
Toxicon:X 19 (2023) 100166

Available online 16 June 2023
2590-1710/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Co-occurrence of marine and freshwater phycotoxins in oysters, and 
analysis of possible predictors for management 

Sarah K.D. Pease a, Todd A. Egerton b, Kimberly S. Reece a, Marta P. Sanderson a, Michelle 
D. Onofrio a, Evan Yeargan b, Adam Wood b, Amanda Roach b, I-Shuo Wade Huang a, 
Gail P. Scott a, Allen R. Place c, Amy M. Hayes d, Juliette L. Smith a,* 

a Virginia Institute of Marine Science, William & Mary, P.O. Box 1346, Gloucester Point, VA, 23062, USA 
b Division of Shellfish Safety and Waterborne Hazards, Virginia Department of Health, Norfolk, VA, 23510, USA 
c Institute of Marine and Environmental Technology, University of Maryland, Center for Environmental Sciences, Baltimore, MD, 21202, USA 
d Public Health Toxicology Program, Virginia Department of Health, Richmond, VA, 23219, USA   

A R T I C L E  I N F O   

Handling Editor: Ray Norton  

Keywords: 
Domoic acid 
Pectenotoxin 
Azaspiracid 
Okadaic acid 
Karlotoxin 
Microcystin 

A B S T R A C T   

Oysters (Crassostrea virginica) were screened for 12 phycotoxins over two years in nearshore waters to collect 
baseline phycotoxin data and to determine prevalence of phycotoxin co-occurrence in the commercially and 
ecologically-relevant species. Trace to low concentrations of azaspiracid-1 and -2 (AZA1, AZA2), domoic acid 
(DA), okadaic acid (OA), and dinophysistoxin-1 (DTX1) were detected, orders of magnitude below seafood safety 
action levels. Microcystins (MCs), MC-RR and MC-YR, were also found in oysters (maximum: 7.12 μg MC-RR/kg 
shellfish meat wet weight), warranting consideration of developing action levels for freshwater phycotoxins in 
marine shellfish. Oysters contained phycotoxins that impair shellfish health: karlotoxin1-1 and 1–3 (KmTx1-1, 
KmTx1-3), goniodomin A (GDA), and pectenotoxin-2 (PTX2). Co-occurrence of phycotoxins in oysters was 
common (54%, n = 81). AZAs and DA co-occurred most frequently of the phycotoxins investigated that are a 
concern for human health (n = 13) and PTX2 and KmTxs co-occurred most frequently amongst the phycotoxins 
of concern for shellfish health (n = 9). Various harmful algal bloom (HAB) monitoring methods and tools were 
assessed for their effectiveness at indicating levels of phycotoxins in oysters. These included co-deployed solid 
phase adsorption toxin tracking (SPATT) devices, toxin levels in particulate organic matter (POM, >1.5 μm) and 
whole water samples and cell concentrations from water samples as determined by microscopy and quantitative 
real-time PCR (qPCR). The dominant phycotoxin varied between SPATTs and all other phycotoxin sample types, 
and out of the 11 phycotoxins detected in oysters, only four and seven were detected in POM and whole water 
respectively, indicating phycotoxin profile mismatch between ecosystem compartments. Nevertheless, there 
were correlations between DA in oysters and whole water (simple linear regression [LR]: R2 = 0.6, p < 0.0001, n 
= 40), and PTX2 in oysters and SPATTs (LR: R2 = 0.3, p = 0.001, n = 36), providing additional monitoring tools 
for these phycotoxins, but oyster samples remain the best overall indicators of seafood safety.   

1. Introduction 

Along with fresh seafood consumption per capita, market demand for 
oysters in the USA has generally increased since 2000 (Botta et al., 2020; 
NMFS 2021). The USA commercial oyster fishery was valued over $250 
M in 2019 (NMFS 2021). In the same year, the ex-vessel dollar value (i. 

e., dollars received at time of first sale) of oyster (Crassostrea virginica) 
landings in the USA Middle Atlantic fishery region was $51 M, with 
Virginia making up about $39 M of that amount (NOAA Fisheries 2020). 
Virginia is home to a lucrative oyster fishery, ranking first in oyster 
production along the US East Coast (Hudson 2019). Much of this oyster 
production occurs in the waters of Chesapeake Bay. 
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Chesapeake Bay is also home to an array of phycotoxins that have 
recently been detected via passive samplers, or solid phase adsorption 
toxin tracking devices (SPATTs, Onofrio et al., 2021). The same study 
found a high prevalence of phycotoxin co-occurrence in the region, with 
76% of SPATT samples detecting more than one phycotoxin. Further-
more, phycotoxins were detected year-round throughout the Virginia 
portion of Chesapeake Bay (Onofrio et al., 2021), suggesting that oysters 
in the area are exposed to dissolved phycotoxins throughout grow-out 
and up to harvest. 

Phycotoxins in Chesapeake Bay are produced by a range of di-
noflagellates, diatoms, raphidophytes, and cyanobacterial harmful algal 
bloom (HAB) species (Marshall 1996; Marshall and Egerton 2009). Some 
of these species are associated with seafood safety, while others are 
associated with shellfish health. Comprehensive, multi-year baseline 
data are currently lacking for the accumulation of these phycotoxins in 
regional shellfish. These data are necessary to assess risks to human 
health and to identify phycotoxins that may impact resource sustain-
ability through accumulation and deleterious impacts on shellfish. 

