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ARTICLE INFO ABSTRACT

Azaspiracids, produced by some species of the dinoflagellate genera Azadinium and Amphidoma, can cause a
syndrome in humans called azaspiracid shellfish poisoning (AZP). In 1995, mussels from the Irish west coast
qPCR contaminated with azaspiracids were, for the first time, linked to this human illness that has symptoms of
AZA nausea, vomiting, severe diarrhea, and stomach cramps. The only confirmed cases of AZP to date in the United
AZP States occurred in Washington State in 2008 from mussels imported from Ireland. Shortly after this case, several
others involving similar gastrointestinal symptoms were reported by shellfish consumers from Washington State.
However, no detectable diarrhetic shellfish toxins or Vibrio contamination were found. Cursory analysis of Solid
Phase Adsorption Toxin Tracking (SPATT) samplers suggested the presence of azaspiracids in Washington State
waters and motivated a study to evaluate the presence and distribution of Azadinium species in the region.
During the spring and summer months of 2014-2015, quantitative polymerase chain reaction (QPCR) analyses
detected the presence of the toxigenic species Azadinium poporum and A. spinosum on the outer coast and
throughout the inland waters of Washington State. In 2016-2018, standard curves developed using A. poporum
isolated from Puget Sound and A. spinosum isolated from the North Sea were used to quantify abundances of up
t0 10,525 cells L™! of A. poporum and 156 cells L ™" of A. spinosum at shore-based sites. Abundances up to 1,206
cells L™! of A. poporum and 30 cells L™' of A. spinosum were measured in the coastal waters of the Pacific
Northwest in 2017. Other harmful genera, including Alexandrium, Dinophysis, and Pseudo-nitzschia, were ob-
served using light microscopy at coastal sites where A. poporum was also observed. In some samples where both
A. poporum and A. spinosum were absent, an Amphidomataceae-specific QPCR assay indicated that other species
of Azadinium or Amphidoma were present. The identification of Azadinium species in the PNW demonstrates the
need to assess their toxicity and to incorporate their routine detection in monitoring programs to aid resource
managers in mitigating risks to azaspiracid shellfish poisoning in this region.
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1. Introduction

Harmful algal events in the Pacific Northwest (PNW) resulting from
paralytic shellfish toxins and domoic acid produced by species of
Alexandrium and Pseudo-nitzschia, respectively, have been well docu-
mented (Trainer et al., 2003; Adams et al., 2006; Bill et al., 2006;
Lewitus et al., 2012; Trainer et al., 2012; Hickey et al., 2013). However
in Washington State in 2009 and 2011, humans became ill with diar-
rhetic shellfish poisoning (DSP)-like symptoms after eating locally
harvested shellfish (Trainer et al., 2013). The 2011 event was even-
tually linked to diarrhetic shellfish toxins (Lloyd et al., 2013) but the
shellfish from the 2009 incident did not contain marine toxins that were
routinely monitored in the State. These results suggested the 2009
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illnesses were due to the presence of a previously unobserved class of
toxins that were present in local shellfish. Azaspiracids (AZAs) are
toxins that can cause symptoms similar to those of DSP including
nausea, vomiting, stomach cramps, and diarrhea in human consumers
of shellfish (Satake et al., 1998; Twiner et al., 2008) and are produced
by some species of the dinoflagellate genera Azadinium and Amphidoma
from the family Amphidomataceae (Tillmann, 2018). Azaspiracids were
responsible for illnesses suffered by individuals with these DSP-like
symptoms in Washington State after they consumed mussels imported
from Ireland in 2008 (Klontz et al., 2009) and were therefore the toxins
suspected in the undiagnosed illnesses in 2009.

Azaspiracids were first identified in 1998 following a poisoning
event in the Netherlands in 1995 where people became ill with DSP-like
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symptoms after consuming mussels harvested in Ireland (Satake et al.,
1998). However, the shellfish they consumed contained DSP toxins at
concentrations that were not sufficient to cause the illnesses. Following
the characterization of AZAs in the Irish shellfish from the 1995 in-
cident in the Netherlands (Ofuji et al., 1999), the toxins have been
detected in shellfish from Great Britain (Dhanji-Rapkova et al., 2019),
continental Europe (James et al., 2002; Brana Magdalena et al., 2003;
Vale et al., 2008; Blanco et al., 2017), northwest Africa (Taleb et al.,
2006), China (Yao et al., 2010), Chile (Alvarez et al., 2010), and Ar-
gentina (Turner and Goya, 2015), although often at low concentrations.
Low concentrations of AZA-1 and AZA-2, as well as associated shellfish
metabolites, have also been observed in shellfish in eastern Canada but
have not yet been detected in shellfish from western Canada (Wade
Rourke, personal communication). While the cases of azaspiracid
shellfish poisoning (AZP) in the United States were not due to toxins
from local shellfish, AZAs have been detected in the USA.
Luo et al. (2016) detected AZA-2 in a culture of Azadinium poporum
Tillmann & Elbrachter from the US Gulf of Mexico and Kim et al. (2017)
found a novel azaspiracid, AZA-59, in A. poporum cultures and in Solid
Phase Adsorption Toxin Tracking (SPATT) samplers from Washington
State.

To date, >60 AZA analogues have been identified with 26 con-
firmed to be produced directly by Amphidomataceae while others are
shellfish metabolites (Krock et al., 2019). Those AZAs that have been
tested can have varying levels of toxicity (Hess et al., 2014;
Twiner et al., 2014). Both the European Union (EU) and the U.S. reg-
ulate AZAs in harvested shellfish with an action level of 160 pg kg ™!
shellfish meat (European Commission, 2002; U.S. Food and Drug
Administration, 2019) but only AZA-1, —2, and —3 are quantified for
regulatory purposes (Van Egmond et al., 2004; Kilcoyne et al., 2014b).
However, azaspiracids are not routinely monitored in the United States
as these toxins have not yet been found in any commercially harvested
products.

