizing reagent (7 mM periodic acid in 50 mM
potassium phosphate buffer, pH 7.8) and acidifying reagent (0.5 mM acetic acid),
both delivered at 0.4 ml min-1, and a CRB-6A reaction oven set at 85°C containing 10
m of 0.5 mm i.d. Teflon tubing.
Each sample was analyzed in two independent runs; the first run used a
gradient elution to resolve GTX 1-5, dcGTX 2-3, dcSTX, neoSTX and STX with a
stop time of 60 minutes and the second used an isocratic gradient to resolve C1-4
with a stop time of 30 minutes. For GTX/STX determination, samples were passed
through a 4.0 mm x 3.0 mm C18 guard column and a reverse phase 250 mm x 4.6
mm Synergi 4u Polar RP-80A column (Phenomenex, North Shore City, New
Zealand) maintained in a 40°C oven. Toxins were separated by a gradient elution
using 4 mobile phases, Milli Q water, HPLC grade acetonitrile, 50 mM ammonium
phosphate (pH 7.1) and 50 mM sodium heptanesulphonic acid. The ratio of the
mobile phases delivered at a total flow rate of 1.0 ml/min changed in the following
stages: (1) 0-12 minutes at 67% Milli Q, 11% 50 mM ammonium phosphate and 22%
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50 mM sodium heptanesulphonic acid, (2) 13-33 minutes at 30% Milli Q, 10%
acetonitrile, 38% 50 mM ammonium phosphate and 22% 50 mM sodium
heptanesulphonic acid, (3) 34-60 minutes at the initial ratios listed in stage 1. For
determination of C-toxins, samples were similarly passed through a C18 guard
column and a reverse phase 250 mm x 4.6 mm Synergi 4u Hydro RP-80A column
(Phenomenex, North Shore City, New Zealand) and then separated by isocratic
elution using 2 mM tetrabutyl ammonium phosphate (pH 5.8). Prior to use, all mobile
phases were filtered through a 0.45 !m hydrophilic polypropelene membrane filter
(Pall corp., Auckland, New Zealand). Injection volumes for samples and standards,
which were run after every 5th or 6th sample, were 25 !l for GTX/STX runs and 10
!l for C-toxins with the exception of fecal pellet samples. Fecal pellet extracts were
only analyzed for GTX/STX analogues and injection volumes were 10 !l.
The concentration of toxin in the sample extract was determined using the
conventional method for an external standard as detailed in Oshima (1995). The toxin
concentration of each individual analogue was converted to fmol/cell for Alexandrium
cultures and to nmol/g for tissue samples and then summed to give the total toxin
content of the sample. The biological toxicity relative to the most potent analogue,
STX, or the “specific toxicities,” were calculated using the conversion factors in
Oshima (1995) and reported as pg STXequivalents (STXeq)/cell for Alexandrium
cultures and as µg STXeq/100 g for mussel and crab tissue. These values were
similarly summed and presented as toxicity.
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PSP toxin determination by Jellett Rapid PSP test kit

A selection of crab viscera, body meat and fecal pellet samples were screened
for presence/absence of PSP toxins using the Jellett Rapid PSP test (JRPT; Jellett
Rapid Testing Ltd., Nova Scotia, Canada). Test kits were confirmed valid using a
saxitoxin standard prepared in 0.5 M acetic acid. Sample extracts as prepared above
were diluted in the manufacturer’s buffer solution and applied to the test cartridge as
directed. After 35 minutes, the results were recorded as negative or positive based on
the strength of the “test” line relative to the “control” line and the JRPT cartridges
photographed.

Spirolide toxin analysis

All samples extracted and analyzed for spirolides were contracted to the
Biotoxin Lab, Cawthron Institute. Samples of A. ostenfeldii, Greenshell mussels, crab
viscera, crab body meat and crab gills from feeding trial #2 were tested by LCMS for
the full suite of known spirolide toxins, including A, B, C, D, 13-desMethyl-C (13desMe-C), 13-desMethyl-D (13-desMe-D), 13, 19-didesMethyl-C, E, F, G and 20Methyl-G using the method described in McNabb et al. (2005). Certified standard,
spirolide 13-desMe-C (National Research Council of Canada, Institute for Marine
Biosciences, Halifax, Nova Scotia, Canada), was used as an external standard.
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Results

Feeding trial #1 – uptake and retention of PSP toxins produced by A. catenella

HPLC results

All 6 batch cultures of A. catenella used in this experiment produced PSP
toxins. The toxin profile results were similar to earlier measurements of A. catenella
isolates from New Zealand (MacKenzie et al. 2004) and were dominated by low
toxicity N-sulfocarbamoyl toxins (98.01 mol %). Small amounts of carbamate toxins
(1.96 mol %) and trace levels of decarbamoyl toxins (0.03 mol %) were also present
in these cultures. Overall, the average cellular toxin content was quite high, 442.3 ±
91.6 fmol/cell, but the relative toxicity 5.5 ±1.6 pg STXeq/cell was low due to the
overwhelming dominance of N-sulfocarbamoyl toxins.
On average, each mussel for feeding trial #1 was exposed to a total of 4.4 x
106 cells of A. catenella over 3 days. While, PSP toxins were produced consistently
across the 6 batch cultures fed to mussels, there was a degree of variability in the
relative proportions of toxins produced. This variation is reflected in the total toxin
content and the specific toxicity of the cultures (Fig. 1A) and contributed to the
difference in toxin content and toxicity observed between batches 1 and 2 of mussels
(Fig. 1B).

42

HPLC analysis of the crab samples showed that PSP toxins were only present
in the viscera and in fecal pellets. No toxins were detected in either the body meat or
gills of the crabs. The total concentration of PSP toxins in crab viscera varied
considerably, ranging from 5.1 – 110.0 nmol/g in the “uptake” crabs harvested on the
day of the last feeding (U1 and U2) and from 0.2 – 49.0 nmol/g in the “retention”
crabs harvested 4 and 7 days after the last feeding (R1 and R2). There was no
statistical difference between treatments for either the total toxin content or toxicity
(one-way ANOVA), suggesting that significant amounts of toxins were still retained
at 8 days post exposure. Two behaviors were noted during feeding observations that
could result in the wide range of values detected: (1) in some instances the dominant
crab within a treatment would take mussel from the other crabs or (2) an individual
would reject the mussel leaving it for the other crabs to eat.
The relative proportions of carbamoyl, decarbamoyl and N-sulfocarbamoyl
toxins present in mussel and crabs were similar to A. catenella (Table 1), despite the
partial hydrolysis of N-sulfocarbamoyl toxins that likely occurred during the
extraction process. Because the concentrations of N-sulfocarbamoyl toxins were very
high in comparison to the other toxins, partial conversion of these toxins into their
more toxic carbamate counterparts had only a small impact on the mol % distribution
of toxins. However, carbamate toxins are significantly more toxic so this conversion
will affect the relative toxicity of samples that undergo boiling in weak acid as part of
the extraction method, a standard procedure used by regulatory officials in New
Zealand and elsewhere around the world to monitor the safety of seafood (AOAC
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2000). Using this method, the average toxicity in crab viscera exceeded the regulatory
limit (80 µg STXeq/ 100 g of tissue) in all four treatments.
PSP toxins were also detected in fecal pellets collected from the two
“retention” treatments (fig. 2). The peak in toxin content occurred on the final day of
feeding (day 4) then steadily decreased until the crabs were harvested. Unfortunately
we were only able to measure a subset of PSP toxins (GTX 1-5, dcGTX 2-3, dcSTX,
neoSTX and STX) in fecal pellets, therefore the toxin content reported in fig. 2 does
not include C-toxins.
The single crab that was submerged in A. catenella culture for 24 hours had
no measurable toxin in the guts or body meat and only traces of GTX 2 and GTX 3
present in the gills. It is unlikely that significant amounts of toxin would accumulate
in the gills, or other tissues, in the event of a dense bloom of A. catenella.

Jellett Rapid PSP test (JRPT) results

The qualitative results of the 9 crab samples analyzed by JRPT support those
results obtained by HPLC. These JRPT were performed as independent tests to
confirm the toxicity or lack thereof in each sample type (body meat, guts and fecal
pellets). Samples that tested negative by JRPT included 5 body meat samples, 1
control gut sample and 1 control fecal pellet sample. In three individual gut samples
(U1 treatment crabs) the “test” line was completely absent suggesting they were

44

strongly positive. One fecal pellet sample was tested and determined to be positive
(faint “test” line present).