Some regional phycotoxins are associated with global human health 
syndromes that can occur when shellfish with high concentrations of 
these phycotoxins are consumed. These phycotoxins and their associated 
syndromes include: azaspiracids (AZAs)—azaspiracid shellfish 
poisoning (AZP), domoic acid (DA)—amnesic shellfish poisoning (ASP), 
and diarrhetic shellfish toxins (DSTs)—diarrhetic shellfish poisoning 
(DSP). AZAs are produced by the Amphidomataceae family of di-
noflagellates (Tillmann et al., 2017), but a causative organism has yet to 
be identified in the Chesapeake Bay (Onofrio et al., 2021). Diatoms from 
the DA-producing genus Pseudo-nitzschia have been documented in 
Chesapeake Bay (Thessen and Stoecker 2008), as have DST-producing 
dinoflagellates Dinophysis spp. and Prorocentrum lima (Barbier et al., 
1999; Marshall et al., 2005; Wolny et al., 2020a). In addition to these 
marine phycotoxins, the traditionally freshwater phycotoxins, micro-
cystins (MCs) have been detected in Chesapeake Bay along with 
MC-producing Microcystis aeruginosa (Tango and Butler 2008; Wood 
et al., 2014; Bukaveckas et al., 2017, 2018; Onofrio et al., 2021). MCs 
are hepatotoxins produced by several marine and freshwater cyano-
bacteria, including Anabaena, Aphanizomenon, Nostoc, Microcystis, and 
Planktothrix cyanobacteria (Eriksson et al., 1990; Dawson 1998; Campos 
and Vasconcelos 2010; Huang and Zimba 2019 and references therein). 
Multiple research groups have raised concern about MCs and shellfish in 
relation to seafood safety, as shellfish can concentrate MCs (Miller et al., 
2010; Mulvenna et al., 2012; Vareli et al., 2013; Preece et al., 2017; 
Camacho-Muñoz et al., 2021) and in addition to hepatotoxicity, the 
toxin class has been linked to tumor promotion and reproductive 
toxicity in vertebrate models (Nishiwaki-Matsushima et al., 1992; Li 
et al. 2008, 2009; Wang et al., 2013). 

Current HAB monitoring in Virginia shellfish growing areas is co-
ordinated by the Virginia Department of Health (VDH) and consists of 
routine water sampling at over 60 stations throughout the region. The 
abundances of phycotoxin-producing species are monitored using mi-
croscopy and/or DNA analysis, with subsequent testing of seawater 
samples and/or shellfish tissues for phycotoxins when elevated HAB cell 
numbers are detected. To date, there have been no documented human 
illnesses caused by the consumption of Virginia shellfish contaminated 
with phycotoxins, and only one precautionary shellfish harvest closure 
occurred due to an elevated cell concentration of Dinophysis in the 
Potomac River in 2002, though only trace concentrations of DSTs were 
detected in exposed shellfish in that event (Tango et al., 2004). 

In addition to phycotoxins associated with human health syndromes, 
other phycotoxins found in Chesapeake Bay can have negative impacts 
on shellfish health. Pectenotoxin-2 (PTX2) is a phycotoxin produced by 
Dinophysis spp. that has been documented in Chesapeake Bay (Onofrio 
et al., 2021) and is harmful to shellfish health, reducing oyster fertil-
ization success (Gaillard 2020; Gaillard et al., 2020) and causing inac-
tivity and mortality in oyster larvae under laboratory settings (Pease 
et al., 2021). In Chesapeake Bay, goniodomin A (GDA) is produced by 

the dinoflagellate Alexandrium monilatum(Hsia et al., 2006; Wolny et al., 
2020b). Exposure to live or lysed A. monilatum has been shown to have 
negative impacts on shellfish health, inducing valve closure, reducing 
clearance rates, and causing mortality in oysters, clams, and mussels 
(Ray and Aldrich 1966; Sievers 1969, May et al., 2010; Pease 2016). 
While the precise mechanism of toxicity remains undetermined, GDA 
was detected in whelks that died during an A. monilatum bloom (Harding 
et al., 2009). Karlodinium veneficum is a dinoflagellate in Chesapeake Bay 
that produces karlotoxins (KmTxs), including KmTx1-1 and KmTx1-3 
(Brownlee et al., 2008; Stoecker et al., 2008; Bachvaroff et al., 2008, 
2009; Adolf et al., 2009). After exposure to KmTx-producing 
K. veneficum, reduced clearance rates, reduced growth, and/or mortal-
ity have been reported in oysters, clams, mussels, and scallops (Abbott 
and Ballantine 1957; Nielsen and Strømgren 1991; Galimany et al., 
2008; Brownlee et al., 2008; Place et al., 2008). 

The current study is a continuation of the work from a collaboration 
between the Virginia Institute of Marine Science (VIMS) and the VDH 
Division of Shellfish Safety and Waterborne Hazards to collect baseline 
data on phycotoxin spatiotemporal distribution in the Virginia portion 
of Chesapeake Bay (Onofrio et al., 2021). Efficient methods for moni-
toring a suite of phycotoxins in shellfish are needed to assess risks to 
seafood safety and shellfish health and productivity. The objectives of 
this study were, therefore, to (1) establish baseline phycotoxin 
co-occurrence and spatiotemporal distribution in oysters (C. virginica) in 
the Virginia portion of Chesapeake Bay, and (2) assess whether oyster 
phycotoxin concentrations could be monitored or predicted using other 
metrics by (a) examining relationships between phycotoxin concentra-
tions in oysters, SPATTs, particulate organic matter (POM, >1.5 μm), 
and whole water, and (b) comparing HAB cell concentrations deter-
mined by microscopy and by quantitative real-time PCR (qPCR) with 
amounts of phycotoxins detected in oysters and SPATTs. 