In 2007, Azadinium spinosum Elbrachter & Tillmann was identified
as the first organism capable of producing AZAs (Tillmann et al., 2009).
To date, 14 species of Azadinium have been described. In addition to A.
spinosum, two other species of Azadinium, A. poporum and Azadinium
dexteroporum Percopo & Zingone, have been shown to produce AZAs
(Gu et al., 2013; Percopo et al., 2013; Rossi et al., 2017), and AZA
production is also known in the closely related Amphidomataceae
species Amphidoma languida Tillmann, Salas & Elbrachter (Krock et al.,
2012; Tillmann et al., 2017a). Until recently, A. spinosum was con-
sidered to have a consistent AZA profile (i.e. all strains produced the
same AZA analogues), while the AZA profile in A. poporum was variable
(Tillmann et al., 2014b). However, Tillmann et al. (2018) subsequently
found strains of A. spinosum from Norwegian waters with variable toxin
profiles. Some toxin profile variability in A. poporum may be related to
geographic origin (Tillmann et al., 2017c), however, individual strains
of A. poporum collected from the same area have also been shown to
contain different AZA profiles (Gu et al., 2013).

Since their initial identification, Azadinium and Amphidoma spp.
have been observed around the world, including in the North Atlantic
(Tillmann et al., 2009, 2010; Nezan et al., 2012; Tillmann et al., 2012,
2014a, 2018; Wietkamp et al., 2019), Mediterranean (Percopo et al.,
2013), Western Pacific (Potvin et al., 2012; Gu et al., 2013), Eastern
North Pacific (Hernandez-Becerril et al., 2012; Kim et al., 2017),
eastern South Pacific (Tillmann et al., 2017b, 2017c) and eastern South
Atlantic (Akselman and Negri, 2012; Akselman et al, 2014;
Tillmann and Akselman, 2016; Cavalcante et al, 2018;
Tillmann, 2018). The small size of Azadinium makes their detection
challenging using light microscopy. In contrast, molecular methods
have been used to reliably detect and enumerate Amphidomataceae, in
particular the azaspiracid-producing A. poporum, A. spinosum
(Toebe et al., 2013) and Amphidoma languida (Wietkamp et al., 2019).

While A. poporum and A. spinosum have been detected in many re-
gions, few studies have reported abundances of these organisms.
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Routine monitoring in Ireland using the real-time quantitative PCR
(qPCR) assay of Toebe et al. (2013) found abundances of A. spinosum at
Killary Harbor that ranged from 17 cells L™! to 7.32 x 10* cells L™}
with associated azaspiracid concentrations of >2.5 x 10* ug kg~ ! in
blue mussels (Mytilus edulis) (Kilcoyne et al., 2014a). During a com-
prehensive survey of Norwegian waters during the summer of 2015,
Tillmann et al. (2018) estimated low abundance of Amphidomataceae
with light microscopy (1-100 cells L.™1) in samples collected from both
deep-branching fjords and offshore coastal waters. While they did not
specifically enumerate A. poporum or A. spinosum, these species were
detected in almost all DNA extracts using a presence/absence approach
of the specific qPCR assays. High bloom densities of Amphidomataceae
are also reported in the literature (Tillmann et al, 2017b;
Tillmann, 2018). Retrospective studies of blooms from November 1990
and September 1991 by Akselman and Negri (2012) using light mi-
croscopy showed high abundances of what was initially reported as A.
cf. spinosum (up to 9.0 x 10° cells L™ 1) in coastal waters of the western
South Atlantic. Tillmann and Akselman (2016) have subsequently used
scanning electron microscopy to identify a new species, Azadinium lu-
ciferelloides Tillmann & Akselman and not A. cf. spinosum as originally
reported, as the causative species in the September 1991 bloom in the
western South Atlantic. Additionally, Akselman et al. (2014) observed
abundances of A. cf. spinosum (likely to be again A. luciferelloides)
quantified using light microscopy, ranging from 1.0-4.7 x 10° cells
L~! during a bloom in the western South Atlantic in August-September
1998.

Azadinium spp. can be found in a variety of environments, from
tropical to temperate to sub-arctic climates as well as in inland, coastal
and open ocean waters. Although the presence of A. poporum has been
confirmed by Kim et al. (2017) in Washington State waters, azaspir-
acids are not routinely monitored in shellfish nor are Azadinium spp.
part of routine phytoplankton monitoring in the region mainly due to
the difficulty of identification by light microscopy. In a companion to
the present study, shellfish were tested for AZAs and dissolved toxins
were measured using SPATT samplers (MacKenzie et al., 2004;
Rundberget et al., 2006) from 2014 to 2018 (Stutts et al. in prep). In the
present study, A. poporum and A. spinosum were observed at shore-
based sites on the outer coast and inland waters of Washington State
from 2014 to 2018 as well as in offshore waters during two research
cruises in the summer of 2017. The presence or absence of these species
was evaluated in 2014-2015 and then enumerated in 2016-2018 using
gPCR, a technique that could ultimately be integrated into an early
warning system for azaspiracid poisoning events.

2. Materials and methods
2.1. Sample sites

Seawater was sampled from the shore of the inland and outer coast
waters of Washington State from 2014 to 2018 (see Fig. 1 for numbers
of sampling sites named in Tables 1 and 2). Monthly samples were
collected at up to 28 sites from June-August in 2014 and 2015. In
2016-2018, specific sites were chosen for weekly sampling based on
their proximity to shellfish harvesting areas or their history as locations
where blooms of other harmful species have occurred. Samples were
collected weekly at six sites from June-September in 2016; eight sites
from June into October in 2017 and May-September in 2018 (Fig. 1b).
In addition to weekly sampling, opportunistic monthly collections were
made at up to 24 additional sites during the sampling periods in 2016
and 2017. Seawater was collected by local collaborators and shipped
via overnight delivery to the NOAA-Northwest Fisheries Science Center
in Seattle, WA for processing.

Seawater samples were also collected on board the NOAA Ship Bell
M. Shimada during two research cruises in the summer and early fall of
2017 that spanned both US and Canadian territorial waters. During
cruise 1, from 4 August to 11 September 2017, seawater samples were
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Fig. 1. (A) Locations of all sites sampled. Site names corresponding to the numbered sites are shown in Tables 1 and 2. (B) Locations of weekly sample sites. Site 22
(circled) was only sampled on a weekly basis in 2016. Sites 5 and 14 (boxed) were sampled weekly beginning in 2017. All other sites were sampled weekly beginning

in 2016.

collected from the ship's scientific seawater supply that had an intake at
3.5 m depth. During cruise 2, from 18 to 24 September 2017, seawater
was collected using Niskin bottles on the CTD rosette from 2 m depth
and, when present, at the chlorophyll maximum.