Feeding trial #2 – uptake of PSP and spirolide toxins produced by A. ostenfeldii

The batch cultures of A. ostenfeldii, strain CAWD 135, that were used in
feeding trial #2 produced both PSP and spirolide toxins. Similar to the A. catenella
strain used, the PSP toxin profiles of the A. ostenfeldii cultures were dominated by the
presence of N-sulfocarbamoyl toxins (90.48 mol%), with lesser amounts of
decarbamoyl (1.68 mol%) and carbamoyl (7.84 mol%) toxins. The average toxin
content, 52.0 ± 19.5 fmol/cell, and specific toxicity, 1.4 ± 0.3 pg STXeq/cell, was
much lower however (fig. 3A). In addition to PSP toxins, this strain of A. ostenfeldii
also produced 3 of the known spirolide toxins, 13-desMe-C (97.58 mol%), 13-desMeD (1.89 mol%) and D (0.53 mol%).The total cellular spirolide toxin content was 1.8
pg/cell (fig. 3C).
Greenshell mussels were fed A. ostenfeldii for 2 days, exposing them to an
average total of 3.7 x 106 cells per mussel. During this period mussels accumulated
relatively low levels of PSP toxins (4.3 nmol/g) compared to the previous feeding
trial, and the specific toxicity was well below the regulatory limit (fig. 3B). Given an
average cellular toxin content of 52.0 fmol/cell, and if we assume an average mussel
weight of 12 g, we can estimate that approximately 9.9 x 105 cells of A. ostenfeldii
were ingested. Using this value, we calculated the expected concentration of
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spirolides in mussel tissue to be 148 !g/kg (based on the total cellular spirolide
content of 1.8 pg/cell). The actual concentration of spirolides measured was
reasonably close to this value, at 131 !g/kg, and was comprised of 13-desMe-C (110
!g/kg), 13-desMe-D (3 !g/kg) and D (18 !g/kg). It has been suggested that 32 !g/kg
of mussel meat containing a mixture of spirolides with predominantly 13-desMe-C is
a sufficient amount of toxin to result in the death of mice (Aasen et al. 2005). The
concentration present in the mussels after feeding on moderately toxic A. ostenfeldii
could therefore be considered potentially harmful. While under consideration, there
currently are no safety limits set for spirolide toxins in New Zealand (P. McNabb
pers. comm.).
Paddle crabs that were fed the mussels containing both PSP and spirolide
toxins showed very little uptake of either toxin group (fig. 3B and 3D). As in feeding
trial #1, no toxins were detected in the body meat or the gills. Trace levels of PSP
toxins were present in the viscera (0.1-0.2 nmol/g) and were predominantly
carbamate toxins. This suggests that any N-sulfocarbamoyl toxins, which made up
94% of the PSP toxins in the mussel tissue, were completely hydrolyzed during the
extraction process. Despite the high spirolide content in mussels, the concentrations
in crab viscera (6-7 !g/kg) were very low and consisted of only 13-desMe-C.
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Discussion

The results of these two feeding trials demonstrate that paddle crabs are
capable of acquiring significant concentrations of PSP toxins, and at least low levels
of spirolides, in visceral tissues if they feed on toxic mussels. In the first trial, in
which the greatest uptake of PSP toxins occurred, individual feeding behaviors
contributed to a high degree of variability in total toxin content and toxicity between
individual crabs. Nonetheless, toxicities above the regulatory limit of 80 !g
STXeq/100 g were measured in 9 of the 12 crabs exposed to PSP toxins and the crab
“butter” from these specimens would therefore be deemed unsafe for human
consumption. The overall toxin uptake in the second feeding trail was very low
relative to the first, and neither PSP toxins nor spirolides reached concentrations that
would result in illness. We also did not detect either group of toxins in the most
commonly consumed part of the crab, the body meat. The distribution of toxins in
crab tissues that we observed is consistent with that of other scavenging crustaceans
in which the highest concentrations are found in the hepatopancreas (a substantial
proportion of the visceral mass) and only rarely detected in body meat (Shumway
1995; Oikawa et al. 2002; Oikawa et al. 2007; Jiang et al. 2006; Sephton et al. 2007).
With respect to PSP toxins, the highest toxicity achieved in crabs in these
feeding trials, 221 !g STXeq/100 g viscera, occurred after only 5 days of feeding on
moderately toxic shellfish. In a similar laboratory study, Oikawa et al. (2005)
observed a comparable average toxicity of 12.8 ± 3.8 MU/g [256 ± 76 !g STXeq/100
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g; given 1 MU = 0.2 !g STXeq (Wekell et al. 2004)] in the hepatopancreas of the
edible shore crab, Telmessus acutidens, after 20 consecutive days of feeding on toxic
mussels. Further studies by Oikawa et al. (2002; 2004; 2007) have shown that PSP
toxins are commonly detected in T. acutidens in the field and can also reach very high
concentrations (up to 85.3 MU/g). The fact that these two species achieve similar
toxicities in the lab indicates that paddle crabs may also rapidly acquire high levels of
PSP toxins in nature during a toxic bloom, at least in the viscera.
The retention of toxins after exposure to algal toxins is of significant concern
for regulatory purposes. In feeding trial #1 the “retention” treatment crabs that were
fed toxic mussels for 4 days still contained high concentrations of PSP toxins 5 and 8
days after exposure (fig. 1B). Despite being fed one less day than the “uptake” crabs,
there was no significant difference in the total toxin content or the toxicity measured
in those crabs vs. the “retention” crabs. While this was likely due to the high
variability among individuals, the elevated mean concentrations indicate that PSP
toxins are not rapidly depurated. Oikawa et al. (2005) examined the depuration of
PSP toxins in T. acutidens under fed and non-fed conditions over 20 days and found
that in both situations a significant reduction to ca. 50% of the initial toxicity
occurred after only 5 days of depuration. However, after that initial loss, they did not
observe further significant reduction until 20 days post exposure, suggesting that
depuration rates slowed. Additional evidence that toxins are retained in this crab for a
significant period of time are given in a separate field study where the toxicity of T.
acutidens hepatopancreas remained above regulatory levels even after levels in
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shellfish had declined to safe concentrations (Oikawa et al. 2007). Furthermore, two
studies on the depuration rates of PSP toxins from lobster by Desbiens and Cembella
(1997) and Haya et al. (1994) demonstrated that it could take several weeks to several
months for toxin elimination in the hepatopancreas to occur, given initial
concentrations of 452 !g STXeq/100 g and 1554 !g STXeq/100 g, respectively. In
this study we were unable to document any significant toxin loss from the viscera
after 8 days, but we did observe the excretion of some toxin in fecal pellets
immediately after toxic mussel feedings ceased (fig. 2). However, the rate of toxin
loss quickly decreased over time suggesting that this is not a primary route of
detoxification. Though we are limited in the conclusions we can make about PSP
toxin retention in paddle crabs, the results indicate that the toxins are depurated
slowly from this species, as in T. acutidens and lobster.
It is clear from our experiments that the degree of intoxication in crabs was
related to the amount of toxin produced by the cells. Both A. catenella and A.
ostenfeldii had low cellular PSP toxicities, 5.5 ± 1.6 pg STXeq/cell and 1.4 ± 0.3 pg
STXeq/cell respectively, however the total toxin content in A. catenella was on
average 8.5 times greater than that in A. ostenfeldii. The lower cell densities of A.
ostenfeldii in the batch cultures combined with this discrepancy in the cellular toxin
quota was clearly reflected in the mussels that fed on these cells; A. catenella fed
mussels had much higher PSP toxin concentrations than those fed A. ostenfeldii and
crabs acquired toxins from the shellfish accordingly. In New Zealand coastal waters,
A. ostenfeldii is more widely distributed than A. catenella, but is typically present at
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very low densities and has not yet been associated with a toxic shellfish event
(MacKenzie et al. 2004). Interestingly, some local strains of A. ostenfeldii are highly
toxic (217 pg STXeq/cell; MacKenzie et al. 1996) indicating that this species does
have the potential to contaminate shellfish under favorable conditions. In contrast, A.
catenella is known to cause PSP events in Northland where maximum toxicities have
reached 1007 !g STXeq/100 g in Greenshell mussels (MacKenzie et al. 2004), 3
times the maximum toxicity we achieved in this study and clearly enough toxin to be
transferred to higher predators. Given the occurrence of these two species, it is more
likely that blooms of A. catenella would result in an event in which paddle crabs may
become toxic.

Conclusion

The results presented here provide the first evidence that paddle crabs are
capable of rapidly acquiring PSP toxins when feeding on toxic shellfish. Though high
concentrations of spirolides were not transferred to the crabs in these experiments,
our findings indicate that they are susceptible to the uptake of these toxins as well.
The presence of these highly toxic compounds suggests that crabs harvested in the
vicinity of a shellfish toxicity event related to Alexandrium spp. should be examined
for PSP toxins – a standard practice in many coastal regions with seafood monitoring
programs, including Japan, Canada and the U.S. (Watson-Wright et al. 1991;
Lawrence et al. 1994; Marien 1996; Oikawa et al. 2007). The primary concern,
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therefore, are recreational fishers and markets that target the whole crab, or crab
“butter,” especially export regions such as Japan, where consuming boiled
hepatopancreas is preferred (Oikawa et al. 2002). These results corroborate current
recommendations of the New Zealand Food Safety Authority and the Ministry of
Health to eviscerate crabs prior to consumption and/or export.
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Figure 1: PSP toxin results from feeding trial #1. (A) Mean PSP toxin content and
toxicity of A. catenella (n=9). (B) Average toxin content and toxicity in Greenshell
mussels after feeding on A. catenella and in paddle crab viscera after feeding on toxic
mussels (U = uptake and R = retention treatments, all n=3). Error bars indicate the
range of values observed.
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Fig. 2: PSP toxin content (excluding C-toxins) in crab fecal pellets collected over
time from two “retention” treatments in feeding trial #1. Arrows indicate days on
which crabs were fed mussels and whether they contained PSP toxins.
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Figure 3: PSP and spirolide toxin results from feeding trial #2. (A) Mean PSP toxin
content and toxicity of A. ostenfeldii (n=7); error bars indicate the range of values
observed. (B) Average PSP toxin content and toxicity in Greenshell mussels after
feeding on A. ostenfeldii and in paddle crab viscera after feeding on toxic mussels.
(C) Total spirolide toxin content in A. ostenfeldii. (D) Total spirolide toxin content in
Greenshell mussels and crab viscera.
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Table 1: Mole percent distribution of PSP toxins in A. catenella, Greenshell mussels
and paddle crabs from feeding trial #1 (values are mol % ± standard deviation).
Sample type
(sample size)

N-sulfocarbamoyl

Decarbamoyl Carbamoyl

Culture
A. catenella (n=9)