2. Materials & methods 

2.1. Field study design 

A field study was performed over six months in 2019 (January 
through June), and six months in 2020 (March through August) in 
nearshore waters of the Virginia-portion of Chesapeake Bay. Sampling 
periods focused on late winter – early summer due to expected season-
ality of regional HABs of concern; sampling period shifted later in 2020 
due to onset of sampling restrictions from COVID19 pandemic. Four 
stations were sampled each year, selected based on their proximity to 
shellfish growing areas and geographic distribution around the Bay 
(Fig. 1, Onofrio et al., 2021). Due to COVID19 constraints in 2020, 
station 9 was replaced by station 10. The stations sampled during the 
current study were previously characterized by Onofrio et al. (2021); 
briefly, the stations were mesohaline (S = 5–18, station 2 Rappa-
hannock) to polyhaline (S = 18–30, stations 4 York River, 6 Lynnhaven 
Inlet, 9 Cherrystone Inlet, and station 10 Wise Point), with respect to 
chlorophyll, stations ranged from low (0 - < 0.5 μg/L, station 10) to 
medium (5–20 μg/L, stations 2, 4, 6, and 9) on the Chl a eutrophic index, 
and all stations were shallow (≤ 2 m), with intermediate to high flushing 
rates. Geomorphic settings of each station were classified: station 2 is a 
tidal creek, station 4 is a tidal river, stations 6 and 9 are tidal inlets, and 
station 10 is a strait. 

Adult oysters (30–134 mm, C. virginica) were deployed once per year 
at each station, approximately two weeks before the start of the sam-
pling period. Oysters were deployed in bottom cages that held them 0.3 
m off the bottom, and SPATTs were attached to the top of the oyster 
cage, roughly 0.6 m from the bottom. Sampling occurred approximately 
every other week throughout the sampling period in each year for 
phycotoxin quantification in oyster meat (6–15 oysters pooled) and 
SPATTs. Discrete surface water samples were collected in each year, in 
2019 for phycotoxin quantification in POM (>1.5 μm) and whole water, 
and in 2020 for enumeration of HAB cells by microscopy and qPCR. 
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2.2. Sample preparation and phycotoxin extraction 

After sampling, oysters were shucked, rinsed with ultrapure water to 
remove salts, and stored at − 20 ◦C until phycotoxin extraction. 
Extraction followed McNabb et al. (2005); briefly, 18 mL of 90% 
methanol (MeOH) was used to extract 2 g of pooled oyster homogenate, 
crude extract was centrifuged (3234×g, 10 min, 4 ◦C), and the super-
natant was aliquoted for clean-up with hexane (2 mL - original) and 
alkaline hydrolysis (1 mL - hydrolysis). Alkaline hydrolysis converted 
esterified DSTs in the aliquot into the free, parent toxins, e.g., okadaic 
acid (OA), dinophysistoxin-1 (DTX1), and dinophysistoxin-2 (DTX2), 
following an adaptation of Villar-González et al. (2008). Briefly, 125 μL 
of 2.5 N NaOH was added to 1 mL of oyster extract; the mixture was 
heated to 76 ◦C for 40 min and then neutralized with 125 μL of 2.5 N 
AcOH. Both oyster extracts: original and hydrolysis extracts, were sub-
sequently analyzed by mass spectrometry. 

SPATTs were constructed and prepared with Diaion® HP-20 resin 
(Fux et al., 2008). This resin readily adsorbs phycotoxins with a range of 
different polarities and sizes (Lane et al., 2010; Kudela 2011; McCarthy 

et al., 2014; Roué et al., 2018; Onofrio et al., 2021). SPATTs were stored, 
deployed, and extracted as described in Onofrio et al. (2021). Briefly, 
during extraction, SPATTs were rinsed with ultrapure water to remove 
salts, resin was transferred to a 0.45-μm PVDF spin-filter centrifuge tube 
(Thermo Fisher Scientific, Waltham, MA, USA), and the resin underwent 
sequential extractions with 10 mL of 35% MeOH and 2 × 10 mL of 100% 
MeOH, as described in detail in Onofrio et al. (2021). The 35% MeOH 
extracts were collected and analyzed by enzyme linked immunosorbent 
assay (ELISA); 100% MeOH extracts were pooled and analyzed by mass 
spectrometry. 

POM samples were prepared by filtering 200 mL of sample water 
through a Whatman 934-AH GFF filter (nominal pore size 1.5 μm). 
Filters were stored at − 20 ◦C until extraction. Filters were extracted in 
2.0 mL of 100% MeOH, bath-sonicated for 30 min, centrifuged (3200×g, 
10 min, 4 ◦C), and the supernatant was collected and analyzed by mass 
spectrometry. 

Whole water samples were thawed, bath-sonicated at < 20 ◦C for 30 
min, and 75 mL of sample was acidified to 0.5% formic acid before being 
extracted using solid-phase extraction (SPE). SPE cartridges (Waters 

Fig. 1. Locations of the five sampling stations in the lower Chesapeake Bay, Virginia, USA: station 2 Rappahannock, station 4 York River, station 6 Lynnhaven Inlet, 
station 9 Cherrystone Inlet, and station 10 Wise Point. 
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Oasis HLB 3-cc, 60 mg; P/N WAT094226) were equilibrated with 3 mL 
MeOH and water, and loaded with the acidified sample. Cartridges were 
then washed with 3 mL 0.5% aqueous formic acid, blown dry, and eluted 
twice with 0.75-mL aliquots of 0.5% formic acid in MeOH. Eluents were 
pooled and analyzed by mass spectrometry. 

2.3. Phycotoxin analysis 

Sample extracts (90–100% MeOH) from oyster, SPATT, POM, and 
whole water were analyzed for 12 phycotoxins (AZA1, AZA2, DA, MC- 
LR, MC-RR, MC-YR, KmTx1-1, KmTx1-3, GDA, PTX2, OA, DTX1) at 
VIMS using ultra-performance liquid chromatography-tandem mass 
spectrometry, with a trapping dimension and at-column dilution (UPLC- 
MS/MS with trap/ACD) and mass spectrometer and chromatography 
conditions that were previously described in Onofrio et al. (2020). 
Phycotoxins were selected based on recent work that demonstrated 
occurrence in the region (Onofrio et al., 2021; Sanderson et al., 2023) 
and a subset of analogs were chosen to represent the toxin classes. Toxin 
classes and analogs that have thus far been absent, and therefore were 
excluded from the current study, include DTX2, brevetoxins, and yes-
sotoxins. Parent > daughter transitions, as presented in Onofrio et al. 
(2021), were used for quantitation, with the addition of a transition for 
DA: m/z 312.0 > 266.1, 30 V, 15eV (Onofrio, 2020). All extracts were 
0.22-μm syringe filtered (PVDF, 13-mm, Millipore Sigma, Burlington, 
MA, USA) and stored at − 20 ◦C for a maximum of two weeks before 
phycotoxin analysis. Injection volumes for each sample were 50 μL for 
oyster samples, and 100 μL for SPATTs, POM, and whole water samples, 
unless otherwise noted. 