2.2. Sample processing

Up to one liter of seawater was filtered from the shore-based sites,
and 500 mL was filtered on both cruises. Samples were collected on
47 mm (shore-based sites) or 25 mm (cruises) diameter 3.0 um pore size
polycarbonate filters (MilliporeSigma, Burlington, MA, USA). Filtration
was conducted under low (<0.017 MPa) vacuum. The filters were
folded and placed into plastic 2.0 mL microcentrifuge tubes and frozen
at —80 °C until DNA extraction. Samples collected on the cruises were
stored at —80 °C on the vessel and were transported to the lab for DNA
extraction at the end of the cruise.

2.3. DNA extraction

DNA was extracted from the material on the filters using DNeasy
Plant Mini Kits (Qiagen, Hilden, Germany) with some modifications of
the manufacturer's protocol. Briefly, 500 pL of Buffer AP1 (https://
www.qiagen.com/kr/shop//sample-technologies/dna/dneasy-plant-
mini-kit/) and 5 uL of RNase A were added to the tube containing the
filter, tubes were vortexed for 30 s then incubated at 65 °C for 30 min.
After addition of Buffer P3 and a 5 min incubation on ice, the filters
were removed from the tube, placed into the QiaShredder spin column,
and the lysate was then added to the QiaShredder spin column con-
taining the filter. The manufacturer's protocol was then followed as
written, except two eluates with 200 pL AE buffer were collected. DNA
was prepared for qPCR analyses by mixing equal volumes of the two
eluates from the DNA extraction process.

Toebe et al. (2013) used DNeasy Plant Mini Kits to extract DNA from
both cultured cells for standard curves as well as from concentrated
natural samples spiked with Azadinium cells where they demonstrated
recovery of 80-106% and 80-108% of A. poporum and A. spinosum cells,
respectively. Therefore based on the assumption of high recovery de-
rived from Toebe et al. (2013), neither extraction efficiency nor PCR
inhibition were assessed and cell abundances were not adjusted for
these factors. Additionally, if inhibition occurred, the cell abundances
reported in the present study would be underestimates.

2.4. Shore-based samples

Triplicate species-specific analyses were conducted for A. poporum
and A. spinosum following the procedure in Toebe et al. (2013). In 2014
and 2015, the presence or absence of A. poporum and A. spinosum was
determined, while in 2016-2018 cell abundances were quantified using
standard curves. Analyses for members of the family Amphidomataceae
(see below) were performed in 2016-2018, in duplicate, on samples
negative for both A. poporum and A. spinosum following the procedure
in Smith et al. (2016). However, DNA was analyzed with the Amphi-
domataceae assay without standardizing to 2.0 ng pL™' as in
Smith et al. (2016). Positive control DNA and samples that tested po-
sitive using the Toebe et al. (2013) assay for A. poporum and A. spinosum
were also analyzed to ensure that the Amphidomataceae assay was
performing as expected. Quantitative PCR results were evaluated as
described below.

2.5. Cruise samples

For the cruise samples, DNA was first screened in duplicate, as de-
scribed below, using the Amphidomataceae assay (Smith et al., 2016).
Samples positive for Amphidomataceae were then analyzed using the A.
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Azadinium poporum monthly detections in 2014-2018. Open circles indicate no detection, solid black circles indicate positive detection, and gray shading indicates no
sampling. In 2016-2018, A. poporum cell concentrations were quantified (numerical value, cells/L), with an open circle indicating no detection, and closed black
circle indicating detection below the limit of quantification. Site numbers in parentheses next to the site name correspond to the numbers in Figs. 1 and 2. Sites that
were sampled weekly at some point during the study period are noted in bold, and monthly sites are in plain text. The highest abundance in a given month is shown

for weekly sites.

A. poporum 2014 2015 2016 2017 2018

Site Name (#) Jun Jul Aug Jun Jul Aug Jun Jul Aug Sep Jun Jul Aug Sep Apr May Jun Jul Aug Sep
Birch Bay (1) O [ ] [ ] (@] [ ] @) (] O @) O O @) O

Squalicum Harbor (2) ¢} ¢) e} o e [ e} e} ¢) ¢} o O (e}

Friday Harbor (3) ° o O e} o O 7 [} ° @) [ ) o O ¢}

Cornet Bay (4) ¢} o o e 9 [ ] [ ] ¢} [ ] ® O o

Penn Cove (5) [ o [ ] [ 348 8 8 274 O 17 O (@) o O 25 o 42

Ediz Hook (6) [ O [ ] (@]

Sequim Bay Entrance (7) [ ] (@) [ ] [ ] [ ] 38 18 (e] (@) [ ] (@] @) (@]

Sequim Bay State Park (8) [ O [ ] [ ] 417 85 [ [ J 26 o [ ] [ ] (@] 249 562 (@] @) (]
Discovery Bay (9) [ ] O o o e 122 O o o [ ] o O o

Fort Worden (10) e} (e) [ ] [ ) [ ] 19 139 O ® [ ] [ ] O O

Mystery Bay (11) (o] O [ ) O [ ] 12 [ ] (o] O (o] 9 18 [ ]

Port Gamble (12) [ ) (@] 53 (@] (@] O 66 (@] (@)

Dabob Bay (13) [ J O

Quilcene Bay (14) [ ] @) 8 o O @) o 27 10 o O @)
Pleasant Harbor (15) (@) O O O (@]

Hama Hama (16) [ O o o O o o @)

Glen Ayre (17) [ ] o O o O

Union (18) 53 (] o @) O [ ] [ ] O ©) O o @) @)
Port Susan-Kayak Point (19) [ (@) @) [ (@) 60 [ ) (o) [ ) (@) (o) (@] O

Langley Marina (20) o [ ] 24

Edmonds Marina (21) ® [ ] [ ] [ ] (@] [ 7 [ ) O [ ) 8 O O

Shilshole Marina (22) [ ] [} [ ] O 18 9 [ ] [ ) (@) [ ] [ )

Brownsville Marina (23) 8 12 e} ) 76 (o] (@) O

Poulsbo Marina (24) 8 [ o (@] o o O @)