98.01± 0.5

0.03± 0.02

1.96± 0.52

Mussels
Batch 1
Batch 2

94.68
86.04

0.05
0.17

5.27
13.79

Crabs
Uptake 1 (n=3)
Uptake 2 (n=3)
Retention 1 (n=2)*
Retention 2 (n=3)

95.01± 3.06
98.16±0.26
95.03±1.90
96.81±3.44

0.17±0.31
0.00±0.01
0.03±0.03
0.00± 0.00

4.81± 3.86
1.84±0.26
4.93±1.93
3.19±3.44

*Excluded values from crab who rejected mussel, only trace levels of GTX 1 and
GTX 5 were detected
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CHAPTER THREE

Presence of Alexandrium catenella and paralytic shellfish toxins in finfish,
shellfish and rock crabs in Monterey Bay, California, USA

Abstract

The central California coast is a highly productive, biodiverse region that is
frequently affected by the toxin-producing dinoflagellate Alexandrium catenella.
Despite the consistent presence of A. catenella along our coast, very little is known
about the movement of its toxins through local marine food webs. In the present
study, we investigated 13 species of commercial finfish and rock crabs harvested in
Monterey Bay, California for the presence of paralytic shellfish toxins (PSTs) and
compared them to the presence of A. catenella and PSTs in sentinel shellfish over a 3year period. Between 2003 and 2005, A. catenella was noted in 55% of surface water
samples (n = 307) and reached a maximum concentration of 17,387 cells L-1 at our
nearshore site in Monterey Bay. Peak cell densities occurred in the month of July and
were associated with elevated shellfish toxicity in the summers of 2004 and 2005.
When A. catenella was present, particulate PSTs were detected 71% of the time and
reached a maximum concentration of 962 ng STXeq L-1. Of the 13 species tested, we
frequently detected PSTs in Pacific sardines (Sardinops sagax; max. 250 !g STXeq
56

100 g-1), northern anchovies (Engraulis mordax; max. 23.2 !g STXeq 100 g-1), brown
rock crabs (Cancer antennarius; max. 49.3 !g STXeq 100 g-1) and red rock crabs (C.
productus; 23.8 !g STXeq 100 g-1). PSTs were also present in 1 sample of Pacific
herring (Clupea pallas; 13.3 !g STXeq 100 g-1) and 1 sample of English sole
(Pleuronectes vetulus; 4.5 !g STXeq 100 g-1), and not detected in 7 other species of
flatfish tested. The presence of PSTs in several of these organisms reveals that toxins
produced by A. catenella are more prevalent in California food webs than previously
thought and also indicates potential routes of toxin transfer to higher trophic levels.

Introduction

Paralytic shellfish toxins (PSTs) are produced by members of the
dinoflagellate genus Alexandrium and consist of a suite of neurotoxins that are known
to adversely affect human health and marine wildlife. Saxitoxin (STX) is the most
potent of the PSTs. Human intoxication usually occurs through the consumption of
PST-contaminated shellfish and results in a syndrome called paralytic shellfish
poisoning (PSP) that can, in acute cases, lead to death. The seriousness of this
problem was recognized in the 1920’s after a PSP outbreak in California killed 6
people and sickened nearly a 100 more (Meyer 1928; Sommer and Meyer 1937).
This PSP event eventually led to the institution of extensive shellfish monitoring
programs in the U.S. and resulted in the establishment of a regulatory limit of 80 !g
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STXeq 100 g-1 of shellfish, currently still in use (Price et al. 1991; Wekell et al.
2004).
Although shellfish appear to be the most serious vectors of PSTs to humans,
the accumulation of these toxins in other filter-feeding organisms and the subsequent
trophic transfer to higher-level predators is a global phenomenon that has resulted in
severe mortality events involving finfish, marine mammals and seabirds (McKernan
and Scheffer 1942; White 1977; White 1980; Hortsman 1981; Geraci et al. 1989;
Montoya et al. 1996; Pitcher and Calder 2000). Zooplankton and planktivorous fish
are a primary vector of PSTs in many ecosystems, and, as with bivalves, can provide
a direct link between the toxic cells and higher trophic levels (Teegarden 1996;
Pitcher and Calder 2000; Turner et al. 2000; Durbin et al. 2002; Doucette et al. 2005).
Several reports indicate zooplankton and/or planktivorous fish serve as an important
step in the transfer of PSTs involved in kills of Argentine mackerel (Mianzan et al.
1997), Atlantic herring (White 1977; 1980), Atlantic salmon (Sephton et al. 2007)
and even humpback whales in the Gulf of Maine (Geraci et al. 1989). Although rare,
human illnesses and fatalities have been directly attributed to the ingestion of PSTs
contained in toxic planktivorous fish in Southeast Asia and Papua New Guinea,
where it is customary to consume the entire fish (MacLean 1979; Halstead and
Schantz 1984; Kao 1993). In addition to pelagic food webs, PSTs have also been
detected in crabs and lobsters in the U.S., Canada, and Japan, providing evidence for
toxin exposure to benthic communities (Oshima et al. 1984; Desbiens and Cembella
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1995; Shumway 1995; Oikawa et al. 2002; 2007; Sephton et al. 2007). A thorough
review of PSTs in marine organisms is given in Landsberg (2002).
Since the inception of the California biotoxin monitoring program, it has
become clear that elevated levels of PSTs in shellfish occur on a nearly annual basis
(Price et al. 1991; Horner et al. 1997). Interestingly, and unlike other regions
frequently affected by PSP events, there is no evidence that PSTs have sickened or
killed fish, mammals or birds in the monitored region. In fact, the extent to which
these toxins are transferred through local food webs is virtually unknown. The most
extensive food web survey of PSTs in this region, by Sommer and Meyer (1937),
tested various invertebrates that co-occur in nature with mussels, including common
species of barnacles, limpets, snails, chitons, sea stars, sea urchins, worms and sea
anemones. Based on the toxin detection methods available at the time, the authors
reported the possibility of trace levels of toxin in sea stars, limpets and chitons.
However, they remained cautious about their results, suggesting that the analysis be
repeated, and concluded that it was unlikely that “poison” levels (i.e. PSTs) in these
other invertebrates would exceed that in mussels (Sommer and Meyer 1937). To
date, the only organisms confirmed to regularly acquire PSTs in California are a
variety of shellfish and the common sand crab (Emerita analoga) (Sommer 1932;
Sommer and Meyer 1937; Price et al. 1991; Bretz et al. 2002).
Although little is known about the transmission of PSTs through the food web
in this region, the occurrence of another algal toxin, domoic acid (DA), can lend
insight into potential routes of trophic transfer. Along the California coast, the
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transfer of DA through planktivorous fish, Pacific sardines (Sardinops sagax) and
northern anchovies (Engraulis mordax), has been the cause of serious seabird and
marine mammal mortalities (Fritz et al. 1992; Work et al. 1993; Lefebvre et al. 1999;
Scholin et al. 2000). An increased interest in the movement of DA through the food
web resulted from these events and DA has since been detected in several organisms,
including benthic invertebrates, crabs, krill, squid, flatfish and even whale feces
(Langlois et al. 1993; Bargu et al. 2002; Lefebvre et al. 2002a; Goldberg 2003;
Vigilant and Silver 2007; Bargu et al. 2008). The presence of DA in these animals
demonstrates that they are susceptible to the uptake of algal toxins. These findings,
along with the knowledge that PSTs have been detected in many of these animals in
other regions, e.g. zooplankton (Turner et al. 2000; Doucette et al. 2005), crabs
(Shumway 1995), planktivorous fish (White 1977; 1980; Pitcher and Calder 2000)
and whales (Geraci et al. 1989), suggests that PSTs may also be present in California
food webs to a further degree than we are currently aware of.
Our intent in the present study was to investigate organisms that are
potentially accumulating PSTs off the California coast, with the goal of gaining a
better understanding of potential routes of trophic transfer. The coastal upwelling
region of Monterey Bay, California is a highly productive area that supports a
diversity of resident and migratory wildlife, as well as important commercial
fisheries. Here we present data collected over a 3-year period in Monterey Bay on the
presence of PSTs in several species of commercially harvested finfish and rock crabs
compared to the presence of A. catenella and PSTs. Among those fisheries we
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studied were those that harvest sardines and anchovies, operations whose combined
landings in 2006 made up 43% of a $6.4 million fishery in California (Ca. Dept. Fish
and Game 2007). Given the efficiency with which these planktivorous fish vector
algal toxins to higher trophic levels, it follows that they can pose a potentially serious
threat to secondary consumers in the presence of local toxin-producing cells.

Materials and methods

Phytoplankton sampling and identification

From January 2003 to December 2005 weekly surface water samples were
collected using a bucket at 2 sites within Monterey Bay, California (Fig. 1): nearshore
at the Santa Cruz wharf (SCW; 36.95 N, 122.02 W) and offshore at the Monterey Bay
Aquarium Research Institute’s M1 mooring (36.75 N, 122.02 W). SCW water
samples were immediately transported to the lab for processing, while M1 samples
were collected midday aboard the R/V Pt. Lobos, stored in a dark cooler, and
transported to the lab for processing approximately 6 hours after collection. Upon
arrival, a 10-100 ml subsample of well-mixed surface water was filtered and
preserved for identification and enumeration of A. catenella using whole-cell
oligonucleotide probes according to Miller and Scholin (1998; 2000) and Scholin
(1994). To determine the concentration of particulate PSTs, an additional 1 L surface
water sample was collected, filtered on 47 mm, 0.45 !m nitrocellulose filters
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(Millipore Corp., Bedford, MA, USA), and the filters stored at -20°C until extraction.
One to three filters were used for each 1 L sample depending on the density of
particulate matter present in the seawater. The term “particulate PSTs” refers to toxin
levels contained within the phytoplankton cells sampled and does not include
potential extracellular toxins that may be released into the water column.