Standard curves were prepared in 100% MeOH using a series of 9 
calibration points between 0.1 and 50 μg/L for all phycotoxins except 
AZA1 and AZA2, which were calibrated between 0.004 and 2 μg/L. 
SPATTs from 2019 were run with the higher standard curve (0.1–50 μg/ 
L) for AZAs, and any samples with detectable levels of AZA2 were rerun 
with an injection volume of 200 μL and a standard curve between 0.003 
and 2 μg AZA2/L. KmTxs were not included in the standard curve due to 
limited purified material; a check standard of unknown concentration 
(~2 μg/L) containing KmTx1-1 and KmTx1-3 was run with each sample 
set to determine presence/absence. Instrument limits of detection (LOD) 
for the majority of phycotoxins were between 0.01 and 0.39 μg/L 
(Onofrio et al., 2020); the LOD for DA was 0.18 μg/L (Onofrio unpub-
lished). Lower LODs for AZAs and GDA, 0.003–0.004 μg/L and 0.1 μg/L, 
respectively, were associated with oyster, whole water, and some SPATT 
samples, and quantification utilized the lowest points on their respective 
standard curves (this study). Blank injections of 100% MeOH were run 
after each set of 15 SPATTs, POM, or whole water extracts, and after 
every 3 oyster extracts, to confirm that carryover was not occurring. The 
inlet method of Onofrio et al. (2020) was modified with the addition of 
2 min of isocratic flow, 95% acetonitrile, to the end of each oyster run to 
provide better cleanup between injections. To confirm that retention 
times remained consistent, check standards (5 μg/L for each phycotoxin, 
except 0.12 μg/L of AZA1 and AZA2) or full standard curves were run 
after every 15–16 injections of extracts. Non-detects, samples with S/N 
< 10, and POM and whole water samples without confirmatory peaks, 
were represented as < LOD and/or 0. SPATT, POM, and whole water 
phycotoxin concentrations less than the lowest point on the respective 
standard curve, i.e., the limit of quantitation (LOQ), but with S/N ≥ 10, 
were represented as ½ LOD. Oyster phycotoxin concentrations less than 
the LOQ but with a S/N ≥ 10 and a parent peak of S/N ≥ 3, were rep-
resented as ½ LOD. Phycotoxin results in oysters were also presented as 
the percentage of samples that tested positive within the 81 extracts 
evaluated across all sites and time points. 

The 2019, 35% MeOH extracts from SPATTs were analyzed for DA as 
described in Onofrio et al. (2021). Briefly, DA (ASP) ELISA kits (Abraxis 
Inc., Warminster, PA, USA) and an Abraxis plate reader were used to 
detect and quantify DA. 

Phycotoxin standards were purchased from the National Research 

Council Canada: CRM-AZA1-b, CRM-AZA2-b, CRM-DA-g, CRM-PTX2-b, 
CRM-OA-d, CRM-DTX1-b. A mixed solution of MC-LR, MC-RR, and MC- 
YR was purchased from Sigma Aldrich (33,578-1 ML). KmTx1-1 and 
KmTx1-3 were purified from K. veneficum and provided by Dr. Allen 
Place (UMCES, Maryland). GDA was purified from A. monilatum and 
provided by Drs. Thomas and Constance Harris (Harris et al., 2020). 

The prevalence of each phycotoxin in oysters was reported, i.e., the 
percentage of oyster samples with phycotoxin > LOD out of all oyster 
samples. The phycotoxin profile, or relative proportion of each toxin 
group, was also determined for each sample type (i.e., oysters, SPATTs, 
POM, and whole water). Proportions were calculated by summing the 
concentrations of a phycotoxin group across all 2019 samples and then 
dividing by the total concentration of all phycotoxins detected across 
2019 samples of that sample type. Phycotoxin concentrations below the 
LOQ were represented by ½ LOD for the method associated with that 
sample type and all phycotoxin concentration units were normalized 
within sample type (μg/kg for oysters and SPATTs, and μg/L for POM 
and whole water). 

2.4. Percent response from oyster matrix and percent recovery from POM 
and whole water phycotoxin samples 

Percent response was determined for ten phycotoxins in oyster ma-
trix (AZA1, AZA2, DA, MC-LR, MC-RR, MC-YR, GDA, PTX2, OA, DTX1). 
This looks at ion enhancement or suppression of toxin analysis due to 
matrix effects. Triplicate oyster matrices and triplicate 90% MeOH 
controls were spiked to a final concentration of 5 ng phycotoxin/mL, or 
0.2 ng phycotoxin/mL for AZAs. Spiked samples were analyzed as 
described above by UPLC-MS/MS with trap/ACD (section 2.3) and the 
following equation was used to calculate percent response: 

% Response=
peak area of phycotoxin in oyster matrix
peak area of phycotoxin in 90 % MeOH

× 100 % 

Recovery efficiency was determined for the bulk extraction of seven 
phycotoxins (AZA1, AZA2, DA, GDA, PTX2, OA, DTX1) from POM 
samples and ten phycotoxins (AZA1, AZA2, DA, MC-LR, MC-RR, MC-YR, 
GDA, PTX2, OA, DTX1) from whole water samples. Recoveries have 
already been reported in the other two matrices: SPATT (Onofrio et al., 
2021) and oyster tissue (McNabb et al., 2005), and so were not repeated 
as part of the present work. Microcystins, MC-LR, MC-RR, and MC-YR, 
were excluded from present recovery trials in POM because previous 
studies have already confirmed success using the utilized extraction 
method in field and laboratory samples (Gjølme and Utkilen, 1996; 
Barco et al., 2005, Silva-Stenico et al., 2009; Pestana et al., 2014), with 
recovery efficiency between 80 and 125% for MC-RR and 81–129% for 
MC-LR (Lawton et al., 1994). KmTxs were excluded due to a limited 
amount of available purified material. 