Silverdale Waterfront (25) 17 (@) [ [ ] 8 o e O

Manchester-Clam Bay (26) () @) () [ ] O [ ] [ ] [ ] @] [ ] O [ ] [ ]

Des Moines Marina (27) (e} O [ ] [ ] [} [ ] 59 [ ) [ ] ® 12 15 e 108

Quartermaster Harbor-Dockton (28) O (@) [ ] [ ] [ ) 84 341 24 89 36 56 @ (@] (@] ) 12 24 O 52
Burley Lagoon (29) [ J O [ ]

Penrose Point (30) [ ] ® O [} [ ] O 28 (e] (@) (@] [ (@) (@]

Zittel's Marina (31) (@) (@] O 7 12

North Bay-Allyn (32) O [ ] O o O 28 [ [ ] [ ] @) o O @) (¢] O o o O @)
Hammersley Inlet (33) O O (@) O [} [ ] o ©) O

Oakland Bay (34) o (@] O

Totten Inlet (35) [ ] [ ] @) O @) (] O @) O
Westport (36) (@) (e} O (@) (@] 141 201 9 (e} (@) O (e} [ ) (@) 125 10,525 O @] O
Tokeland (37) o o [ ] o O 262 O [ ] o @) o O @)

poporum and A. spinosum specific qPCR assays (Toebe et al., 2013).
Quantitative PCR results were evaluated as described below.

2.6. Quantitative PCR assay standard curves

DNA standard curves were constructed using clonal cultures of A.
poporum (967g9) which was obtained by isolation of single cells from
incubated sediment samples collected from Washington State
(Kim et al., 2017) and A. spinosum (UTHE2) based on isolation of a
single cells from the North Sea (Krock et al., 2013). Known quantities of
A. poporum and A. spinosum were filtered and DNA was extracted in the
same manner as field samples. Ten-fold serial dilutions were analyzed
to generate a standard curve. The A. poporum and A. spinosum standard
curves spanned ranges of four to 44,000 cells and seven to 70,000 cells,
respectively. Amplification efficiency was calculated from the slope of
the standard curve for each run.

2.7. Quantitative polymerase chain reaction analyses

The MIQE (Minimum Information for Publication of Quantitative
Real-time PCR Experiments, Bustin et al., 2009) checklist for qPCR
assays performed in the present study is provided in Supplementary
Table S1. Quantitative PCR analyses were performed on a Stratagene
Mx3005P (Stratagene, La Jolla, CA, USA) using the primers, probes and
thermal profile for A. poporum and A. spinosum in Toebe et al. (2013). A

standard curve, positive control and a no template control were run
with each set of environmental samples. Quantitative PCR reactions
contained 2.0 puL of template, 0.6 uL of each forward and reverse pri-
mers (10 uM), 10 pL of TagMan Gene Expression Master Mix (Ther-
moFisher Scientific, Waltham, MA, USA), either 0.1 uL for A. spinosum
or 0.5 pL for A. poporum of TagMan probe (10 uM), and brought to a
final volume of 20 pL with molecular grade water. An average and
standard deviation were calculated using the quantification cycle (Cq)
values for the three technical replicates. Abundances of A. spinosum and
A. poporum were determined by correcting the output from the MX pro
software (version 4.10) with the volume of seawater filtered.

The Stratagene Mx3005P was also used for the Amphidomataceae
assay using the primers and thermal profile described in
Smith et al. (2016). Quantitative PCR reactions contained 5.0 uL of
template, 0.4 pL each of forward and reverse primers (10 uM), 10 pL
Platinum SYBR Green qPCR SuperMix-UDG (ThermoFisher Scientific,
Waltham, MA, USA), 0.8 uL bovine serum albumin, 0.04 pL ROX re-
ference dye, and brought to a final volume of 20 pL with molecular
grade water. Averages were calculated for both the Cq values and
melting temperatures for the two technical replicates. A positive control
of A. poporum DNA and a no template control were included with each
set of environmental samples.
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Table 2
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Azadinium spinosum monthly detections in 2014-2018. Open circles indicate no detection, solid black circles indicate positive detection, and gray shading indicates
no sampling. In 2016-2018, A. spinosum cell concentrations were quantified (numerical value, cells/L), with an open circle indicating no detection, and closed black
circle indicating detection below the limit of quantification. Site numbers in parentheses next to the site name correspond to the numbers in Figs. 1 and 2. Sites that
were sampled weekly at some point during the study period are noted in bold and monthly sites are in plain text. The highest abundance in a given month is shown

for weekly sites.
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2.8. Quantitative PCR acceptance criteria

Assays for A. poporum and A. spinosum were considered to be posi-
tive if there was amplification in all three technical replicates.
However, if the calculated cell abundances using QPCR were less than
the lowest point on the standard curve they were considered to be
below the limit of quantification. Limits of quantification ranged from 4
to 108 cells L™ for A. poporum and from 7 to 190 cells L™! for A.
spinosum, depending on the amount of seawater filtered for a given
sample (volumes filtered ranged from 0.037-1.0 L). Samples were ne-
gative if there was amplification in two or fewer of the technical re-
plicates and the calculated cell abundances were below the lowest point
on the standard curve. When the calculated cell abundances were
within the limits of the standard curve but there was amplification in
only one or two of the three technical replicates, the samples were re-
analyzed and the acceptance criteria were re-evaluated. Samples with
amplification in two or fewer of the technical replicates in repeated
runs were considered to be negative. Samples with calculated cell
abundances greater than the highest value of the standard curve were
diluted and re-analyzed.

Results from the Amphidomataceae assay were considered positive
if there was amplification in both technical replicates and the Cq was
< 32.2 with the melting temperature =82.5 °C and <84.5 °C. Samples
were considered negative detections if the above acceptance criteria
were not met in samples with amplification in both technical replicates.

Samples with amplification in only one technical replicate that met the
above acceptance criteria, were reanalyzed. If there was amplification
in only one of the technical replicates of the reanalyzed sample, it was
considered to be a negative detection for Amphidomataceae in that
sample. Additionally, the no template control (NTC) included with a
particular set of samples must have been “no Cq” for the results of that
sample set to be considered valid.