Fish, crab and mussel collection

Throughout the A. catenella sampling period we opportunistically collected
planktivorous fish, benthic-dwelling flatfish, and rock crabs to analyze for PSTs.
Planktivorous fish, including northern anchovies (E. mordax), Pacific sardines (S.
sagax) and Pacific herring (Clupea pallasl), were caught within Monterey Bay by
local commercial fishermen between January 2003 and December 2005. Freshly
caught fish were collected dockside at either Moss Landing or Santa Cruz harbor,
packaged whole and promptly placed in a -20°C freezer until processing. In
preparation for toxin analysis, slightly thawed fish were dissected and the viscera of
multiple specimens from each species removed, pooled and homogenized to provide
one representative sample per species per sampling day. The total number of days
sampled was 21 for sardines, 21 for anchovies and 3 for herring. The species and
quantity of fish varied based on the day’s catch and ranged from 8-90 individuals for
anchovies, 4-34 individuals for sardines and 3-25 individuals for herring (Table 1).
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Aliquots of homogenized viscera were placed in 50 ml conical tubes and frozen for
later toxin analysis.
In addition to planktivorous fish, we also analyzed viscera samples from
bottom-dwelling flatfish collected during a co-occurring study of domoic acid
accumulation in benthic fish; sampling and processing details are described in
Vigilant and Silver (2007). Monthly flatfish samples collected in or just outside of
Monterey Bay between January and October 2003 included 8 species: curlfin turbot
(Pleuronicthys decurrens), Dover sole (Microstomus pacificus), English sole
(Pleuronectes vetulus), Pacific sanddab (Citharichthys sordidus), petrale sole
(Eopsetta jordani), rex sole (Errex zachirus), sand sole (Psettichthys melanostictus)
and slender sole (Eopsetta exilis). Note that not all species were caught every month.
Between September 2004 and August 2005, brown rock crabs (Cancer
antennarius) and red rock crabs (C. productus) were periodically trapped at SCW (ca.
8-10 m depth) by lowering baited cages to the seafloor. A total of 19 dates were
sampled for red rock crabs and 10 for brown rock crabs, and on most occasions only a
single crab was captured (Table 1). Whole crabs were frozen upon collection and
maintained at -20°C until dissection. The hepatopancreas of all specimens of each
species collected on the same day were removed, pooled by species (if n > 1) and
thoroughly homogenized prior to toxin analysis.
Mussels (Mytilus californianus) were chosen as a sentinel shellfish species
and were collected weekly for comparison with A. catenella densities and PST levels
detected in water samples, fish and crabs. Since our nearshore site, SCW, is not in
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close proximity to accessible shellfish beds, mussels were harvested from a rocky
intertidal beach north of Santa Cruz (Davenport Landing; 37.02 N, 122.21 W), placed
in mesh bags (ca. 30 mussels) and suspended from the wharf a minimum of 7 days
before collection. Each week the contents of one mesh bag of SCW mussels were
shucked, homogenized using a standard kitchen blender, frozen at -20°C and shipped
to the California Department of Public Health (CDPH) where they were analyzed for
the presence of PSTs by the standard mouse bioassay (as described in AOAC 2000).
These shellfish data are available online in the form of monthly reports at the CDPH
biotoxin monitoring program website:
www.cdph.ca.gov/healthinfo/environhealth/water/Pages/Shellfish.aspx. Because all
other animal tissues were measured via receptor-binding assay (see below), a more
sensitive method than the mouse bioassay, the toxin concentrations in mussels should
not be directly compared to those we report in fish and crabs. Mouse bioassay results
can, however, be used to indicate the general presence of PSTs in the food web and
the magnitude of toxicity.

Toxin detection in phytoplankton and animal tissues

To extract PSTs from filtered seawater samples, 3.0-5.0 ml of 0.1M glacial
acetic acid were added to frozen, macerated filters. After the addition of extraction
solvent, samples were sonicated on ice for 2 minutes and then centrifuged at 4000 x g
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for 10 minutes. The resulting supernatant was stored in a sealed vial at -20oC until
analysis.
Paralytic shellfish toxins were extracted from fish viscera and crab
hepatopancreas within 4 weeks prior to analysis following the AOAC (2000) protocol
used for analyzing shellfish. Equal volumes of extraction solvent (0.1N HCL) to
sample weight (usually 10.0 g) were well mixed, pH adjusted to 3 ± 0.5 and boiled
for 5 minutes. If necessary, samples were pH adjusted again and then centrifuged for
15 minutes at 4000 x g. The resulting supernatant was passed through a 0.45 µm
mixed cellulose ester syringe filter (Millipore Corp., Bedford, MA, USA) and frozen
at -20°C until analysis.
The concentration of PSTs was determined using a receptor-binding assay
described in Trainer and Poli (2000). In this assay scintillation spectroscopy was
used to quantify the competitive displacement of toxin in the sample by [3H] saxitoxin
(STX; Amersham, Buckinghamshire, England) bound to sodium channel receptors
(prepared from rat brains; Pel-Freez Biologicals, Rogers, AR, USA). The
concentration of toxin in the sample was determined by comparing the membranebound radioactivity to standard curves, which were generated for each assay run
using a certified STX standard (National Research Council of Canada, Institute for
Marine Biosciences, Halifax, Nova Scotia, Canada). Because this assay does not
distinguish between different PST analogues, but rather determines the biological
toxicity of the sample relative to that of the standard, the resulting concentrations are
given in STX equivalents (STXeq). The lower limit of detection was determined to
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be 4.4 !g STXeq 100 g-1 for animal tissues and 3.0 ng L-1 for water samples. Spike
and recovery experiments were carried out in triplicate for sardine viscera and crab
hepatopancreas and resulted in means of 83.6 ± 5.3 % and 87.4 ± 23.8% for each
matrix type, respectively

Results

Presence of A. catenella and particulate PSTs

Over the three-year study period in Monterey Bay, the density of A. catenella
ranged from not detected to a maximum of 17,387 cells L-1 nearshore at SCW and
16,707 cells L-1 offshore at M1 (Fig. 2). During this time, A. catenella was detected
in 55% (n = 307) of surface water samples and was observed throughout the year
(Table 2). Although cells were routinely present, 82% of the time they were detected
at low cell densities (< 1000 cells L-1). In 2003 peak abundances were observed in
the fall (Oct) and were concentrated nearshore (SCW), in contrast to 2004 and 2005
when the highest densities occurred in the summer (Jun, Jul) and were present at both
SCW and M1 (Fig. 2). In general, A. catenella exceeded 1000 cells L-1 more
frequently at SCW, and, in most cases, 1-2 weeks prior to reaching comparable levels
at M1.
Particulate PSTs were also detected in more than half of the samples (51%, n
= 221) analyzed for both cells and toxin (Fig. 2). In 1/5 of the samples A. catenella
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was present, yet no particulate toxins were detected; all of these, however, were <
1000 cells L-1 and all but 5 were less than 100 cells L-1. There were 10 occasions
when PSTs were measured in the particulate fraction when cells were not detected in
the water column. The low range of particulate toxin in these 10 samples (3.2 - 14.0
ng STXeq L-1) implies that cell densities were also low and likely below our level of
detection (100 ml analyzed for cell counts and 1000 ml for particulate PSTs). The
maximum particulate toxin concentration measured during the study interval was 962
ng STXeq L-1 at M1 and corresponded with the maximum cell abundance at that site
(Fig. 2). Interestingly, the highest concentration at SCW was significantly lower, 511
ng STXeq L-1, and occurred at only a moderate cell density, 1150 cells L-1. Unlike the
highest cell densities at M1 and SCW, which occurred in consecutive summers, the
highest particulate toxin concentrations at the two sites occurred in consecutive weeks
in the summer of 2004. Linear regressions examining the relationship between A.
catenella and particulate PSTs at SCW and M1 both show a significant positive
correlation between cell abundance and toxin levels (SCW: n = 137, r = 0.49, p <
0.01; M1: n = 84, r = 0.93, p < 0.01). The results of these regressions suggest that
offshore cells are producing more toxins per cell on average than those at SCW.
However, caution needs to be taken in the interpretation of this data due to the
potential presence of PST containing zooplankton in our samples.
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PSTs in the food web

Sentinel mussels

Paralytic shellfish toxins were detected by mouse bioassay in 50 of 126
mussel samples collected at SCW between 2003 and 2005. Of those samples, 7
exceeded the regulatory limit of 80 !g STXeq 100 g-1 and occurred during two
discrete events in the summers of 2004 and 2005. An examination of the weeks
preceding these samples shows that toxin was detected in mussels a minimum of two
consecutive weeks prior to exceeding the regulatory limit and that cell densities over
1000 cells L-1 were detected at least once during that time (Table 3). The A. catenella
densities that correspond with these samples also indicate that elevated toxin
concentrations are not tightly coupled with high cell counts at the time of collection,
and rather reflect an accumulation of toxins over a variable exposure period. For
example, in both the summer of 2004 and 2005, A. catenella began to appear at
significant concentrations in June, coincident with a high proportion of “below
regulatory limit” mussel samples, and then remained high through July, the month
with the highest proportion of “above regulatory limit” mussels. Particulate toxin
concentrations during these two events ranged from 6.8 - 511 ng STXeq L-1 in 2004
and from 4.3 - 214 ng STXeq L-1 in 2005. The remaining 43 samples that were
positive for PSTs were below the regulatory limit and were distributed widely across
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seasons; in these 3 years, March was the only month in which PSTs were not
detected.
Aside from the two prominent events in Jun-Aug 2004 and July 2005 when
shellfish levels were above the regulatory limit, there were several other isolated
events when mussels contained PSTs for multiple weeks but remained below the
regulatory limit. These occurred in Apr/May 2003, Aug 2003, Oct/Nov 2003, Jan
2004, Oct/Nov 2004, Dec 2004 - Feb 2005 and Sept/Oct 2005. All but 3 of these
events can be attributed to persistent low cell counts (< 1000 cells L-1) and low
particulate PST levels. One exception occurred during the Dec 2004 - Feb 2005
period when, after several weeks of low cell density, A. catenella reached 4920 cells
L-1 (140 ng STXeq L-1), yet mussels did not exceed the regulatory limit. The other
exceptions occurred in Oct/Nov 2003 and Sept/Oct 2005 when A. catenella densities
were elevated for 3 consecutive weeks (up to 3380 cells L-1 and 5270 cells L-1,
respectively), but, in this case, particulate PST concentrations never exceeded 46.5 ng
STXeq L-1. These results suggest that in order for mussels to exceed the regulatory
limit they must, over a minimum period of 2-3 weeks, be exposed to high cell counts
that are associated with moderate to high particulate PSTs concentrations.