Recovery efficiency for the POM extraction method was carried out 
as follows. Six 200-mL samples of seawater, S = 20, from the York River, 
Chesapeake Bay, Virginia, USA, were filtered as described above (see 
section 2.2), 2 mL of MeOH was added to the filters, and half of the filters 
were then spiked to a final concentration of 5 μg phycotoxin/L for each 
phycotoxin, or 0.2 μg/L for the AZAs. Filters were extracted as described 
in section 2.2, above. 

To determine recovery efficiency for the whole water extraction 
method, six 75-mL samples of unfiltered seawater, S = 20, from the York 
River, Chesapeake Bay, Virginia, USA were collected. Half of the sam-
ples (n = 3) were spiked to a final concentration of 5 ng phycotoxin/mL 
(or 0.2 ng phycotoxin/mL for AZAs). All six samples (spiked and 
unspiked) were extracted as described in section 2.2 above and analyzed 
by UPLC-MS/MS with trap/ACD as described above in section 2.3. 
Esterified forms of OA and DTX1 were added to non-esterified forms of 
OA and DTX1, respectively, and the following equation was used to 
calculate the recovery efficiency for each phycotoxin:   
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2.5. HAB cell enumeration 

Surface water samples collected in 2020 were used for enumeration 
of HAB cells using two different methods. Microscopic analysis for HAB 
species was carried out in Lugol’s preserved water samples as described 
in Onofrio et al. (2021), with the exception that 5-mL aliquots were 
enumerated. Briefly, HAB cells were identified and enumerated in well 
plates (Cellvis P12-1.5H–N, Mountainview, CA, USA) using light mi-
croscopy at 100–400X (Olympus CKX41). 

qPCR was used to enumerate certain HAB species using template 
DNA isolated from 3-μm-filtered, 100-mL water samples as previously 
described (Pease et al., 2021). Previously published qPCR assays were 
used for detection and quantification of members of the Amphidomata-
ceae family, A. monilatum, and K. veneficum (Smith et al., 2016; Van-
dersea et al., 2017; Pease et al., 2021). A previously described primer set 
designed to detect Pseudo-nitzschia spp. (Penna et al., 2007) was used for 
a SYBR Green-based qPCR assay for detection and quantification of this 
genus. A Dinophysis spp. TaqMan assay was developed based on Ches-
apeake Bay Dinophysis spp. sequences to target the internal transcribed 
spacer region of the rRNA gene region. The Dinophysis spp. primers are 
DinoITS_52 F (5′-CATGTGGAAGCTCGAGGGTA-3′) and DinoITS_130 R 
(5′-GTGAGCCAAGCAGACGGTAG-3′). The probe is DinoITS_82 P R 
(5′FAM-AGCAGTGTGGTCTTGCTGTT-3′BHQ). Stocks of A. monilatum, 
K. veneficum, and Dinophysis acuminata are maintained at VIMS for 
positive controls and were used to generate standard curves for qPCR. 
Pseudo-nitzschia multiseriesfiltered cells were received from NOAA Fish-
eries, Northwest Fisheries Science Center, Seattle, WA for use as control 
material and for standard curves in the Pseudo-nitzschia spp. assay. 
Azadinium dexteroporum filtered cells were received from the Algal Re-
sources Collection at the University of North Carolina at Wilmington, 
Wilmington, NC for use as control material and for standard curves in 
the Amphidomataceae family assay. Cell counts for the control stock 
cultures were determined by light microscopy. DNA was extracted from 
a known number of cells to generate standard curves through serial 
dilution of the DNA to achieve a range of cell number equivalents. DNA 
from the filtered water samples were run against these standard curves 
to quantify cell concentrations for each sample. qPCR assays were per-
formed on 7500 Fast, QuantStudio 6, or QuantStudio 3 Real-Time PCR 
systems (Applied Biosystems™, ThermoFisher, Waltham, Massachu-
setts, USA) using the following cycling parameters: an initial denatur-
ation step at 95 ◦C for 20 s followed by 40 cycles of 95 ◦C for 3 s to 
denature and 60 ◦C for 30 s to anneal and extend. All reactions were 
performed in duplicate. Reagent concentrations for the TaqMan assays 
were 0.4 mg/mL BSA, 0.9 μM for each primer, 0.1 μM for the probe and 
1X concentration of the TaqMan® Fast Advanced Master Mix (Applied 
Biosystems™, ThermoFisher, Waltham, Massachusetts, USA) in a 10 μL 
final volume. Reagent concentrations for the SYBR Green assays were 
0.9 μM for each primer and 1X concentration of PowerUp™ SYBR™ 
Green Master Mix (Applied Biosystems™, ThermoFisher, Waltham, 
Massachusetts, USA) in a 10 μL volume. A dissociation step was added to 
the SYBR Green assays so that the correct melting temperature could be 
verified for the qPCR product. 