2.9. Primer/Probe cross reactivity tests

Primer and probe cross reactivity tests were performed for the
species-specific qPCR assays. The primer sets for A. poporum and A.
spinosum were tested using DNA from other Amphidomatacean strains,
including A. spinosum, A. poporum, A. caudatum var. margalefii (Rampi)
Nézan & Chomérat, A. concinnum Tillmann & Nézan, A. cuneatum
Tillmann & Nézan, A. dexteroporum, A. obesum Tillmann & Elbréchter,
A. polongum Tillmann, A. trinitatum Tillmann & Nézan, A. dalianense
Z.Luo, H.Gu & Tillmann and Amphidoma languida Tillmann, Salas &
Elbréchter, to assess cross reactivity with other species of Azadinium
and Amphidoma (Supplementary Table S2). Non-Amphidomatacean
DNA obtained from a strain of Heterocapsa minima A.J.Pomroy was also
included in the cross reactivity analyses. DNA from all isolates of A.
poporum and A. spinosum amplified with the corresponding primer and
probe sets. Primer and probe sets for A. poporum and A. spinosum gen-
erally did not react with other Azadinium spp., Amphidoma languida or



N.G. Adams, et al.

Heterocapsa minima. Only single replicates cross amplified in four
strains using the A. spinosum primer and probe sets where the Cq values
for three of the replicates were >38.7 and the other was 36.1, which
suggests non-specific amplification or primer-dimers. The A. poporum
primer and probe set amplified single replicates in three strains with Cq
values >38.8. The results of the cross-reactivity tests indicate that there
is high confidence that the primer and probe sets for A. poporum and A.
spinosum are indeed amplifying the correct targets in the present study.

3. RESULTS
3.1. qPCR assay assessments

The results for the NTCs included in each qPCR run, both for the
TagMan and SYBR Green (Amphidomataceae) assays, were all “No Cq”.
Amplification efficiencies calculated from standard curves run with
each set of samples ranged from 80 to 100% and 85 to 105% for the A.
poporum and A. spinosum TagMan assays, respectively. All standard
curves had r* > 0.99 and the calculated cell abundances did not exceed
the highest value of the standard curve for any of the samples in the
present study.

3.2. Detection of Azadinium and Amphidomataceae at shore-based sites

For the shore-based sampling, 57 seawater samples were collected
and analyzed in 2014, 82 samples in 2015, 233 samples in 2016, 269
samples in 2017 and 181 samples in 2018. Monthly detection and
maximum abundances of A. poporum and A. spinosum are shown in
Tables 1 and 2, respectively. In 2014, A. spinosum was detected in 44%
of the samples and A. poporum was detected in 37%, while in 2015, A.
spinosum was detected in 22% and A. poporum in 51%. In 2016-2018, A.
spinosum was detected (including quantifiable samples and those below
the limit of quantification) in 24% (2016), 1% (2017) and 4% (2018) of
the samples while A. poporum was detected in 30% (2016), 21% (2017)
and 12% (2018) of the samples. Abundances of A. spinosum were
quantified in 6% (2016), <1% (a single sample in 2017) and 2% (2018)
of samples and A. poporum in 25% (2016), 8% (2017) and 10% (2018)
samples from 2016 to 2018. Azadinium poporum and A. spinosum were
detected in all months sampled in 2014 and 2015. From 2016-2018
when A. poporum and A. spinosum were quantified, the highest abun-
dance of A. poporum was 10,525 cells L ™! at Westport in June 2018 and
the highest abundance of A. spinosum was 156 cells L™! at the Quar-
termaster Harbor-Dockton site in September 2016. Azadinium poporum
was generally observed more frequently and at higher abundances than
A. spinosum. In most cases, the highest abundances of both A. poporum
and A. spinosum were observed at the weekly sampling sites. However,
abundances >100 cells L™! of A. poporum were measured at monthly
shore-based sampling sites including Discovery Bay, Fort Worden, Des
Moines Marina and Tokeland (Table 1).

3.3. Azadinium spinosum at shore-based sites

Figs. 2a, 3a and 4a show weekly A. spinosum abundances in
2016-2018. In 2016, A. spinosum were detected during most of the
sampling season at Quartermaster Harbor-Dockton, Sequim Bay State
Park, Shilshole Marina and Union. Azadinium spinosum was detected in
2016 most often in June and July, however the highest abundance
measured in 2016 was in September. In 2017, quantifiable abundances
of A. spinosum were observed in April at Sequim Bay State Park but no
samples collected after 15 June contained A. spinosum. In 2018, A.
spinosum was observed only in May at North Bay-Allyn and June at
Union.

3.4. Azadinium poporum at shore-based sites

Except for April 2018, A. poporum was observed somewhere in the
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Fig. 2. A. spinosum (A) and A. poporum (B) abundances from weekly sampling in
2016. Open circles indicate samples below the limit of detection, gray circles
indicate samples where the species was detected but were below the limit of
quantification, and black circles are samples where cell abundances were
quantified. Error bars on quantifiable samples represent one standard deviation
based on triplicate analyses. If error bars are not visible they are contained
within the symbol.
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quantification, and black circles are samples where cell abundances were
quantified. Error bars on quantifiable samples represent one standard deviation
based on triplicate analyses. If error bars are not visible they are contained
within the symbol.

study region during all months sampled with the highest abundances
generally found from May-July (Table 1). The lack of A. poporum ob-
servations in April 2018, could have been the result of sampling only on
a weekly basis in 2018. Figs. 2b, 3b, and 4b show weekly A. poporum
abundances in 2016-2018. In 2016, A. poporum was observed begin-
ning in June at all sites except Shilshole Marina where it was first ob-
served in July. Abundances of A. poporum were below 200 cells L™ at
all sites in June 2016 but increased to >400 cells L' at Sequim Bay
State Park and > 325 cells L™ ! at Quartermaster Harbor-Dockton before
decreasing to <100 cells L™ " for the remainder of the sampling season.
Azadinium poporum densities did not exceed 60 cells L™! in 2017 and
this species was undetectable in the majority of the weekly samples,
while monthly sample abundances exceeded 60 cells L. ™! at only three
sites (Table 1). In 2018, sampling began at some sites in March, how-
ever, A. poporum was not observed until May (Fig. 4b). The majority of
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Fig. 4. A. spinosum (A) and A. poporum (B) abundances from weekly sampling in
2018. Open circles indicate samples below the limit of detection, gray circles
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quantification, and black circles are samples where cell abundances were
quantified. Error bars on quantifiable samples represent one standard deviation
based on triplicate analyses. If error bars are not visible they are contained
within the symbol. Note the different y-axis for Westport A. poporum.

of A. poporum were observed prior to 10 July in 2018, except for
samples from Penn Cove on 27 August 2018 and Quartermaster Harbor-
Dockton on 9 September 2018. At Sequim Bay State Park, A. poporum
increased from May to early June in 2018 and reached a maximum
abundance of 562 cells L ™! before decreasing to undetectable levels for
the remainder of the sampling season. At Westport, A. poporum was 125
cells L™ ! on 21 May 2018 and abruptly increased to 10,525 cells L. ™! on
4 June 2018 then decreased in subsequent weeks to undetectable levels
in the first week of July and remained below detection for the rest of the
sampling season.

