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Abstract The softshell clam, Mya arenaria, is a com-
mercially important bivalve with wide latitudinal distri-
bution in North America. Populations of clams with a
history of repeated exposure to toxic Alexandrium spp.
have developed a natural resistance to the paralytic
shellWsh toxins (PSTs) produced by these algae. An
association between PST resistance in individual clams
and a single mutation in the saxitoxin (STX) binding
region of the �-subunit of the voltage-gated sodium
(Na+) channel gene was previously identiWed. Here we
establish that more than one mutation associated with
nerve resistance to STX occurred at this locus. Both
cDNA from mRNA and genomic DNA sequences
from individual clams are identical demonstrating that
both alleles are expressed simultaneously. In addition,
one resistant allele per individual is suYcient to confer
neural resistance to STX even though heterozygous
individuals show an intermediate level of resistance to
STX in in vitro nerve trunk assays.

Introduction

Paralytic shellWsh poisoning (PSP) results from the
ingestion of toxic shellWsh by humans. Bivalve mol-
luscs, the main vectors of paralytic shellWsh toxins
(PSTs), acquire their toxicity by suspension-feeding on
toxigenic dinoXagellates (Alexandrium spp. in North
America). These toxins and the resulting PSP consti-
tute a public health hazard and cause severe economic
losses on both coasts of North America. PSP is also a
global problem and the historical record indicates that
its occurrence is expanding geographically (HallegraeV
1993). Paralytic shellWsh toxins are composed of more
than 20 derivatives that diVer in their potency and pro-
portion among strains of Alexandrium spp. and shell-
Wsh tissues, including saxitoxin (STX), the most potent
derivative (Anderson et al. 1994). These toxins act on
the voltage-gated Na+ channels of nerve and muscle
cells by altering the channel’s ability to control the pas-
sage of Na+ ions into the cell (Catterall 1992).

The softshell clam, Mya arenaria, is a bivalve species
native to the Atlantic coast of North America, where it
can form dense, commercially exploitable populations.
Softshell clams have been shown to diVer in their behav-
ioral and physiological responses to toxic Alexandrium
cells under laboratory conditions depending on their
prior history of PST exposure in the Weld (MacQuarrie
2002; Bricelj et al. 2005). Thus, most clams from a popu-
lation with no known history of PSP (Lawrencetown
River estuary, Nova Scotia) showed reduced feeding
rates on toxic cells, reduced toxin accumulation rates,
lower survival and greater in vitro nerve sensitivity to
STX compared to clams from a population that experi-
ences recurrent PSP outbreaks (Lepreau Basin, Bay of
Fundy) (MacQuarrie 2002; Bricelj et al. 2005).
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Large scale latitudinal characterization of the resis-
tance to PSTs of North American M. arenaria popula-
tions was provided by Bricelj et al. (2004) using a
burrowing index, based on the observation that sensitive
clams experience burrowing incapacitation following
short-term exposure to toxic Alexandrium cells. This
study correlated the resistance of softshell clam popula-
tions with the history of PSP outbreaks along the Atlan-
tic coast, and showed that there was generally good
agreement between the determination of resistance using
the burrowing assay and that by the in vitro nerve assay.

A natural mutation responsible for conferring resis-
tance to STX in individual M. arenaria was identiWed as a
single amino acid change in the domain II (DII) pore
region of the �-subunit of the voltage-gated Na+ channel
(Bricelj et al. 2005). The mutation identiWed a transver-
sion of an adenine (A) to a cytosine (C) resulting in an
amino acid change at a position equivalent to E945 in rat
(Goldin et al. 2000) from a glutamic acid (E) to an aspar-
tic acid (D). This change causes a 1,000-fold decrease in
aYnity at the STX-binding site in the Na+ channel pore
of resistant, but not sensitive, clams. Thus, a seemingly
conservative point mutation leading to the change of a
single amino acid was found to result in a dramatic
decrease in the binding of STX and tetrodotoxin (TTX)
to the Na+ channel. In the present study, we investigate
the sequence of the pore region in DII of the Na+ chan-
nel from 39 individual clams originating from selected
populations along both coasts of North America. These
populations were previously characterized as being pre-
dominantly composed of resistant or sensitive individuals
based on their burrowing behavior (Bricelj et al. 2004).
However, because there were occasional discrepancies
between the burrowing and the in vitro nerve trunk
assays, it became important to conWrm the nerve
response from each individual used for gene sequence
analysis in the present study. We therefore report the
proportion of resistant and sensitive clams within each of
the clam populations, as determined by the in vitro nerve
assay. A 100% correlation was found in the paired data
of the in vitro nerve trunk assay response and the geno-
type from the same individual clam, regardless of the
source population. The DNA sequence data can be used
to predict potential toxin load of an individual clam after
a highly toxic Alexandrium spp. bloom.