2.6. Statistical analysis 

In 2019, phycotoxin concentrations in SPATTs, POM, and whole 
water were assessed as predictors of phycotoxin concentrations in oys-
ters using linear regressions. In 2020, phycotoxin concentrations in 
SPATTs, and HAB cell concentrations determined by microscopy and by 

qPCR were assessed as predictors of phycotoxin concentrations in oys-
ters using linear regressions. Within each year, only phycotoxins that 
were quantifiable (>LOQ) in ≥ 3 oyster samples, and that had predictor 
data to compare to, were analyzed. All data were log10-transformed to 
meet assumptions of normality and centered. All linear regressions were 
re-run with a two-week (i.e., one sampling event) lag time, to see if 
predictor data from two weeks prior to oyster sampling improved model 
fit. Statistical tests were performed in R Studio using R version 3.6.2. 
Raw data for these analyses can be found in Tables S1 and S2. 

3. Results 

3.1. Percent response and recovery 

Ion enhancement and suppression of 10 analytes were examined in 
oyster extracts by comparing spiked matrix to 90% methanolic controls. 
Overall, percent responses were above 100% in oyster matrix relative to 
methanolic controls for all tested phycotoxins, indicating ion enhance-
ment (102–179%, Table S3). The exception was OA which demonstrated 
slight suppression (92% response). Signal enhancement potentially led 
to overestimation of the amounts of these phycotoxins in oysters. The 
phycotoxin with the greatest signal enhancement, MC-LR (227%), was 
not detected in oysters in this study. 

The bulk extraction methods used for POM and whole water samples 
were successful in the co-extraction and recovery of phycotoxins, 
resulting in percent recoveries >78% for all tested phycotoxins except 
DA in POM samples, and percent recoveries >89% for all tested phy-
cotoxins in whole water samples (Table S3). Recovery for DA from POM 
was 50%, indicating that reported amounts of DA underestimate the 
actual amount of DA in POM samples. Recoveries were adequate for 
multi-toxin screening of samples in this study. 

3.2. Phycotoxins in oysters 

Most oyster samples (84%, n = 81), contained at least one of the 12 
phycotoxins assessed in this study (Table 1). Of the phycotoxins 
measured, 11 were detected in oysters, including AZA1, AZA2, DA, OA, 
DTX1, MC-RR, MC-YR, GDA, PTX2, KmTx1-1, and KmTx1-3. The phy-
cotoxin MC-LR was not detected in oysters. Phycotoxin results are 
separated into two categories: phycotoxin groups associated with sea-
food safety, i.e., AZAs, DA, MCs, and DSTs (OA and DTX1), and phy-
cotoxin groups associated with shellfish health, i.e., PTX2, GDA, and 
KmTxs. Co-occurrence of phycotoxins from two or more phycotoxin 
groups was common (54% of oyster samples). The most prevalent 
phycotoxins in oysters were PTX2 and DA, and the least prevalent 
phycotoxins were the DSTs (Fig. 2). The most widespread phycotoxins in 
oyster meat were AZA1 and PTX2, which were found at all stations 
between 2019 and 2020 (Table 1). In all sampled months, January 
through June 2019, and March through August 2020, at least one oyster 
sample contained detectable phycotoxin (Table S4). Phycotoxin con-
centrations are presented in the same units as the U.S. Food and Drug 
Administration action levels for that phycotoxin as it is regulated in 
seafood where applicable (USFDA 2019). 

DA was observed in the highest concentration in oysters (Table 1), 
reaching 0.58 mg/kg SM w. w. In one sample, followed by MC-RR (7.1 
μg/kg SM w. w.), PTX2 (6.2 μg/kg SM w. w.), AZA1 (0.80 μg/kg SM w. 
w.), and AZA2 (0.42 μg/kg SM w. w.). In oysters, MC-YR, OA, DTX1, and 
GDA were detected in amounts below their respective limits of quanti-
tation, while KmTx1-1 and KmTx1-3 were detected but not quantified in 

% Recovery=
μg/L phycotoxin detected in spiked sample

μg/L phycotoxin added to sample − μg/L phycotoxin detected in unspiked sample
× 100   
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Table 1 
Spatial distribution of 12 phycotoxins across five stations in the lower Chesapeake Bay.  

Sample type (years collected) Station IDc (sample size) Seafood safety phycotoxinb maximum Shellfish health phycotoxinb maximum 

AZA1 AZA2 DA MC-LRd MC-RRd MC-YRd OAe DTX1e PTX2 GDA KmTx1-1 KmTx1-3 

Oysters Units μg/kg  μg/kg  mg/kg μg/kg  μg/kg  μg/kg  μg/kg μg/kg μg/kg mg/kg +/− +/−

(2019, 2020) SM w.w. SM w.w. SM w.w. SM w.w. SM w.w. SM w.w. SM w.w. SM w.w. SM w.w. SM w.w.  
Action levelf 160 160 20 NA NA NA 160 160 NA NA NA NA  
Station 2 (n = 17) 0.36 0.38 0 0 0 1.1a 0 0.50a 0.18a 0.00045a + +

Station 4 (n = 22) 0.35 0 0.028 0 7.1 0 0 0 2.2 0 + +

Station 6 (n = 21) 0.80 0.33 0.58 0 7.1 1.1a 0.45a 0 4.4 0.00045a + +

Station 9 (n = 11) 0.29 0 0.075 0 0 0 0 0 0.18a 0.00045a + +

Station 10 (n = 10) 0.28 0.42 0.086 0 0.32a 0 0.45a 0 6.2 0 – –               

SPATTs Units μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg +/− +/−
(2019, 2020) resin resin resin resin resin resin resin resin resin resin  

Station 2 (n = 21) 0.067a 0 0 0 0 0 22 16 52 14 – –  
Station 4 (n = 21) 0 0.20 2.2 0 0 0 43 34 73 16 – –  
Station 6 (n = 21) 0 0.26 6.0 0 0 0 73 66 110 84 – –  
Station 9 (n = 11) 0 0 2.4 0 0 0 58 9.9 6.8 0 – –  
Station 10 (n = 10) 0 0.23 2.8 0 0 0 75 240 140 0.33a – –               