Planktivorous fish and flatfish

Of the 11 fish species sampled in this study, PSTs were most commonly
detected in the viscera of Pacific sardines and northern anchovies (Fig. 3). Toxins
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were present in 14 of 21 sardine samples ranging from 4.7 - 250 !g STXeq 100 g-1
and in 10 of 21 anchovy samples ranging from 4.4 - 23.2 !g STXeq 100 g-1. The
maximum value in sardine viscera occurred on 23 July 2004, two days after A.
catenella peaked at 16,707 cells L-1 (962 ng STXeq L-1) offshore at M1 (Fig. 2) and
coincided with a period of positive shellfish toxicity at SCW (Fig. 3). The only
positive herring sample (n = 3) was also collected on this date, but the concentration
was much lower than in sardines, 13.3 !g STXeq 100 g-1 (Table 4). The maximum
level of PSTs in anchovies, 23.2 !g STXeq 100 g-1, was observed one week later on
27 July 2004. The occurrence of PSTs in planktivorous fish is positively correlated
(n = 46, r = 0.46, p < 0.01) with the presence of cells in Monterey Bay (average of
M1 and SCW), however the predictive relationship between cell numbers and viscera
toxin concentrations is poor. This likely results from the fact that, like mussels, fish
accumulate PSTs over a period of days to weeks and so the abundance of cells on or
near the sampling date may not accurately reflect the preceding exposure period.
Compounding that affect, phytoplankton abundance is patchy by nature, so the cell
densities at M1 and SCW may not be an accurate estimate of the feeding grounds of
these wide-ranging fish.
There were 6 occasions when both anchovies and sardines were sampled on
the same date (Table 4). Aside from the sample collected on 23 July 2004, when
sardines had a much greater concentration of PSTs than anchovies, the differences in
gut toxin levels between the two species are minimal. Unfortunately, the small
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sample size (n # 7) does not permit an informative statistical comparison. There were
no instances when toxin was detected in one species but not the other.
One sample of English sole (10 Jun 2003) was positive for PSTs, though the
concentration was very low, 4.5 !g STXeq 100 g-1, and bordered our detection limit.
The week of this sample, A. catenella was not detected at M1 and reached only 500
cells L-1 at SCW. Though a low cell count, we observed similar cell abundances that
were associated with low levels of PSTs in sentinel shellfish. No toxin was detected
in any other flatfish sample caught in 2003 (n = 61).

Rock crabs

Between September 2004 and August 2005 PSTs were detected in the
hepatopancreas of both brown and red rock crabs (Fig. 4). A total of 13 brown rock
crab (n = 19) and 6 red rock crab (n = 10) samples contained measurable PSTs that
ranged from 4.5 - 49.3 !g STXeq 100 g-1 and 4.5 - 23.8 !g STXeq 100 g-1,
respectively. The highest concentration in brown rock crabs, 49.3 !g STXeq 100 g-1
(24 Feb 2005), occurred in a single crab that was collected during a period of
persistent low density A. catenella at SCW and following two consecutive weeks of
low toxicity sentinel mussels (below regulatory limit). The majority of red rock crab
samples were either below the toxin detection limit or had very low concentrations.
In contrast to brown rock crabs, PSTs were not detected in mussels nor were A.
catenella cells present during the week of the maximum red rock crab concentration,
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23.8 !g STXeq 100 g-1 (4 Aug 2005). It is worth noting, however, that two weeks
earlier, on 20 July 2005, the concentration in sentinel mussels peaked at 232 !g
STXeq 100 g-1, the highest level in SCW mussels that year.
On seven different dates both brown and red rock crabs were collected (Table
5). Paralytic shellfish toxin concentrations were greatest in brown rock crabs on 6 of
the 7 occasions and as much as 10 fold higher than that detected in a co-occurring red
rock crab. This may suggest that brown rock crabs accumulate higher levels of PSTs
than red rock crabs, although statistical significance is limited by the small sample
size and further data are needed in order to substantiate this hypothesis. Nonetheless,
these data demonstrate that both crab species are capable of acquiring PSTs and that
these toxins are present in nearshore-benthic food webs.