Materials and methods

Source of clams

Mya arenaria were collected at coastal sites in Canada
and the USA. Populations were selected based on their

history of exposure to PSP in the natural environment
and on previously characterized burrowing behavior
upon laboratory exposure to toxic Alexandrium cells
(Bricelj et al. 2004). These sites are identiWed as fol-
lows: Lawrencetown Estuary, Nova Scotia (LE); Lep-
reau Basin, Bay of Fundy, New Brunswick (BF);
Havre-Aubert, Îles des Madeleine, Québec (HA);
Essex, Massachusetts (EX); Orleans, Massachusetts
(OR); Quartermaster Harbor, Washington (QMH),
and Lummi Bay, oV Bellingham, Washington (BEL)
(Fig. 1). All clams were collected at a time of year
when they contained no detectable PSTs in tissues, as
veriWed by reverse phase high-performance liquid
chromatography with Xuorescence detection (HPLC-
FD) using methods described by Oshima (1995) with
minor modiWcations (MacQuarrie 2002). Following
collection and transport, and prior to their use in nerve
assays, clams were maintained for a minimum of
2 weeks in a recirculating, temperature controlled sea-
water system with the addition of non-toxic algae at the
Marine Research Station of the Institute for Marine
Biosciences of the National Research Council of Can-
ada (IMB/NRC). NRC complies with regulations from
the Canadian Council of Animal Care (CCAC).

Neurophysiology

Individual M. arenaria of shell length (SL) 38–72 mm
were dissected [for details of the species’ anatomy, see
Fig. 22 (Vles 1909)]. The cerebrovisceral connective
(CVC) was isolated posterior to the cerebral ganglion,
and anterior to the visceral ganglion. Silk suture
threads were tied at each end and the CVC removed to
a dish of cold, aerated physiological saline solution
(PSS) containing (in mM) 428 NaCl, 10 KCl, 20
MgCl2·6H20, 10 CaCl2·H20, buVered to pH 7.4 with
50 mM Tris–HCl. Air was bubbled through the stock
solution, which was held on ice. The CVC is a major
nerve trunk, devoid of ganglion cells and synapses. In
the specimens used, the dissected CVC was 1.3–2.0 cm
long, 0.2 mm in diameter, and »0.3 mg in wet weight.
The connective can be used immediately or stored in
PSS, in a covered Petri dish, at 4°C, overnight or longer
before testing.

Stock standard solutions of STX »3.48 mM in 0.1 M
acetic acid (HAc) were obtained from M. Quilliam,
IMB/NRC, who determined the concentration of free
base in the stock solutions by HPLC against a CertiWed
Reference Materials Program (CRMP) standard.
These solutions are stable for months at refrigerator
temperature. For tests, the stock was diluted in PSS to
achieve the appropriate STX concentrations. At STX
concentrations of 10¡4 g ml¡1 (334 �M), the HAc
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concentration was 0.01 M and the pH 5.63. Diluting
HAc alone in PSS to pH 5.6 did not block nerve con-
duction but further acidiWcation caused partial and
eventually complete block (reversible). Tests reported
here were at STX concentrations ·334 �M except for
two tests, where the acid was neutralized and higher
STX concentrations were tested (up to 668 �M).

The plexiglas (lucite) nerve chamber used for the
nerve assay was divided into three parts: a middle (test)
chamber 0.25 ml in volume (length, L = 2 mm; width,
W = 20 mm; depth, D = 6.25 mm) and two end chambers
of 1.0 ml volume (L = 10 mm; W = 20 mm; D = 5 mm
each), one for stimulating the CVC and the other for
recording of the response (for detailed examples of the
response recording, see Twarog and Yamaguchi 1974).
The CVC was draped over the dividing bridges so that it
lay in all three chambers. Between the end and middle
chambers, thin columns of Vaseline were laid down
using a hypodermic syringe and #22 needle. The CVC
was embedded in this water repellent, electrically insu-
lating material, thus ensuring that test Xuid in the middle
chamber did not leak to the end chambers and that these
were electrically isolated from one another. The ends of
the CVC were drawn into snug-Wtting suction elec-
trodes. The middle chamber was grounded. The stimu-
lating electrode led to a Grass SIU and thence to an
Grass S48 stimulator. The recording electrode led to a
Grass P3 ampliWer and a cathode ray oscilloscope. In six
subsequent experiments (HA population) the oscillo-
scope was replaced with a computerized recording
system, a Grass PolyVIEW (ver. 2.5) data acquisition
system, that allowed continuous recording of the
response over the duration of the test.