POM Units μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L +/− +/−
(2019) Station 2 (n = 10) 0 0 0.0017 0 0 0 0 0 0 0 – –  

Station 4 (n = 11) 0 0 0.15 0 0 0 0 0 0.0036 0 – –  
Station 6 (n = 11) 0 0 0.94 0 0 0 0 0 0.0027 0 – –  
Station 9 (n = 11) 0 0.000072 0.22 0 0.0040 0 0 0 0.0021 0 – –               

Whole water Units μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L +/− +/−
(2019) Station 2 (n = 10) 0 0 0.074 0 0 0 0 0 0.0015 0 + +

Station 4 (n = 10) 0.000040a 0 0.38 0.0022 0 0.0047 0.0060 0.0011a 0.014 0 + +

Station 6 (n = 10) 0.000040a 0.000040a 1.8 0.0027 0 0.0038 0.0085 0.0011a 0.048 0 – –  
Station 9 (n = 10) 0.000040a 0 0.99 0 0.00070a 0 0 0 0.010 0 – – 

Within each phycotoxin and sample type across sites, the phycotoxin maximum is bolded. Values below the limit of detection (LOD) are shown as zeroes. Karlotoxins are reported as presence/absence (+/-). 
a Phycotoxin value below the limit of quantitation (LOQ) and represented by 1/2 LOD for that method. 
b AZA1 = azaspiracid-1, AZA2 = azaspiracid-2, DA = domoic acid, MC-LR = microcystin-LR, MC-RR = microcystin-RR, MC-YR = microcystin-YR, OA = okadaic acid, DTX1 = dinophysistoxin-1, PTX2 = pectenotoxin-2, 

GDA = goniodomin A, KmTx1-1 = karlotoxin1-1, KmTx1-3 = karlotoxin1-3. 
c Station 9 was only sampled in 2019 and Station 10 was only sampled in 2020. 
d While hepatotoxic shellfish poisoning is currently theoretical (Miller et al., 2010; Mulvenna et al., 2012; Vareli et al., 2013; Preece et al., 2017; Camacho-Muñoz et al., 2021; Straquadine et al., 2022), microcystins are 

included in this study as seafood safety phycotoxins because they are known hepatotoxins (Eriksson et al., 1990; Dawson 1998; Campos and Vasconcelos 2010). 
e Okadaic acid and dinophysistoxin-1 concentrations in oysters are the result of alkaline hydrolysis, and therefore, represent esterified and free toxins combined. 
f U.S. Food and Drug Administration (FDA) action levels for phycotoxins regulated in seafood (USFDA 2019); NA indicates no action level is available for that phycotoxin. 
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this study due to lack of reference material. 

3.2.1. Seafood safety 
Most oyster samples (67%, n = 81), contained at least one phyco-

toxin associated with seafood safety: AZAs, DA, DSTs, and MCs. Seafood 
safety phycotoxins co-occurred in 23% of oyster samples (n = 81) and at 
least once at each sampling site (Table S4). Of these co-occurrences (n =
19), 68% were between AZAs and DA. 

Both AZA1 and AZA2 were detected in oysters. AZA1 prevalence in 
oyster samples (23%) was almost double that of AZA2 (12%, n = 81, 
Fig. 2). No co-occurrences of these phycotoxins were detected in oysters. 

Between 2019 and 2020, AZA1 was detected at all five stations, while 
AZA2 was detected at only three stations (2, 6, and 10) (Table 1). AZA1 
was detected in oysters in February through March, and May 2019, with 
a maximum concentration of 0.80 μg/kg SM w. w. (station 6, 5/15/19), 
and in May through August 2020, with a maximum concentration of 
0.40 μg/kg SM w. w. (station 6, 6/24/20, Fig. 3). In 2019, AZA2 was 
detected in oysters at two stations, but only in April, with a maximum 
concentration of 0.22 μg/kg SM w. w. (station 6, 4/29/19). In 2020, 
AZA2 was detected in March, and May through August, with a maximum 
concentration of 0.42 μg/kg SM w. w. (station 10, 8/3/20, Fig. 3). 

DA was prevalent in 40% of oyster samples (n = 81, Fig. 2). Between 

Fig. 2. Prevalence of each phycotoxin detected in oyster samples (n = 81); i.e., for each phycotoxin, the percentage of oyster samples that it was detected in, in an 
amount greater than the limit of detection (LOD) for that phycotoxin. Microcystin-LR was not detected in oysters. Extracts underwent alkaline hydrolysis, and 
therefore, okadaic acid (OA) and dinophysistoxin-1 (DTX1) concentrations represent esterified and free toxins combined. AZA1 = azaspiracid-1, AZA2 = azaspiracid- 
2, AZAs = azaspiracids, DA = domoic acid, MC-RR = microcystin-RR, MC-YR = microcystin-YR, MCs = microcystins, PTX2 = pectenotoxin-2, GDA = goniodomin A, 
KmTx1-1 = karlotoxin1-1, KmTx1-3 = karlotoxin1-3, KmTxs = karlotoxins. 

Fig. 3. Oyster phycotoxin data (μg/kg shellfish meat [SM] w. w.) for azaspiracid-1 and -2 (AZA1 and AZA2, respectively) across five stations from January to June 
2019 and from March to August 2020. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. Hollow circles are below the limit of quan-
titation (<LOQ) and are represented as ½ the method limit of detection (LOD). Samples below the LOD are indicated by plus signs (+). 
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2019 and 2020, DA was detected at every site, except station 2 (Table 1). 
DA was detected in oysters in January through May 2019, with a 
maximum concentration of 0.58 mg/kg SM w. w. (station 6, 1/25/19), 
and in March through May, and July through August 2020, with a 
maximum concentration of 0.086 mg/kg SM w. w. (station 10, 3/31/20, 
Fig. 4). 