3.5. Amphidomataceae assay at shore-based sites

In 2016, A. poporum and A. spinosum were both undetectable in 27
of the shore-based samples. These samples were analyzed using the
Amphidomataceae assay where seven of the samples tested positive. In
2017, 59 of 211 samples and in 2018, 36 out of the 190 samples ana-
lyzed with the Amphidomataceae assay were positive. All sites that
were sampled tested positive for either A. poporum, A. spinosum or
Amphidomataceae at some point during the study period.

3.6. Cruise samples

Thirty two samples were analyzed for cruise 1 and 92 samples were
analyzed for cruise 2. The results for the Amphidomataceae and the
species-specific assays are shown in Fig. 5a (cruise 1) and Fig. 5b (cruise
2). Seventeen of the samples from cruise 1 and 45 samples from cruise 2
met the acceptance criteria for the Amphidomataceae assay. Of these
samples, 12 from cruise 1 and 32 from cruise 2 had abundances of both
A. poporum and A. spinosum below the limits of detection, suggesting the
presence of other members of the family Amphidomataceae in these
samples.

Samples that were either quantifiable or detectable but below the
limit of quantification for cruises 1 and 2 are summarized in Table 3.
For cruise 1, three samples were quantifiable and two were below the
limit of quantification for A. poporum while the rest of the samples were
below detection (Fig. 5a). Quantifiable abundances of A. poporum were
observed in both US and Canadian waters. Azadinium spinosum was not
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detected in any of the cruise 1 samples.

For cruise 2 (Fig 5b), A. poporum was quantified in 10 samples and
A. spinosum in two samples. The remaining cruise 2 samples were below
the limit of detection for both species. The majority of quantifiable A.
poporum were observed in surface samples, however, A. poporum was
also observed at site 13 at both the surface and chlorophyll maximum
and at the chlorophyll maximum only at site 28 (Table 3). The highest
abundance of A. poporum measured on cruise 2 was at station 17 in
Canadian waters (1206 cells L™1).

4. DISCUSSION

Routine monitoring of AZAs occurs in the EU as well as on both the
east and west coasts of Canada while monitoring of both AZAs and
Azadinium spp. for resource management purposes has been used suc-
cessfully for the protection of human health in Ireland (Kilcoyne et al.,
2014a). In 2012, AZA-2 was first detected in Sequim Bay, Washington
State in several filtered phytoplankton samples, although shellfish
samples collected at the same time were found to contain only DSP
toxins and no AZAs (Trainer et al., 2013). Kim et al. (2017) later iso-
lated several species of Azadinium, including four strains of the known
toxigenic species A. poporum which were also shown to exclusively
produce the novel azaspiracid, AZA-59. Dai et al. (2019) used an ad-
ditional PNW A. poporum strain which was derived from the same
source as the strains in Kim et al. (2017) and it also exclusively pro-
duced AZA-59. Currently, neither Azadinium nor AZAs are included in
official monitoring programs in Washington State, although the initial
detection of azaspiracids prompted research into the temporal and
spatial distribution of potentially toxic Azadinium species in the region.

To assess the distribution of Azadinium spp. in Washington State, an
initial survey of the presence or absence of A. poporum and A. spinosum
was conducted at multiple sites in 2014 and 2015. This survey indicated
that both species were present in Washington State waters, based on
amplification of their molecular targets. The subsequent isolation and
identification of A. poporum from Hood Canal in Washington State
(Kim et al., 2017) enabled the use one of these local strains to construct
a standard curve for use with the species-specific qPCR assay. The A.
poporum strain used for the standard curve was of ribotype A (Kim et al.,
2017). There are three main ribotypes within A. poporum with addi-
tional ribotype substructure (Luo et al., 2018), and especially ribotype
C strains of A. poporum from Greece were shown to have mismatches in
the TagMan probe sequence from Toebe et al. (2013). All strains ob-
tained so far from the present study area were of ribotype A, but it
cannot be excluded that other A. poporum ribotypes were present as
well, and that mismatches with the probe sequence may have caused A.
poporum abundance to be underestimated.

Although attempts were made to isolate A. spinosum from this region
over the last 2 years using both sediment and water samples, no strain
has yet been obtained, highlighting the difficulty of isolating this small
and inconspicuous species (Tillmann, 2018). Therefore, a North Sea
strain of A. spinosum was used to prepare the standard curve for the A.
spinosum-specific qPCR assay in the present study. Azadinium spinosum
has not previously been reported in PNW waters and only its molecular
target has been detected. Consequently, the identification and quanti-
tation of this species in the present study is considered presumptive
until A. spinosum can be isolated or definitively identified in phyto-
plankton samples using SEM.

Azadinium poporum, A. spinosum and other members of the family
Amphidomataceae were distributed widely throughout PNW waters,
including inland, offshore and coastal marine waters during all years
sampled. In general, A. poporum was observed more often and in higher
densities than A. spinosum (Tables 1-3) and quantifiable abundances of
A. poporum and A. spinosum were observed at a number of sites
throughout the PNW study area mostly prior to mid-July in each year.
At sites that were sampled on a weekly basis, quantifiable abundances
generally were not observed until May and only one sample, at Sequim
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measured (See Table 3 for abundances of A. spinosum and/or A. poporum).

Table 3

Samples for which A. poporum or A. spinosum were detectable or quantifiable
from cruise 1 and cruise 2 during 2017 (black squares in Fig. 5).
“BLQ” = Below Limit of Quantification and indicates that a particular species
was detected but the abundances observed were below the lowest limit of the
standard curve.