The CVC was mounted in the chamber, in aerated
PSS at 15°C with the cerebral end pulled into the
stimulating electrode and the visceral end in the
recording electrode. Square wave pulses (5 ms dura-
tion, 0.5 pulse s¡1) were applied at increasing voltages
from 0.1 to 10 V until the response was maximal. Fol-
lowing recording of the response, stimulation was shut
oV, to be resumed at 20 min intervals until the recorded
responses were stable. This sometimes required 1–2 h,
during which time the CVC was washed at intervals by
emptying the chambers and reWlling with fresh PSS.

A control response was recorded and immediately
thereafter the PSS in the test chamber was replaced
with STX in concentrations increasing sequentially
from 17 to 334 �M (10¡6 to 10¡4 g ml¡1). If the
response was 100% blocked, the STX was immediately
washed oV. Otherwise, the response was recorded at 3
and 5 min. The test and end chambers were washed at
least twice with fresh PSS and recovery monitored for
at least 3 min before shutting oV stimulation. Recovery
was complete within »5 to 15 min, even following full
block. After 20 min another control response was
recorded. Tests continued until the concentration was
determined at which 100% block occurred, or when
the STX concentration reached 334 �M (10¡4 g ml¡1).
In the rare case of failure to recover the experiment
was discarded.

Sequencing of the M. arenaria Na+ channel

The cerebral and visceral ganglia were dissected from
M. arenaria and stored as described by Bricelj et al.
(2005). Tissues from each individual M. arenaria were

Fig. 1 Map showing Mya are-
naria collection sites on the 
PaciWc (left panel) and Atlan-
tic (right panel) coast of North 
America in relation to their 
history of paralytic shellWsh 
poisoning (PSP). Pie charts 
show the proportion of indi-
vidual clams that are sensitive 
(Wlled) or resistant (open) to 
PSP toxins based on results 
from the in vitro nerve assay 
(see Materials and Methods)
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homogenized in a micro tissue grinder containing
800 �l Trizol reagent (Invitrogen, Carlsbad, CA, USA)
and 200 �g linear acrylamide (Ambion, Austin, TX
USA). Both DNA and RNA were extracted following
the manufacturer’s instructions for small samples. The
RNA pellet was washed with 70% ethanol, air-dried
and resolubilized in 30 �l RNAsecure® (Ambion),
heated to 60°C for 10 min, then stored at ¡80°C. The
DNA pellet was washed in 70% ethanol, air dried,
resuspended in sterile distilled water and stored at
¡20°C.

To insure that the resultant cDNA from mRNA
sequence truly represents only expressed genes
(mRNA) it is important to remove all genomic DNA
from the RNA prior to Wrst strand synthesis. DNA was
removed from the RNA using DNAse I from bovine
pancreas (Molecular Probes) following the manufac-
turer’s instructions. DNAse was inactivated prior to
Wrst strand synthesis by heating for 10 min at 75°C.
First strand cDNA was produced from isolated DNA-
ase treated RNA using SuperScript II reverse trans-
criptase (Invitrogen) and random hexamer primers
following the manufacturer’s instructions. To remove
the RNA template, 1 �l RNAse H (Invitrogen) was
added to each 20 �l reverse transcriptase reaction and
incubated for 20 min at 37°C after Wrst strand synthesis
was complete. A set of controls that did not contain
reverse transcriptase during Wrst strand synthesis was
carried out on DNA-free RNA to insure that there was
no carry over genomic DNA contamination. The resul-
tant cDNA was stored at ¡20°C.

Mya arenaria speciWc DII �-subunit Na+ channel
fragments were generated from both cDNA and
mRNA and genomic DNA extracted from each of the
36 individual M. arenaria. PCR ampliWcation using
M. arenaria speciWc primers oBTG-099F (5� TTC GGG
GAT GAT ATT CCA AG 3�) and oBTG-100R (5�

CCA CCA GAT TTC CTA TAA AG 3�) resulted in a
172 bp amplicon. The PCR reactions were carried out
in 50 �l volumes with PfuUltraTM hotstart PCR master
mix (Stratagene, La Jolla CA, USA) in a PTC-100
thermalcycler (MJ Research) with the following pro-
gram: 94°C for 5 min; 35 cycles of (94°C for 30 s, 50°C
for 30 s and 72°C for 1 min); ending with an extension
at 72°C for 10 min. DNA from PCR reactions was
immediately isolated by separation on a 1.8% NuSieve
GTG low-melt agarose gel (Cambrex Bio Science
Rockland, Rockland, ME, USA) in 1£ TAE buVer
(40 mM Tris–acetate, 1 mM EDTA) with ethidium
bromide/UV visualization, and the DNA was excised.
The DNA was then extracted from the agarose using a
Qiagen MinElute kit (Qiagen, Valencia, CA, USA)
following the manufacturer’s directions. The quantity

of PCR amplicon recovered was determined with a
PicoFluor hand held Xuorometer (Turner Designs,
Sunnyvale, CA USA) using Pico Green (Molecular
Probes) Xuorescent chemistry reagents according to
the manufacturer’s directions.