Discussion and conclusions

The transfer of PSTs to higher trophic levels has been well documented in
many regions of the world (for an extensive review see Landsberg 2002), but in
California there is virtually no knowledge of the pervasiveness of PSTs in the food
web. In this region, the only organisms known to routinely accumulate these toxins
are filter-feeding bivalves and the common sand crab, E. analoga (Sommer 1932;
Sommer and Meyer 1937; Price et al. 1991; Bretz et al. 2002). Over three years of
field observations we have determined that PSTs produced by A. catenella are
acquired by at least three species of planktivorous fish and two species of rock crab in
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Monterey Bay. These results confirm that PSTs are in fact present in pelagic food
webs and that nearshore-benthic predators are capable of becoming contaminated.
Since A. catenella can be found in the Bay throughout the year (Table 2), there is
potential for these organisms to accumulate PSTs at any time. However, it is most
likely to occur during the summer when peak cell densities are observed (Fig. 2), an
observation consistent with the historical records of PSTs in sentinel shellfish
(Sommer and Meyer 1937; Price et al. 1991).
Although the concentrations of PSTs in the viscera of planktivorous fish
samples were typically low, their frequent presence (56% of total samples, n = 45)
clearly shows that exposure to and uptake of PSTs is common in Monterey Bay when
A. catenella is present. In all instances of positive fish samples, PSTs were also
present in sentinel mussels (Fig. 3), suggesting that nearshore mussels may be an
adequate indicator of PST presence in fish, even though they are able to forage
further offshore. Based on our observations of A. catenella, a probable explanation is
that high cell densities occur more frequently and tend to first peak nearshore at
SCW, as compared to our offshore site (Fig. 2). As a result mussels collected
nearshore would tend to acquire PSTs at the onset of an A. catenella toxin event in
Monterey Bay, and prior to offshore fish populations.
Currently, there are no regulatory mandates in California for PSTs in fish, nor
is there any evidence of PSP related fish kills. Interestingly, a similarly productive
upwelling system in South Africa (the Benguela Current) has experienced sardine (S.
sagax) mortalities related to A. catenella and the safety limit for fish harvesting used
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there is 80 !g STXeq 100 g-1 of viscera (Pitcher and Calder 2000). In at least one
mortality event in that region, sardine stomach contents contained between 60,000
and 80,000 A. catenella cells and toxin levels just exceeded the harvestable limit,
leading the authors to conclude that these fish are highly sensitive to PSTs (Pitcher
and Calder 2000). In this study, we detected PSTs over 80 !g STXeq 100 g-1 only
once in sardines (250 !g STXeq 100 g-1). One critical difference between the two
regions is that the density of A. catenella reportedly reaches up to 150,000 cells L-1 in
South Africa (Pitcher and Calder 2000), 1-2 orders of magnitude higher than
maximum values typically present on the California coast. Despite this contrast in
maximum cell densities, it is still possible for a large number of A. catenella to be
ingested by sardines in Monterey Bay. Using reported filter-feeding clearance rates
for S. sagax feeding on phytoplankton (low estimate 0.28 L fish-1 min-1; van der
Lingen 1994), we calculated that, at densities of 1000 cells L-1, 60,000 A. catenella
could potentially be consumed in as little as 3.6 hrs. Since these are modest estimates
of feeding rates and cell densities, this would suggest that Monterey Bay sardines
could easily ingest the number of cells that were associated with fish kills in South
Africa when A. catenella are present. Moreover, the mere presence of PSTs in
sardines and anchovies demonstrates that these toxins are moving through local food
webs in a similar fashion to that found in other regions in which PSP events have
affected fish.
Sardines and anchovies are both omnivorous fish capable of feeding directly
on phytoplankton or zooplankton and, though they have similar diets, there are subtle
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differences in their feeding behaviors that may result in the differential accumulation
of algal toxins. Lefebvre et al. (2002b) observed a significant difference in the uptake
of DA between sardines and anchovies, with anchovies being the more potent of the
two vectors. In the present study, the opposite was true and the concentration of
PSTs in sardines was always higher than that in anchovies, though the differences
were small in all but one case (Table 4). Unfortunately, our small sample size limits
our conclusions, and so it is not yet apparent if a similar trend would occur with PSTs
preferentially accumulating in one species. However, we propose a hypothesis that
may explain the apparent contradiction. That is, that toxin accumulation in sardines
and anchovies will depend on (1) toxin levels in different plankton size fractions and
(2) sardine and anchovy feeding behavior. An interesting pattern observed by van der
Lingen (2002), and suggested to be consistent across upwelling regions, is that
sardines tend to feed on smaller organisms closer to the base of the food web as
compared to anchovies. If feeding directly on the phytoplankton indicates a higher
likelihood of acquiring algal toxins, as suggested by Lefebvre et al. (2002b) for
anchovies during diatom blooms, then sardines, rather than anchovies, are more likely
to acquire toxins in general. Though, that matter is further complicated by the high
variability in plankton size and composition in nature, which also affects feeding
behavior and clearance rates in these fishes (Koslow 1981; van der Lingen 2002, van
der Lingen et al. 2006, Garrido et al. 2007). Thorough investigations by Doucette et
al. (2005) on PST levels in different plankton size fractions, shows that any of the 5
plankton size classes they tested could act as an initial vector introducing toxin into
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the food web. Therefore, the size fraction that contains the greatest toxin levels will
dictate which of the two species will ingest more toxins. For example, if the size
fraction containing small zooplankton (e.g. < 500 !m) contains the highest toxin
concentrations, then we would predict sardines would acquire more toxin than
anchovies, as the former demonstrate higher clearance rates at this prey size (< 580
!m; van der Lingen et al. 2006). Furthermore, van der Lingen et al. (2006) make a
compelling argument that physical conditions (e.g. cold mixed vs. warm stable water
column) lead to predictable planktonic communities (e.g. large diatoms vs. small
flagellates) that favor either anchovies or sardines, respectively; this may provide an
explanation as to why anchovies are the dominant vector of the diatom-produced
toxin DA (Lefebvre et al. 2002b) whereas sardines appear to uptake more
dinoflagellate-produced PSTs. Needless to say, several factors will contribute to the
differential accumulation of PSTs in these fish.
During the year we investigated flatfish, we did not detect significant levels of
PSTs in any of the samples. In general, 2003 was a year of only moderate A.
catenella densities and low PSP activity in shellfish, and it is likely that if this trophic
level were affected at all, it would occur during a large-scale PSP event. There is at
least one report in which Alexandrium was implicated in a flatfish mortality event in
Norway (Tangen et al. 1992 in Landsberg 2002) and since flatfish are known to
accumulate DA in Monterey Bay (Lefebvre et al. 2002a; Vigilant and Silver 2007) it
is possible that PSTs may also be present in these fish at times. Vigilant and Silver
(2007) propose hypothetical benthic and pelagic pathways that could result in the
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presence of DA in flatfish; the same or similar pathways could also lead to PST
uptake. Benthopelagic-feeding fish, i.e. bottom dwellers that feed in the pelagic zone,
could directly obtain PSTs by feeding on pelagic vectors like planktivorous fish or
zooplankton (White 1980; Turner et al. 2000; Doucette et al. 2005; this study).
Benthic-feeding flatfish could acquire PSTs in two ways, either by indirectly
ingesting sediment containing flocculated A. catenella cells, resting cysts or PSTcontaminated fecal pellets, or alternatively, by the direct consumption of PSTcontaminated benthic invertebrates (see fig. 2 in Vigilant and Silver (2007) for a
detailed diagram). While we currently don’t know whether local benthic
invertebrates other than sand crabs (Sommer 1932; Bretz et al. 2002) and rock crabs
(this study) contain PSTs, many benthic organisms do prey directly on bivalves and
thus may become toxic by this route. A further investigation of flatfish during a
large-scale PSP event is necessary to determine whether PSTs are reaching this
trophic level in California.
From September 2004 to August 2005 we tested for the presence of PSTs in
brown and red rock crabs caught at SCW. As with planktivorous fish, PSTs were
routinely detected in the hepatopancreas of rock crabs (69% of total samples, n = 29),
but at relatively low concentrations, < 50 !g STXeq 100 g-1 (Fig. 4). In Washington,
Jonas-Davies and Liston (1985) report PSTs produced by A. catenella (formerly
Gonyaulax catenella) in both the viscera, 285 !g STXeq 100 g-1, and muscle tissue,
27 !g STXeq 100 g-1, of red rock crabs (C. productus). While we did not detect
levels this high in the hepatopancreas, this demonstrates that red rock crabs can
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accumulate dangerous levels of toxin. Both crab species are carnivorous predators
and scavengers that feed on a variety of invertebrates (Carroll and Winn 1989),
including shellfish, which are thought to be the primary vectors of algal toxins to
scavenging crustaceans (Shumway 1995; Torgersen et al., 2005; Sephton et al. 2007).
Because PSTs were usually present in sentinel mussels the same week as, or just
preceding, the weeks our rock crab samples contained toxin, we speculate that
contaminated bivalves are the most likely vectors of PSTs to the crabs collected in
this study. There were instances, however, when sentinel mussels were negative and
we did detect PSTs in rock crabs (Fig. 4). In most of those samples the
concentrations measured by receptor-binding assay in the crabs were either very low
(< 15 !g STXeq 100 g-1, well below the detection level of the mouse bioassay) or
occurred shortly after the mussel toxin levels had fallen below the detection limit.
Furthermore, the elimination of PSTs from the hepatopancreas in other species of
crabs and lobsters is thought to occur slowly, taking a period of weeks to months to
fully eliminate the toxins (Haya et al. 1994; Desbiens and Cembella 1997; Oikawa et
al. 2005; Chapter 2 this thesis). The retention of PSTs by rock crabs, if similar to
other benthic crustacean species, may also explain why toxins are still present after
sentinel mussels have fallen below the detection limit.
While brown and red rock crabs make a small contribution to both a
commercial and recreational fishery in California (Carroll and Winn 1989), the
presence of PSTs in these crabs suggests that the toxins may also be present in other
commercially valuable species, e.g. Dungeness crab (Cancer magister). Along the
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North American west coast, Dungeness crabs do acquire PSTs (Washington Dept.
Soc. Health Services 1980 in Shumway 1995) and the Alaska Division of
Environmental Health has set a harvestable limit at 70 !g STXeq 100 g-1 in the
viscera - lower than the FDA limit used for shellfish, to allow a buffer for response
time (Alaska Dept. Eviron. Conser. 2007). Monterey Bay represents the
southernmost range of the $45 million Dungeness crab fishery in California, and the
general presence of PSTs in Cancer spp., as tested in this study, suggests PSTs may
potentially reach Dungeness crab in this region as well.
A comparison of the two species of rock crab collected on the same date
implies that brown rock crabs acquire PSTs more often than red rock crabs. Because
of the small sample size, this observation cannot be statistically validated, however.
There does not appear to be any significant difference in feeding behavior between
brown and red rock crabs (Carroll and Winn 1989), and studies on the diet of these
two species are minimal. Highly variable feeding behavior has been noted among
individuals of the same species in laboratory feeding trials involving crabs (Oikawa et
al. 2005; Chapter 2 this thesis), and this variability would thus demand larger sample
sizes than those available to us to demonstrate species differences.
Our findings show that PSTs are present in Monterey Bay food webs to a
greater degree than previously known and may indicate that other parts of the coast
are similarly affected, especially regions thought to be PSP “hot spots” (e.g. Marin
County; Price et al. 1991; G. Langlois pers. comm.). The California coast is host to a
diversity of wildlife and important commercial fisheries, and elevated levels of PSTs
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could have serious ecological and economic consequences. With regard to human
health concerns, the PST levels we found in finfish and rock crabs were typically low
in the viscera and, therefore, not likely to be in muscle tissue, the most commonly
consumed part of these animals. Individuals that would be at the greatest risk are
recreational or subsistence fishers, among those are certain ethnic groups that often
consume the entire organism, including the viscera (Fire and Silver 2005). Although
there have yet to be any large-scale PSP events involving animal mortalities or human
illnesses related to fish or crustaceans in California, the occurrence of significant fish
kills, marine mammal deaths and PST-contaminated crustaceans along the coasts of
eastern North America and western Africa demonstrate that PST vectoring by
organisms other than shellfish is a valid concern (White 1977; 1980; Geraci et al.
1989; Reyero et al. 1999; Pitcher and Calder 2000; Sephton et al. 2007). In
California, sardines and anchovies are an important prey item for a variety of marine
organisms, including sea lions, whales and sea birds; given the efficiency with which
these fish vector DA, it is probable that their predators are at times exposed to PSTs
(Work et al. 1993; Lefebvre et al. 1999; Scholin et al. 2000). Among the common
predators of rock crabs that may be exposed to PSTs via trophic transfer are benthic
fishes, cephalopods, bottom-foraging sharks and sea otters, the last of which certain
individuals have been noted to specifically target Cancer spp. (Carroll and Winn
1989; Estes et al. 2003).
The occurrence of PSP-related animal mortality events in other regions with
similar levels and frequency of shellfish toxicity events presents a conundrum as to
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why animal intoxication or deaths have not been observed in California. As PSP
events are typically rare and/or sporadic in nature, it is possible that such an occasion
may have been missed. It is more likely though, that a large-scale mortality event has
simply yet to occur along the California coast. The results reported here, however,
may allow predictions about potential routes of toxin transfer to higher trophic levels
in a region that routinely experiences the presence of A. catenella and frequent PST
toxicity in shellfish.
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Figure 1: Two sample sites in Monterey Bay, California where weekly surface water
samples were collected for A. catenella counts and particulate paralytic shellfish toxin
(PST) measurements: nearshore at the Santa Cruz wharf (SCW) and offshore at the
Monterey Bay Aquarium Research Institute’s M1 mooring.
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Figure 2: A. catenella cell densities and particulate paralytic shellfish toxin (PST)
concentrations over three years at SCW and M1 in Monterey Bay, California.
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Figure 3: Paralytic shellfish toxins (PSTs) in the viscera of planktivorous fish caught
within Monterey Bay, California between January 2003 and September 2005
compared to the presence of PSTs in sentinel mussels over the same time period.
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Figure 4: Paralytic shellfish toxins (PSTs) in the hepatopancreas of rock crabs caught
at Santa Cruz Wharf (SCW) between August 2004 and September 2005 compared to
the presence of PSTs in sentinel mussels collected from SCW over the same time
period.
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Table 1: Collection dates, number of specimens pooled (n) and total weight of viscera
for planktivorous fish and hepatopancreas for crabs
Date
(mm/dd/yy)

n

Total viscera or
hepatopancreas wt (g)