Station ID  Sample depth Azadinium Concentration (cells/
(m) species L)
Cruise 1 10 3 A. poporum 28
11 3 A. poporum BLQ
13 3 A. poporum 20
28 3 A. poporum BLQ
29 3 A. poporum 30
13 2 A. poporum 108
13 16 A. poporum 56
15 2 A. poporum 198
16 2 A. poporum 134
17 2 A. poporum 1206
28 10 A. poporum 24
Cruise 2 30 2 A. poporum 84
33 2 A. poporum 154
34 2 A. poporum 64
35 2 A. poporum 28
27 2 A. spinosum 24
43 2 A. spinosum 30

Bay State Park, had detectable A. poporum prior to May (Figs 3-4).
In addition to within-year variation, some year-to-year differences

were observed. For example in 2016 and 2017, the two years when both
weekly and monthly sampling were conducted, there were markedly
fewer detections of A. spinosum (only the two noted in Table 2 as well as
another from a sample collected in April) and A. poporum in 2017
compared to 2016. Additionally, despite analyzing fewer samples in
2016, a higher number of samples contained quantifiable abundances
of both A. poporum and A. spinosum when compared to 2017. However,
at some of the monthly sampling sites (e.g. Mystery Bay and Des Moines

Marina) in 2016 and 2017, the highest abundance of A. poporum was
actually observed in 2017 (Table 1) but at relatively low densities
(<110 cells L™ ). At the weekly sampling sites, the highest abundances
of A. poporum and A. spinosum were measured in 2016 and 2018.

Similar inter-annual variability in AZAs was observed by
Salas et al. (2011) and Kilcoyne et al. (2014a) in Ireland from 2002 to
2013 as well as in Great Britain from 2011 to 2016 (Dhanji-
Rapkova et al., 2019). Dhanji-Rapkova et al. (2019) observed relatively
high concentrations and frequency of observations of AZAs in shellfish
from 2011 to 2013 when compared to fewer from 2014 to 2016. While
they did not enumerate Azadinium spp., Dhanji-Rapkova et al. (2019)
suggested that the presence or absence of AZAs in Scotland were linked
to observations in Ireland during the same time periods. The inter-an-
nual variability observed in the present study as well as that in Dhanji-
Rapkova et al. (2019) is noteworthy, yet both datasets of <5 years are
not sufficient for assessing long term trends in association with en-
vironmental data.

The higher abundances observed for A. poporum and A. spinosum in
2016 and 2018 suggest that these were years in which conditions in the
region were more favorable to the growth of Azadinium spp. than 2017.
In the laboratory, growth of local A. poporum isolates occurred at
temperatures ranging from 6.7-25 °C and salinities of 15-35 (Dai et al.,
2019). While the present study did not aim to assess the effects of en-
vironmental drivers on the growth of Azadinium spp., temperature and
salinity measurements were made on a weekly basis by the Sound-
Toxins project (https://www.soundtoxins.org/) at some sites where
water samples were collected for Azadinium spp. analyses. At the three
sites sampled weekly where A. poporum were observed at elevated
abundances (Sequim Bay, Quartermaster Harbor-Dockton, and West-
port), the measured in situ temperatures and salinities were within the
ranges shown by Dai et al. (2019) to support growth of A. poporum but
there were not marked differences among the three years sampled (data
not shown). However, the 2017 Puget Sound Marine Waters report
(PSEMP Marine Waters Workgroup, 2018) showed that integrated
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water temperatures, calculated as thermal energy content, in the
0-50 meter water layer in Puget Sound were warmer than normal in
2016. In early 2017, Puget Sound waters were cooler than normal but
were warmer than normal by May, but not as warm as in 2016
(PSEMP Marine Waters Workgroup, 2018). The warmer temperatures
in 2016 compared to 2017 may be a contributing factor to the higher
abundances of A. poporum and A. spinosum observed in 2016.

Sequim Bay State Park, Quartermaster Harbor-Dockton and
Westport stand out as sites where elevated abundances of A. poporum
were measured while relatively low abundances were observed at the
other sites (Figs 2-4). The Sequim Bay and Quartermaster Harbor areas
are well known “hot-spots” for blooms of other harmful algal genera
including Alexandrium (Trainer et al., 2003; Horner et al., 2011),
Pseudo-nitzschia (Trainer et al., 2007) and Dinophysis (Trainer et al.,
2013), so it is interesting that Azadinium were found at these sites as
well.

The highest observed abundance of A. poporum was at Westport in
June 2018 and California mussels (Mytilus californianus) from this lo-
cation were tested for AZA-1, —2, —3, and —59 as part of the com-
panion toxin study. In the Westport samples, Stutts et al. (in prep)
measured exclusively AZA-59 on 11 June at 0.3 ug kg ™! while AZA-2
was measured exclusively on June 25 at 0.6 ug kg~ ', concentrations
that are well below the U.S. guidance level of 160 ug kg~ ' AZA-1
equivalents. While AZA-59 was measured in low concentrations in
shellfish several times at various locations during the companion toxin
study, this was the only time AZA-2 was detected in shellfish (data not
shown). AZA-2 is known to be produced by three different
Amphidomataceae species. All strains of A. spinosum ribotype A con-
sistently have detectable AZA-2 only when higher levels of AZA-1 are
measured (Krock et al., 2019; Tillmann et al., 2019). There is a single
strain of A. spinosum from a different ribotype (B) isolated from the
Argentine South Atlantic that produces only AZA-2 (Tillmann et al.,
2019). Similarly, strains of A. poporum have been shown to have vari-
able strain-to-strain toxin profiles (Gu et al., 2013) where A. poporum
from Argentina and from the Gulf of Mexico produce exclusively AZA-2
(Luo et al., 2016; Tillmann et al., 2016). As a third potential source
organism of AZA-2, one strain of Amphidoma languida from Spain has
also been shown to produce AZA-2 as the main AZA isomer
(Tillmann et al., 2017a). The source organism of AZA-2 detected in M.
californianus from Westport, Washington thus cannot be identified,
therefore future studies are needed to fully describe the Amphidoma-
tacean species diversity and their complete toxin profiles in the area.