The puriWed amplicon was used as a double-
stranded sequencing template with oBTG-099F and
oBTG-100R primers in sequencing reactions. Both
strands were individually sequenced using Big Dye
Terminator Cycle Sequencing in an ABI 377 autosequ-
encer (Applied BioSystems, Foster City, CA, USA).
Alignment of DNA sequences was accomplished using
the software program Sequencer, Mac version 4.1
(Gene Codes Corp., Ann Arbor, MI, USA). The pre-
dicted amino acid sequence of M. arenaria was aligned
using Clustal W (Thompson et al. 1994). Mutations
(both homozygous and heterozygous) were identiWed
as single nucleotide polymorphisms (SNPs) using the
program Sequencher and conWrmed with the web-base
program SeqDoC (Crowe 2005).

Results

The nerve response

With extracellular recording, the nerve response is a
compound action potential, made up of many superim-
posed action potentials from hundreds of individual
axons in the nerve trunk, each conducting at a unique
rate and contributing diVerently to the total voltage
(Twarog et al. 1972; Twarog and Yamaguchi 1974).
The “shape” and latency of the compound action
potential are good indices of the number and kind of
nerve Wbers Wring. The amplitude of any one peak does
not indicate the total number of responding nerve
Wbers, thus, unlike microelectrode recording, it is not a
direct measure of block. Partial block involves changes
in shape and latency and overall amplitude decreases
as some, but not all, Wbers are blocked (Twarog and
Yamaguchi 1974). Latency increases because the large,
fast nerve Wbers are most sensitive; they block at lower
STX concentrations than the smaller slow Wbers. At
100% block of all Wbers, the action potential is abol-
ished. Twarog and Yamaguchi (1974) show partial and
full block of compound action potentials in bivalve spe-
cies including M. arenaria. Bivalve species diVer by up
to four orders of magnitude in nerve sensitivity to STX.
In the assays reported in the present study, clams
which displayed full block of the CVC action potential
at ·33 �M (·10¡5g ml¡1) were ranked as sensitive (S),
while those which required ¸334 �M for full block
were considered resistant (R) (Table 1).
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Results from the in vitro nerve trunk assay show
that three out of the seven populations tested were pre-
dominantly composed of clams with nerves resistant to
STX (Fig. 1): Lepreau Basin, NB (91% resistant,
n = 11); Essex, MA (75% resistant, n = 12); and
Orleans, MA (83% resistant, n = 12). The other four
populations tested were dominated by sensitive indi-
viduals: Havre-Aubert, QC (100% sensitive, n = 6);
Lawrencetown, NS (69% sensitive, n = 13); Lummi
Bay, Bellingham, WA (92% sensitive, n = 12; and
Quartermaster Hbr., WA (92% sensitive, n = 12). Both
resistant and sensitive clams from each of the popula-
tions were selected for molecular analysis, and detailed
nerve assay results for those individuals are included in
Table 1. On the Atlantic coast predominantly resistant
populations occurred at the three sites which also had a
documented history of exposure to toxic blooms, pro-
viding good agreement between the history of PSP and
nerve resistance to STX. However, on the PaciWc coast
both sites were predominantly comprised of sensitive
clams despite their documented [but more recent (see
Discussion)] exposure to PSTs, in overall agreement
with results obtained using the burrowing index (Bri-
celj et al. 2004).

Multiple variations at the 945 mutation site

Comparison of genomic DNA and cDNA from mRNA
sequences of the Na+ channel DII pore region from
M. arenaria revealed that each individual had identical
chromatograph patterns of their cDNA from mRNA
compared with their genomic DNA (an example of
two individuals is shown in Table 2) and the genotype
correlated with observed nerve trunk assay results
(Table 1). Chromatogram peaks at the position of the
SNP (mutation) for nucleotides (A, C or thymidine, T)
were approximately equal height in heterozygous
clams for both cDNA from mRNA and genomic DNA
sequences. All individuals scored as sensitive (n = 19)
in the nerve trunk assay carried only the wild type
(WT) sequence of A (Table 1).