Brown rock crab (Cancer antennarius)
12/22/04
1
25.1
01/25/05
1
29.1
02/01/05
1
10.4
02/22/05
1
18.3
02/24/05
1
15.1
03/08/05
1
28.8
04/05/05
1
40.8
04/06/05
1
22.8
04/26/05
1
17.3
05/02/05
2
37.6
05/03/05
1
13.9
05/17/05
7
129.7
05/31/05
2
28.7
06/14/05
6
110.3
06/23/05
1
20.9
06/29/05
1
6.5
07/06/05
1
30.0
07/21/05
5
145.0
08/24/05
1
15.9
Red rock crab (Cancer productus)
09/03/04
1
45.3
02/24/05
1
57.2
03/22/05
3
64.1
05/03/05
2
40.2
05/31/05
1
8.0
06/14/05
1
11.1
06/23/05
2
50.7
06/29/05
1
7.5
08/04/05
1
27.7
08/24/05
1
25.6
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Table 1 continued
Date
(mm/dd/yy)

n

Total viscera or
hepatopancreas wt (g)

Northern anchovy (Engraulis mordax)
03/10/03
46
93.2
03/13/03
40
48.0
04/09/03
20
97.4
08/28/03
70
66.7
09/04/03
80
71.9
09/11/03
90
63.1
04/24/04
14
23.6
06/01/04
43
116.6
06/29/04
40
135.7
07/23/04
18
46.9
07/24/04
36
32.6
07/27/04
67
94.1
07/28/04
46
82.9
08/06/04
34
56.7
04/20/05
26
51.1
05/06/05
43
66.4
05/10/05
57
61.7
06/13/05
20
64.2
06/22/05
33
39.4
06/23/05
23
87.6
07/13/05
32
69.0
Pacific herring (Clupea pallasl)
02/27/03
25
35.7
04/03/03
20
67.4
07/23/04
3
20.1
Pacific sardine (Sardinops sagax)
01/13/03
11
54.5
01/17/03
14
67.8
01/22/03
13
82.0
03/25/03
13
146.8
03/31/03
16
139.2
08/12/03
13
94.6
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Table 1 continued
Date
(mm/dd/yy)

n

Total viscera or
hepatopancreas wt (g)

Pacific sardine (Sardinops sagax)
09/03/03
16
164.0
09/05/03
13
117.5
10/20/03
13
118.4
10/23/03
11
104.6
10/29/03
8
81.0
07/07/04
34
181.9
07/23/04
4
27.3
07/28/04
13
69.9
08/11/04
28
159.9
08/13/04
21
117.0
08/16/04
18
95.2
05/10/05
6
12.1
06/13/05
7
34.9
06/22/05
7
27.4
06/23/05
6
25.3
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Not
detected
15
13
20
15
14
9
17
10
4
4
5
11
137

Month

January
February
March
April
May
June
July
August
September
October
November
December
Total

140

6
10
4
12
10
11
11
18
15
14
18
11

< 1,000
cells L-1

24

0
2
0
0
0
6
5
0
2
7
1
1

1,000
to 4,999
cells L-1

3

0
0
0
0
0
1
1
0
1
0
0
0

5,000
to 10,000
cells L-1

3

0
0
0
0
0
1
2
0
0
0
0
0

> 10,000
cells L-1

307

21
25
24
27
24
28
36
28
22
25
23
23

Total

Table 2: Sample distribution of A. catenella cell densities by month in Monterey Bay, California
between January 2003 and December 2005.

90
770
367
165
232

07/28/04

08/04/04

07/06/05

07/20/05

3670

40
80.9

14.4

3.1

a

50

77.6

511.8

2040a

1150

Water sample collected 1 day before mussel sample

6550 (+)

0 (+)

c

1150 (++)

330 (++)

1050 (+)

3400 (+)

17,387 (n.s.) 40 (++)

110 (+)

2040 (++)

0 (+)c

200 (++)

330 (++)

1050 (+)

110 (+)

3100 (+)

1150 (++)

200 (++)

1050 (+)

3400 (+)

90 (n.s.)

Preceding A. catenella densities
(cells L-1) and mussel toxicityb
1 week
2 weeks
3 weeks
prior
prior
prior

Values in parentheses indicate level of mussel toxicity (+ = toxin present but below RL, ++ = exceeds RL,
n.s = no sample)
c
No A. catenella detected one week prior (07/20/04), though extra samples collected that week indicate a
sharp increase in cells, 880 cells L-1 on 07/23/04 and 1870 cells L-1 on 07/25/04.

b

a

141

07/14/04

200

6.8
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07/07/04
a

30.3

330a
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06/30/04
a

particulate
PSTs
(ng STXeq
L-1)

A. catenella
at SCW
(cells L-1)

Date mussels PSTs in
exceeded RL mussels
(mm/dd/yy) (!g STXeq
100g-1)

Table 3: Dates when paralytic shellfish toxins (PSTs) in sentinel shellfish exceeded the regulatory limit (RL)
as measured by mouse bioassay and the corresponding A. catenella cell densities and particulate toxin
concentrations at Santa Cruz Wharf (SCW).

Table 4: Comparison of paralytic shellfish toxins (PSTs) in the viscera of northern
anchovies, Pacific sardines and Pacific herring collected within Monterey Bay,
California on the same date. n.d. = not detected.
Date
(mm/dd/yy)
07/23/04
07/28/04
05/10/05
06/13/05
06/22/05
06/23/05

Anchovy viscera
(!g STXeq 100 g-1)
5.0
13.8
n.d.
n.d.
7.0
8.9

Sardine viscera
(!g STXeq 100 g-1)
250.6
21.4
n.d.
n.d.
10.8
18.5
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Herring viscera
(!g STXeq 100 g-1)
13.3

Table 5: Comparison of paralytic shellfish toxins (PSTs) in the hepatopancreas of
brown and red rock crabs collected at Santa Cruz Warf (SCW) on the same date. n.d.
= not detected.
Date
(mm/dd/yy)
02/24/05
05/03/05
05/31/05
06/14/05
06/23/05
06/29/05
08/24/05

Brown rock crabs
(!g STXeq 100 g-1)
49.3
4.5
n.d
16.4
25.6
11.3
36.6

92

Red rock crabs
(!g STXeq 100 g-1)
4.9
n.d
n.d
n.d
n.d
6.8
20.7

DISSERTATION CONCLUSION

This dissertation provides new data that furthers our understanding of the
movement of PSTs and spirolides through marine food webs, particularly in highly
productive regions where A. catenella and/or A. ostenfeldii frequently occur as a
small fraction of the phytoplankton biomass. Specifically, in California we now
know that changes in the frequency of PST contamination in food webs are related in
part to fluctuations in the overall phytoplankton community. Furthermore, PSTs are
present in local pelagic and benthic food webs to a greater degree than previously
thought. Of the organisms identified here that acquire PSTs, sardines and anchovies
present the greatest risk as vectors of these toxins to higher trophic levels.
Additionally, the laboratory feeding trials described here not only provide the first
evidence of the transfer of spirolides through mussels to crabs, but also demonstrate
that the commercially important species, Ovalipes catharus (paddle crabs), can
acquire very high concentrations of PSTs quite rapidly. Overall, the research
presented here contributes new information on the ecosystem dynamics of A.
catenella along the central California coast and indicates both vertebrates and
invertebrates that have the potential to acquire Alexandrium derived toxins. These
findings will allow us to make better predictions about potential routes of toxin
transfer to higher trophic levels in the occasion of a toxic event of this highly toxic
coastal dinoflagellate.
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APPENDIX A

Toxin data and partial LSU rDNA sequences obtained from California clones of
Alexandrium catenella

Introduction

Variation in toxin production and ribosomal DNA sequences have been used
to discriminate between morphologically similar species of Alexandrium, especially
A. tamarense, A. fundyense and A. catenella - the “A. tamarense species complex.”
These criteria have been applied extensively to clones of the A. tamarense species
complex in several regional studies, and have proved useful in understanding
geographic and temporal trends in toxicity (Kim et al. 1993; Scholin 1998; Cho and
Lee 2001; MacKenzie et al. 2004; Penna et al. 2005; Sebastian et al. 2005; Persich et
al. 2006; Lilly et al. 2007). Within California, most of our knowledge regarding the
biogeography of A. catenella has been derived from a single isolate (Scholin 1994).
Reported here are results obtained from partial sequencing of large subunit
ribosomal DNA (LSU rDNA) and paralytic shellfish toxin (PST) analyses for 66
unique clones of A. catenella isolated between June 2004 and June 2005 from 6
different locations spanning the California coast (Table 1). All cultures were
established by picking single vegetative cells from surface water samples using a
micro-pipette and incubating them in sterile seawater enriched with f/2 medium
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(Guillard 1975). The cultures were all non-axenic and maintained long-term in
plastic tissue culture flasks under constant growth conditions (15°C, 12:12 light:dark
cycle). Neither the preliminary LSU rDNA sequences nor the toxicity data presented
here reveal any clear trends among A. catenella isolates from different regions.
Although no differences were observed using the methods briefly detailed below,
these data provide a useful framework on which to build future studies investigating
the biology, ecology, and/or toxicology of A. catenella in California.