Previous studies have shown that Azadinium spp. abundances can
range from relatively low levels (Hernandez-Becerril et al., 2012;
Kilcoyne et al., 2014a) to millions of cells L~! (Akselman and
Negri, 2012). With the exception of the 10,525 cells L™ of A. poporum
measured at Westport in early June 2018, abundances of both A. po-
porum and A. spinosum in the PNW were <600 cells L.™* for the dura-
tion of the current study and are comparable to those observed in other
parts of the world. During mid-Spring to early winter from 1994 to
2000, Akselman et al. (2014) measured Azadinium spp. abundances,
using light microscopy, at a site in the southwestern Atlantic that were
below 960 cells L™ and generally below 400 cells L™, but they did
not measure AZAs associated with Azadinium cell counts. In Ireland,
Kilcoyne et al. (2014a) found A. spinosum abundances of 480 cells L!
with associated AZA concentrations exceeding the European Union
regulatory action level of 160 pg kg~! in M. edulis. However, a time
delay between Azadinium in the water and appearance of AZA in
shellfish has to be taken into account and direct associations between
measurements of cell abundances and toxin concentrations from the
same day should be made with caution. Although similar abundances of
A. poporum and A. spinosum have been observed in the PNW, only trace
levels of AZAs were found in a small number of shellfish samples (Stutts
et al. in prep). The observed AZA concentrations in PNW shellfish
suggest that the abundances and/or the toxin production potential of
Amphidomataceae in the region were insufficient to cause toxification
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of shellfish resulting in human illnesses. However, the presence of both
species of the family Amphidomataceae as well as AZAs in the PNW
indicates that future monitoring should be conducted for both the
species and toxins in this region.

Azadinium poporum, A. spinosum, and other members of the family
Amphidomataceae were also detected during two research cruises in
2017 (Fig. 5a, b). Abundances of A. poporum up to 30 cells L™ * were
measured on cruise 1 whereas abundances of up to 1.2 x 10° cells L™!
were measured on cruise 2. Quantifiable abundances of A. poporum
were observed throughout the study area, which included US and Ca-
nadian waters, on both cruises. Azadinium spinosum was only observed
on cruise 2, with abundances of up to 30 cells L™*. The wide dis-
tribution of A. poporum in the PNW region illustrates the importance of
cross-boundary coordination of both US and Canadian authorities with
respect to early warning systems for harmful algal blooms.

Samples from Puget Sound on cruise 2 (Fig. 5b) showed positive
results for the Amphidomataceae assay. However, A. poporum and A.
spinosum were below the limits of detection for the species-specific
qPCR assays, consistent with the absence or low abundances of these
species in 2017 at shore-based sites. Interestingly, samples collected in
the surface waters of the Strait of Juan de Fuca were all negative for the
Amphidomataceae assay (Fig. 5b), however other dinoflagellate genera
were present in these samples (data not shown).

The highest concentration of A. poporum measured in offshore wa-
ters was in the Juan de Fuca eddy region (Fig. 5b), an area known to be
an incubation site for blooms of Pseudo-nitzschia spp. (Trainer et al.,
2009). In fact at sites where A. poporum was measured, analysis of net
tow samples using light microscopy revealed the presence of other
harmful algal genera, including Pseudo-nitzschia, Alexandrium and Di-
nophysis, suggesting that shellfish may accumulate multiple marine
toxins when these cells are advected to coastal shellfish beds at high
enough densities. The co-occurrence of multiple toxin groups has been
reported in several regions, however the studies evaluating the effects
of toxin mixtures are limited (Twiner et al., 2014). In the PNW, the
potential exists for shellfish to be contaminated with azaspiracids, do-
moic acid, paralytic shellfish toxins, and diarrhetic shellfish toxins at
the same time. It remains unclear if there is a synergistic effect with
respect to the toxins affecting the health of human consumers.
Aune et al. (2012) did not find evidence for synergistic effects of oka-
daic acid (OA, a diarrhetic shellfish toxin) and AZA-1 when mice were
exposed to sublethal doses of these toxins. Similarly,
Ferron et al. (2016) found increasing antagonism between AZA-1 and
OA with increasing toxin concentrations when exposed to human in-
testinal cell models. However, Ferron et al. (2016) did find increasing
synergism with increasing toxin concentrations of AZA-1 and yesso-
toxin in the same human intestinal cell models, suggesting that the
effects of multiple toxins in a system depend on the specific toxin
mixture. More research into the effects of mixtures of marine toxins on
mammalian systems is needed in order for resource manager to assess
risks of combinations of toxins to human consumers of shellfish.

In summary, A. poporum and A. spinosum have been detected with
measurable abundances observed in the inland and coastal waters of
Washington State as well as offshore in US and Canadian territorial
waters. Both species were found throughout the study area and, de-
pending on the site, they were detected from April through September,
but the majority of the detections occurred prior to mid-July. These two
species were more abundant in some years than others and abundances
were generally low, but were comparable to measurements made in
other areas of the world. Shellfish tested as part of a companion study
were only found to contain low amounts of the newly described AZA-59
(max. 2.4 pg kg™1) in a small number of samples and AZA-2 (0.6 ug
kg™ 1) in one sample with the concentration of A. poporum observed
during this study (1.1 x 107 cells L™' measured at Westport in early
June 2018) indicating that the risk to consumers for AZP is low at the
present time. During the course of these studies, the Washington
Department of Health investigated three isolated incidents of
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gastrointestinal distress associated with shellfish consumption (one in
2014 and two in 2016), similar to the one in 2009 that helped to inspire
this work. Several of these samples were found to contain low levels of
DSP toxins but not enough to explain the illnesses. These shellfish were
subsequently tested for AZA-1, —2, —3, and —59 and only one sample
was found to contain a trace concentration of AZA-59, while no AZA-1,
—2, or —3 were detected (Jonathan Deeds, personal communication).
However, positive results from the Amphidomataceae assay suggests
the presence of additional Azadinium spp. or Amphidoma spp. in the
region, although it cannot be excluded that such species produce new
and not yet described AZA derivatives. The detection of toxigenic A.
poporum and potentially toxigenic A. spinosum in Washington State in-
land and coastal waters, as well as in Canadian territorial waters, along
with the quantification of low levels of azaspiracids in shellfish high-
lights the importance of continued monitoring for these organisms and
toxins as a proactive approach to human health protection.
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