Alignment of individuals scored as resistant (n = 20)
in the nerve trunk assay revealed four diVerent geno-
types (Table 1). The Wrst genotype was comprised of
homozygous individuals (n = 7) carrying the previously
reported mutation of an A to a C in the third codon
position, resulting in an amino acid substitution of
glutamic acid (E), at position equivalent to 945 in rat,
to aspartic acid (D) (Bricelj et al. 2005). The second

Table 1 Results from in vitro nerve assays testing increasing concentrations of saxitoxin (STX) on individual Mya arenaria from diVer-
ent source populations: HA Havre-Aubert, Québec; LE Lawrencetown estuary, Nova Scotia; BF Lepreau Basin, Bay of Fundy; QMH
Quartermaster Harbor, Washington; EX Essex, Massachusetts; OR Orleans, Cape Cod, Massachusetts; BEL Bellingham (Lummi Bay),
Washington (see Fig. 1 for proportion of sensitive and resistant clams at each site)

(+) Partial block of action potential, + full block, 0 no block, ND not determined. Sensitive (S) phenotype was determined based on full
nerve block at ·33 �M (10¡5 g ml¡1 ) STX concentration; resistant (R) phenotype was determined if full nerve block required a STX
concentration ̧ 334 �M (10¡4 g ml¡1 ). The genotype at position 945 DII Na+  channel for each individual clam, nucleotide (A adenine
as the wild type genotype, C cytosine, T thymidine) and predicted, encoded amino acid (E glutamic acid, D aspartic acid), are shown

Individual Mya arenaria STX concentration (�M) Genotype

17 33 334 Phenotype Nucleotide Amino acid

HA 1, 2, 3, 4, 5, and 6 (+) + S A/A E/E
LE 22, 24, and 29 (+) + S A/A E/E
LE 36 ND + S A/A E/E
BF 31 0 + S A/A E/E
QMH 10 and 12 (+) + S A/A E/E
EX 7 (+) + S A/A E/E
EX 1 0 + S A/A E/E
OR 6 (+) + S A/A E/E
OR 8 0 + S A/A E/E
BEL 2 and 3 (+) + S A/A E/E
BF 27 and 33 0 (+) R C/C D/D
BF 28 0 0 R C/C D/D
EX 3 and 6 ND 0 R C/C D/D
EX 9 ND (+) R C/C D/D
OR 7 ND 0 R C/C D/D
EX 2, 4, 10 and 12 ND 0 R C/T D/D
BF 32 0 (+) R C/A D/E
EX 5 and 11 ND (+) R C/A D/E
OR 5 ND (+) R C/A D/E
LE 103, 105 and 107 0 + R T/A D/E
QMH 11 0 + R T/A D/E
BEL 1 ND (+) R T/A D/E
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genotype (n = 4 clams from Essex) revealed one allele
with the A to C mutation and a second allele with an A
to T mutation. All eleven of these clams were homozy-
gous for the D/D predicted amino acid. Clams with the
third genotype (n = 4) carried heterozygous alleles, one
the wild type A and the other a C resulting in a pre-
dicted heterozygous amino acid alleles of D/E. The
nucleotide substitution of a T was found in the fourth
genotype (n = 5) resulting in the same amino acid sub-
stitution of E945 to D945, with heterozygous amino
acid alleles of D/E.

The populations of clams used in this study were
dominated by one phenotype (resistant, R or sensitive,
S) as determined by the nerve trunk in vitro assay
(Fig. 1) yet most locations had individual clams with
the alternate phenotype. Therefore, it is likely that
some individual clams may have inherited alleles asso-
ciated with each of the two phenotypes. Additionally,
many of the M. arenaria individuals that scored as
resistant in the nerve assay were heterozygous at this
locus: of the 20 resistant individuals tested, 13 had
mixed alleles (Table 1).

An intermediate level of resistance was determined
for individuals with mixed alleles leading to D/E
(Table 1). Of the eleven clams homozygous for the
D/D Na+ channel protein rated as resistant, eight did
not block at 334 �M (10¡4g ml¡1) STX whereas three
displayed a partial block at this STX concentration.
Among the nine heterozygous individuals with the
mixed (D/E) Na+ channel proteins, all showed partial
or full block at 334 �M STX. The three resistant indi-
viduals from LE (T/A, D/E genotype) showed full
block at only 167 �M (results not shown), again sup-
porting intermediate resistance for heterozygotes.