LSU rDNA sequences

In preparation for sequencing, 5 ml of each culture was harvested in mid
exponential growth and pelleted by gentle centrifugation. Total DNA was extracted
using a commercially available extraction kit (DNeasy Plant Mini Kit, Qiagen),
following the manufacturer’s protocol. The targeted fragment of the LSU rDNA (ca.
900 bp) was amplified by PCR using D1R and DC3a primers (Scholin et al. 1994). A
50 !l PCR cocktail was prepared using Platinum Taq DNA Polymerase (Invitrogen)
and, based on the manufacturers recommendation, consisted of the following: 5 !l of
10X manufacturers PCR Buffer, 1.5 !l of 50 mM MgCl2, 1 !l of 10 mM nucleotide
(dNTP) mixture, 5 !l of each primer (10 !M), 0.2 !l of Platinum Taq DNA
Polymerase, 3 !l of template DNA and then adjusted to 50 !l using autoclaved,
distilled water. Thermocycling conditions were 1 cycle at 94°C for 2 min, 35 cycles
of 1 min at 94°C, 1 min at 45°C, 1 min at 72°C, followed by 1 cycle at 72°C for 10
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min. Amplification products were visualized using 1.5% agarose gels stained with
ethidium bromide under ultraviolet light, then isolated and purified using QIAquick
PCR purification kit (Qiagen). Purified PCR products were cloned into pGEM-T
vector systems (Promega Corp.), which were then extracted and purified using a
QIAprep miniprep system (Qiagen) according to manufacturer protocols. Clones
were sequenced only in the forward direction (ca. 700 bp) using a BigDye Terminator
V3.1 cycle sequencing kit (Applied Biosystems Inc.). Sequencing reactions were run
on an ABI 3100 DNA analyzer. All sequences were examined visually and basecalling errors corrected manually.
Though attempts were made to sequence all A. catenella isolates, only 22
successful forward sequences were obtained (identified in Table 1). Using ClustalV
software, the successful sequences were aligned to the single available sequence of A.
catenella isolated in California (GenBank accession number: AF200667). Alignment
conflicts were resolved by manual inspection. All 22 LSU rDNA sequences were
virtually identical to A. catenella AF200667 and fit the typical “ western North
American” ribotype (Scholin 1994).

Toxin analyses

Paralytic shellfish toxin (PST) profiles and the specific toxicities of A.
catenella isolates were determined for a subset of cultures by high performance liquid
chromatography (HPLC) and/or receptor-binding assay (RBA). Cells were harvested
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during early to mid exponential growth by gentle filtration onto GF/C filters (HPLC)
or onto 0.45 !m nitrocellulose filters (RBA) and frozen at -20°C until further
processing. PSTs were extracted from cells by sonication in either 1.0 ml of 0.5 M
acetic acid for HPLC or 3.0 ml of 0.1 M acetic acid for RBA. Details of the toxin
analysis are given in chapters 2 and 3 for HPLC and RBA, respectively. The specific
toxicities, determined by the both methods, are compared in Table 1 and the PST
profiles are given in Table 2.
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Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

6/15/04

Monterey Bay, Santa Cruz wharf

6/15/04

6/15/04

Monterey Bay, Santa Cruz wharf

6/15/04

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

6/15/04

6/15/04

Monterey Bay, Santa Cruz wharf

6/25/04

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

6/25/04

6/15/04

Monterey Bay, Santa Cruz wharf

6/25/04

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

6/25/04

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

6/25/04

6/15/04

Monterey Bay, Santa Cruz wharf

6/25/04

6/15/04

Monterey Bay, Santa Cruz wharf

Location

6/15/04

Date
isolated

AL24

AL23

AL22

AL21

AL20

AL19

AL18

AL17

AL16

AL15

AL14

AL13

AL12

AL11

AL10

AL08

Culture
ID

x

x

x

x

x

x

x

x

Sequenced

6.4

30.2

8.9

0.6

1.4

1.4

2.7

0.6

1.4

7.3b

6.3b

4.6

41.3

4.2

positive

4.5 ± 0.3

11.7 ± 3.8

31.3 ± 12.3

4.7 ± 0.7

positivea
a

HPLC toxicity
(pg STXeq
cell-1)

RBA toxicity
(pg STXeq
cell-1)

64.0 ± 4.6

42.4 ± 11.2

107.4 ± 43.2

58.9 ± 6.3

Total PST
content
(fmol cell-1)

Table 1: Isolation date and location of A. catenella clones, which clones were sequenced and toxin results. The total PST content is the sum
of concentrations for all PST analogues present in an isolate. Concentrations for samples analyzed in triplicate are presented as mean ± s.d.
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Humboldt Bay, south jetty

Humboldt Bay, south jetty

Humboldt Bay, south jetty

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

Humboldt Bay, Del Norte pier

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

Location

7/4/04

Date
isolated

Table 1 continued

AL47

AL45

AL44

AL43

AL42

AL41

AL40

AL39

AL38

AL37

AL36

AL35

AL34

AL33

AL31

AL28

AL27

AL26

Culture
ID

x

x

x

x

x

x

x

x

x

Sequenced

1.9

40

8.3

5.6

10 0

30

3.3

4.7

6.2

7.2

2.6

1.6

3.4

5.2

2.2

3.9

1.6

4.3

RBA toxicity
(pg STXeq
cell-1)

8.9 ± 1.5

19.1 ± 0.9

11.2 ± 7.7

7.5 ± 1.2

HPLC toxicity
(pg STXeq
cell-1)

29.9 ± 5.0

64.8 ± 2.9

37.9 ± 26.2

25.4 ± 4.1

Total PST
content
(fmol cell-1)
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San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

San Mateo County coast, Pacifica Pier

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

7/4/04

Morro Bay, Coast Guard pier

San Mateo County coast, Pacifica Pier

7/4/04

7/18/04

San Mateo County coast, Pacifica Pier

7/4/04

Morro Bay, Coast Guard pier

San Mateo County coast, Pacifica Pier

7/4/04

7/18/04

San Mateo County coast, Pacifica Pier

7/4/04

Morro Bay, Coast Guard pier

San Mateo County coast, Pacifica Pier

7/4/04

7/18/04

San Mateo County coast, Pacifica Pier

7/4/04

Morro Bay, Coast Guard pier

San Mateo County coast, Pacifica Pier

7/4/04

7/18/04

San Mateo County coast, Pacifica Pier

Location

7/4/04

Date
isolated

Table 1 continued

AL78

AL77

AL71

AL66

AL65

AL64

AL63

AL62

AL61

AL60

AL59

AL58

AL57

AL56

AL54

AL53

AL52

AL51

AL49

AL48

Culture
ID

x

x

x

x

x

Seq uenced

16.6

4.8

1.4

2.0

7.9b

11.1

4.9

3.6

4.8

5.4

2.1

6.7

2.6

6.6

2.5

3.8

7.9b, c

8.9b

2.9

26.3b, c

RBA toxicity
(pg STXeq
cell-1)
62.6 ± 8.3

HPLC toxicity
(pg STXeq
cell-1)

210.8 ± 28.1

Total PST
content
(fmol cell-1)
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AL89
AL91

11/11/04 Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

Monterey Bay, Santa Cruz wharf

Monterey Bay, offshore (M1)

Monterey Bay, offshore (M1)

Monterey Bay, offshore (M1)

Monterey Bay, offshore (M1)

2/1/05

2/1/05

2/1/05

2/1/05

6/29/05

6/29/05

6/29/05

6/29/05

AL99

AL98

AL97

AL96

AL95

AL93

Seq uenced

RBA toxicity
(pg STXeq
cell-1)

Low estimate of toxicity (sample needed to be diluted and reanalyzed)

AL48 = 51 pg STXeq cell-1 and AL52 = 58 pgSTXeq cell-1

RBA toxicity was also determined by California Department of Public Health:

c

b

Toxin was detected but cell counts were not available to calculate cellular toxicity

a

AL88

11/11/04 Monterey Bay, Santa Cruz wharf

AL92

AL87

11/11/04 Monterey Bay, Santa Cruz wharf

Culture
ID
AL86

Location

11/11/04 Monterey Bay, Santa Cruz wharf

Date
isolated

Table 1 continued

15

15.5 ± 3.8

HPLC toxicity
(pg STXeq
cell-1)

131.9

82.1 ± 18.9

Total PST
content
(fmol cell-1)
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2.7±4.6

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

AL08

AL10

AL11

AL16

AL26

AL27

AL31

AL33

AL48

AL91

AL96

GTX 4

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

GTX 1

n.d.

0.5±0.9

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

dcGTX 3

88.5

33.0±9.5

n.d.

n.d.

n.d.

n.d.

n.d.

52.7±5.0

2.9±5.0

1.8±1.9

46.6±6.3

GTX 5

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.3±0.2

n.d.

0.3±0.2

0.1±0.1

dcGTX 2

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.1±0.1

n.d.

0.2±0.2

0.3±0.1

GTX 3

n.d.

0.0±0.1

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.1±0.2

GTX 2

6.9

5.1±1.9

96.5±13.6

8.5±2.3

39.2±1.0

24.3±18.1

15.0±2.6

4.7±0.7

23.0±7.2

48.9±18.8

2.4±2.1

neoSTX

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.3±0.4

0.4±0.7

n.d.

n.d.

dcSTX

36.6

43.4±10.1

114.3±15.2

21.4±3.6

25.6±2.1

13.6±8.2

10.4±1.5

5.9±0.8

16.1±6.1

56.3±22.2

6.7±0.9

STX

Table 2: PST profiles for a subset of A. catenella isolates. Values are concentrations (mean ± s.d.) of individual PST analogues given in
femtomoles per cell (fmol cell-1), n.d. = not detected.
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