Discussion

Spontaneous mutations and rearrangements of chro-
mosomes are subcellular mechanisms that act to drive

evolution. Although numerous models have been pro-
posed for mutagenic processes, the factors that drive
spontaneous mutations are unknown (for review see
Maki 2002). Of the three primary types of spontaneous
mutations, base substitutions, single base frame-shift
and sequence substitutions, the former are likely the
most common (Maki 2002). Not all nucleotides are
equally mutable and it has been well established that
the rate of substitutions also varies across sites (Yang
1996). Transitions from C to T occur in elevated fre-
quency (Coulondre et al. 1978) and because transver-
sions are less likely to spontaneously occur than
transitions, it is possible that the two mutational events
found in this study did not both involve the base A (e.g.
A to C and A to T). The Wrst event may have been a
transversion of A to C and then a second transition
event of C to T occurred. Support for this hypothesis is
found by examination of populations with mixed alle-
les. There are four individuals with resistant phenotype
in the EX population that have both C and T, two with
A and C mutations, three with only C and none with A
and T or with A and G, suggesting a sequence of muta-
tional events rather than two separate transversion
events. The two individuals with the resistant pheno-
type from the west coast (QMH 11 and BEL 1) both
carry the mixed allele genotype. This small sample size
is insuYcient to draw conclusions about the potential
temporal sequence of mutational events. In this case,
there may have been only one A to T transversion
event or the mutation was already in the population
when it was imported.

Clams from the LE population with no history of
PSP that displayed the rare, resistant phenotype (n = 3)
had the T allele rather the C allele characteristic of the
closest population with a recurrent history of PSP (Bay
of Fundy). This, and the prevailing southwestward pat-
tern of non-tidal surface circulation along the south
shore of Nova Scotia (Anderson et al. 1994) suggest
that gene Xow from the LE to the BF populations is
unlikely, and that more than one independent resistant
mutation may have occurred in these populations.
However, limited sampling size does not allow us to
rule out the possibility of gene Xow between these pop-
ulations at the present time.

In most organisms with natural TTX or STX resis-
tant Na+ channels, such as the puVer Wsh (Takifugu
spp.), rat and human cardiac tissues, and the fruit Xy
(Drosophila melanogaster) containing the para muta-
tion (Catterall 2000; Denac et al. 2000; Anderson et al.
2005b), mutations or variations have been reported in
either the Wrst or third domain (DI or DIII) of the
outer pore region. Mutations generated in vitro devel-
oped for mapping STX and TTX binding sites have

Table 2 Example of nucleotide sequence for the �-subunit Na+

channel Domain II in individual clams, Mya arenaria, with resis-
tant (R) and sensitive (S) phenotypes [Essex (EX) 9 and EX 1,
respectively] with site of the mutation associated with resistance
to saxitoxin underlined

The predicted amino acids are shown below each nucleotide set

I isolucine, D aspartic acid, E glutamic acid, S serine

EX 9 DNA (R) ATA GAC TCC 
EX 9 cDNA (R) ATA GAC TCC 
Translation (R) I D S
EX 1 cDNA (S) ATA GAA TCC
EX 1 DNA (S) ATA GAA TCC
Translation (S) I E S
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also identiWed amino acids primarily in DI and DII
(Anderson 1987; Noda et al. 1989; Backx et al. 1992;
Satin et al. 1992). In populations of the garter snake
(Thamnophis sirtalis) Na+ channel mutations in the
domain IV outer pore of skeletal muscle were found to
be responsible for TTX resistance (GeVeney et al.
2005). No natural mutations have been reported for
DII associated with STX or TTX binding other than
that for M. arenaria (Bricelj et al. 2005). However,
resistance to pyrethroid pesticides is also mediated
though the Na+ channel and multiple sites associated
with resistance have been identiWed (Soderlund and
Knipple 2003). These pesticides primarily aVect the
Na+ channel by increasing Na+ ion permeability and
thus exhausting the nervous system, leading to death of
the organism (Narahashi 1992). Most of the mutations
identiWed to date associated with pyrethroid resistance
are in the DII region of the Na+ channel gene (Soderl-
und and Knipple 2003). The site for a mutation associ-
ated with pyrethroid resistance in the cattle tick
(Boophilus microplus) (He et al. 1999) and the malaria
vector mosquito (Anopheles gambiae) (Martinez-Tor-
res et al. 1998) is the same amino acid as the mutation
found in M. arenaria (Bricelj et al. 2005). At this site in
all other organisms where the Na+ channel has been
sequenced, the WT amino acid E is found. Both of the
mutations conferring pyrethroid resistance are a substi-
tution of the WT amino acid E for the uncharged polar
amino acid glutamine (Q). Pyrethroid pesticides have
been widely used since the 1970s because it was
believed that they speciWcally target insects (Class
Insecta) and cattle ticks (Class Arachnida), not other
taxa. More recently a single point mutation was found
in the crustacean Lepeophtheirus salmonis (sea louse)
in a DII trans-membrane region (Fallang et al. 2005),
just upstream from the DII Na+ channel pore where
the M. arenaria mutation associated with PSP resis-
tance was found. With reports of mutations in taxa
other than the original target organisms (ticks and
insects) questions have been raised about the safety of
these pesticides in the environment.

Regulation of Na+ channel genes has been well
studied in a number of systems and was found to be
simple in M. arenaria, compared with other taxa. Because
the cDNA, based on the expressed cellular RNA, and
the genomic DNA patterns are identical in each of the
clams in this study, the data reported in this study give
no support for gene regulation at the transcriptional
level in M. arenaria tissue, although this possibility can-
not be ruled out without further investigation. In other
systems Na+ channels comprise a multigene family, for
example in rats, humans and other vertebrates (Trim-
mer and Agnew 1989). These vertebrate Na+ channels

demonstrate tissue-speciWc expression, even within an
organ such as the heart (Kallen et al. 1990). Expression
of Na+ channel genes can also be regulated through
activity-dependent control as reported for Drosophila
motor neurons (Mee et al. 2004). RNA editing has
been demonstrated as a mechanism for increasing
diversity (and thereby potential resistance to toxins)
for some invertebrate Na+ channels, including those
from D. melanogaster (Hanrahan et al. 2000; Reenan
2001). In the present study, both alleles are co-
expressed but only one copy of the mutation is
required for the individual to show the PSP resistant
phenotype. However, a lower resistance may be associ-
ated with heterozygotes, as suggested by the intermedi-
ate level of nerve resistance to STX shown by
heterozygous individuals (Table 1). A larger sample
size, as well as nerve assays at additional STX concen-
trations, for heterozygous compared to homozygous
resistant individuals must be obtained in future studies
to further deWne an intermediate phenotype. Our
results to date suggest that the M. arenaria model
described here may represent one of the simplest forms
of Na+ channel resistance to STX, a point mutation.

It is likely that algal toxins in the environment were
instrumental in the evolution of Na+ channel genes
over a broad range of taxa as suggested by Anderson
et al. (2005b). This hypothesis is supported by a survey
of organisms that have STX or TTX insensitive Na+

channels, such as members of the phylum Cnidaria that
are sedentary and cannot leave waters when toxic algal
blooms occur (Anderson et al. 2005b). Within mol-
luscs, it is known that some bivalves species show
marked (greater than 1,000-fold) variation in their neu-
ral levels of sensitivity to STX and it was suggested that
some of these species may have developed resistance
to PSTs in areas where blooms are common (Twarog
et al. 1972; Twarog and Yamaguchi 1974). It is now
clear that algal toxins can act as a natural selection
agent and shape the genetic population structure of
M. arenaria, and may be involved in selection for PST
resistance in populations of other bivalve species.

Populations of organisms with diVerent genotypes
(or gene expression) exposed to diverse environmental
conditions are able to exploit changing conditions by
virtue of selective advantage (increased Wtness) and
potentially exploit marginally suitable habitats or
expand the range of the species overall. There are few
well-studied examples of genetic mutations or regula-
tion of genes known to be directly involved with adap-
tation to speciWc natural environmental stressor
gradients, such as temperature, salinity, or in this study
toxin levels. For example, the relationship between the
lactate dehydrogenase-B enzyme (Ldh-B) and water
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temperature gradients along Atlantic North America
was demonstrated in the killWsh, Fundulus heteroclitus
(Crawford and Powers 1992). Variants of the Ldh-B
gene are diVerentially expressed in killWsh populations
based on sequence changes in the transcriptional start
sites (Schulte et al. 2000). In mussels (Mytilus spp.)
aminopeptidase-1 enzyme polymorphisms (Lap locus)
were found to be associated with diVerential survival of
immigrants when transported into areas with diVering
salinities resulting in signiWcant mortality and higher
stress for those individuals carrying the Lap94 allele in
low salinity habitats (Koehn et al. 1980). The basis for
natural selection against the Lap94 allele was attrib-
uted to higher nitrogen excretion rates leading to
reduced growth in the fall (Hilbish and Koehn 1985).
These studies illustrate that there is segregation of pop-
ulations based on allelic frequencies of speciWc func-
tional genes in relation to speciWc environmental
stressors. Yet changing patterns of gene regulation do
not reveal the entire story and the simple mechanism
of gene mutation is once again being explored in links
between environmental stress and physiology, as with
the case of M. arenaria resistance to PSTs.

Genetic diversity of wild clam populations through-
out the western Atlantic has not been well studied.
However, wild populations of the hard clam, M. merce-
naria, from Massachusetts through Virginia, USA,
show remarkable genetic uniformity using seven poly-
morphic enzyme loci (Dillon and Manzi 1987) and a
study of M. arenaria populations throughout New
England found low diversity in the ribosomal internal
transcribed spacer (ITS) gene (Caporale et al. 1997).
These studies suggest that there is rapid gene Xow
among these clam populations, likely through trans-
port of planktonic larvae by currents. However, despite
this rapid gene Xow, the present study shows consider-
able diVerentiation in Atlantic M. arenaria populations
with respect to resistance to PSTs.

Selective pressures exerted on clam populations by
PSTs have not yet been speciWcally measured, but a
survey of Alexandrium spp. bloom history coupled
with the extent of PST exposure to various M. arenaria
populations may provide clues to the rate of expansion
of a STX resistant phenotype. On the Atlantic coast,
red tides of toxic Alexandrium spp. are well docu-
mented from the estuary of the Gulf of St. Lawrence,
Canada to southern New England, USA, with shellWsh
toxicity levels typically highest in northern waters
(Anderson 1997). Expansion of blooms from northern
to southern New England has been attributed to advec-
tion of cysts following storms in the Gulf of Maine dur-
ing September 1972 (Mulligan 1974; Anderson et al.
2005a). Both Alexandrium spp. and M. arenaria are

native throughout this region and M. arenaria has
coevolved with PSTs.

Mya arenaria is a non-native species on the west
coast where it was Wrst reported in San Francisco Bay,
California in 1874 (Shebley 1917). It may have been
incidentally introduced from the east coast of North
America with oysters (Crassostrea virginica) (Town-
send 1893), and starting in 1876 and 1882 was inten-
tionally planted in Grays Harbor, WA from the San
Francisco Bay population (Palacios et al. 2000). Pre-
sumably, the population expanded northward from
Grays Harbor into Puget Sound and the Strait of Geor-
gia. A large and unexplained die-oV of M. arenaria
between 1895 and 1897 left only remnant populations
throughout the area (Palacios et al. 2000). Although
the original source of the PaciWc M. arenaria popula-
tion is unknown, it is possible that some clams
imported into San Francisco Bay already carried the T
allele. Therefore, the evolution of resistance to PSP in
PaciWc M. arenaria populations is confounded by
uncertainties regarding historical introductions and is
more diYcult to trace than that of native Atlantic pop-
ulations.

Historically PSP closures in central Puget Sound
(QMH) were uncommon until relatively recently, i.e.
the 1970s (Trainer et al. 2003), even though there is
evidence of PSP events as early as 1793 on what is now
the coast of British Columbia (Vancouver and Brough-
ton 1802). This recent occurrence of PSP (and/or
reduced intensity of red tides) may explain the domi-
nance of sensitive clams in clam populations from the
two west coast sampling sites. Overall, all populations
of M. arenaria sampled in this study consisted of both
resistant and sensitive individuals, with the exception
of the HA, Québec population, which contained only
sensitive clams, although this may simply reXect the
small sample size used. Independent of where any indi-
vidual clam was collected, the nerve assay phenotype
and the genotype in this study matched.

During 2005, there were massive and economically
destructive blooms of toxigenic Alexandrium fundy-
ense in NW Atlantic USA that resulted in extensive
coastal clam bed closures as well as the closure of
40,000 km2 of oVshore federal waters (Anderson et al.
2005a). These blooms further extended the distribution
of PSP in southern New England (Anderson et al.
2005a). This raises the potential threat of future expan-
sion of PSP even farther southward to previously
unaVected waters, such as coastal waters of Rhode
Island, via germination and transport of cysts deposited
during the 2005 bloom. Geographic expansion of PSP
will provide additional opportunities to follow the prev-
alence and type of Na+ channel mutations responsible
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for development of toxin resistance in populations of
M. arenaria, and thus allow prediction of their capacity
for toxin accumulation.

Other questions remain to be answered about the
evolution of PST resistance in M. arenaria. The rate at
which toxic Alexandrium blooms can exert selective
pressure on M. arenaria populations, depending on the
timing and intensity of outbreaks, is not yet known.
The susceptibility to PST-induced mortalities is greater
in smaller softshell clams (»4 mm SL) than in larger
(35–42 mm) juveniles (Bricelj and MacQuarrie 2004).
Therefore, Alexandrium blooms will likely exert vari-
able selective pressure on diVerent life history stages.

Mutations that confer a selective advantage to an
organism under particular conditions may also have
adverse eVects. For example, garter snakes (T. sirtalis)
from TTX-resistant populations in western USA are
able to consume their dominant prey species, the
rough-skinned newt (Taricha granulosa) that accumu-
lates high TTX levels (GeVeney et al. 2002, 2005), but
have a slower crawling rate (Brodie and Brodie 1999)
making them more vulnerable to their own top preda-
tors. Is there a Wtness trade-oV that M. arenaria has
made to enable it to resist algal toxins? Currently it is
unclear how a geographic expansion of clams carrying
the resistant gene into new populations will aVect the
food web in general, and what the rate of selection for
resistance to PSTs is under varying bloom scenarios in
M. arenaria populations.
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