Both MC-RR and MC-YR were detected in oysters. MC-RR prevalence 
in oyster samples (6%) was similar to MC-YR (7%, n = 81, Fig. 2). No co- 
occurrences of these phycotoxins were detected in oysters. Between 

2019 and 2020, MC-RR was detected at three stations (4, 6, and 10), 
while MC-YR was detected at two stations (2 and 6) (Table 1). MC-RR 
was detected once in oysters in April 2019, with a concentration of 
7.1 μg/kg SM w. w. (station 4, 4/1/19), and in May through June 2020, 
with a maximum concentration of 7.1 μg/kg SM w. w. (station 6, 5/26/ 
20, Fig. 5). MC-YR was detected in oysters in March through May 2019, 
and in June and August 2020, and was always detected in low concen-
trations (<LOQ, Fig. 5). 

Alkaline hydrolysis was performed on all oyster extracts, therefore, 

Fig. 4. Oyster phycotoxin data (mg/kg shellfish meat [SM] w. w.) for domoic acid (DA) across five stations from January to June 2019 and from March to August 
2020. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. Hollow circles are below the limit of quantitation (<LOQ) and are represented as 
½ the method limit of detection (LOD). Samples below the LOD are indicated by plus signs (+). 

Fig. 5. Oyster phycotoxin data (μg/kg shellfish meat [SM] w. w.) for microcystin-RR and -YR (MC-RR and MC-YR, respectively) across five stations from January to 
June 2019 and from March to August 2020. Microcystin-LR was not detected in oysters. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. 
Hollow circles are below the limit of quantitation (<LOQ) and are represented as ½ the method limit of detection (LOD). Samples below the LOD are indicated by plus 
signs (+). 

S.K.D. Pease et al.                                                                                                                                                                                                                              



Toxicon: X 19 (2023) 100166

9

reported DST concentrations (OA or DTX1) represent both esterified and 
free toxins combined. DSTs, OA and DTX1 and their esterified forms, 
were rarely detected in oyster samples (2 and 1%, respectively, n = 81) 
(Fig. 2). No co-occurrences of these phycotoxins were detected in oys-
ters. Neither of these phycotoxins was detected in 2019. In 2020, OA and 
esterified forms were detected at two stations: station 6 (5/26/20) and 
station 10 (6/10/20), while DTX1 was detected at station 2 (6/25/20, 
Table 1); both phycotoxins were detected only in low concentrations 
(<LOQ, Fig. 6). 

3.2.2. Shellfish health 
At least one phycotoxin group associated with shellfish health, GDA, 

PTX2, or KmTxs, was detected in most oyster samples (64%, n = 81) 
(Table S4). Shellfish health phycotoxins co-occurred in 12% of oyster 
samples (n = 81), from three stations (4, 6, 9). Of these co-occurrences 
(n = 10), 90% were between PTX2 and KmTxs (Table S4). 

PTX2 was the most prevalent phycotoxin detected in oyster samples 
(41%, n = 81, Fig. 2, Table S4). Between 2019 and 2020, PTX2 was 
detected at every station (Table 1). PTX2 was detected in oysters in 

Fig. 6. Oyster phycotoxin data (μg/kg shellfish meat [SM] w. w.) for diarrhetic shellfish toxins (DSTs) okadaic acid and dinophysistoxin-1 (OA and DTX1, 
respectively) as determined using alkaline hydrolysis, across five stations from January to June 2019 and from March to August 2020. Station 9 was only sampled in 
2019 and station 10 was only sampled in 2020. Hollow circles are below the limit of quantitation (<LOQ) and are represented as ½ the method limit of detection 
(LOD). Samples below the LOD are indicated by plus signs (+). 

Fig. 7. Oyster phycotoxin data (μg/kg shellfish meat [SM] w. w.) for pectenotoxin-2 (PTX2) across five stations from January to June 2019 and from March to August 
2020. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. Hollow circles are below the limit of quantitation (<LOQ) and are represented as 
½ the method limit of detection (LOD). Samples below the LOD are indicated by plus signs (+). 
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March through May 2019, with a maximum concentration of 2.4 μg/kg 
SM w. w. (station 6, 4/1/19), and in March through August 2020, with a 
maximum concentration of 6.2 μg/kg SM w. w. (station 10, 5/26/20, 
Fig. 7). In 2020, every oyster sample collected from stations 6 and 10 
had detectable concentrations of PTX2 (Fig. 7). 

GDA was detected in 7% of oyster samples (n = 81, Fig. 2, Table S4). 
Between 2019 and 2020, GDA was detected at three stations (2, 6, 9) 
(Table 1). GDA was detected in oysters in June 2019, at stations 2 and 9, 
and in June through July 2020, at stations 2 and 6, but was always 
detected in low concentrations (<LOQ, Fig. 8). 

KmTxs, KmTx1-1 and KmTx1-3 were both detected in oysters. 
KmTx1-1 prevalence in oyster samples (28%) was greater than that of 
KmTx1-3 (5%, n = 81, Fig. 2, Table S4). KmTx1-3 was only detected in 
oyster samples in which KmTx1-1 was also present (Table S4). Between 
2019 and 2020, both KmTxs were detected at four stations (2, 4, 6, and 
9) (Table 1). KmTx1-1 was detected in oysters in January through May 
2019, at those four stations, and in March through April 2020, at station 
4 (Fig. 9). KmTx1-3 was detected in oysters once at each of the four 
stations in April 2019 and was not detected in oysters in 2020 (Fig. 9). 

Fig. 8. Oyster phycotoxin data (mg/kg shellfish meat [SM] w. w.) for goniodomin A (GDA) across five stations from January to June 2019 and from March to August 
2020. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. Hollow circles are below the limit of quantitation (<LOQ) and are represented as 
½ the method limit of detection (LOD). Samples below the LOD are indicated by plus signs (+). 

Fig. 9. Oyster phycotoxin presence/absence data for karlotoxin1-1 and -3 (KmTx1-1 and KmTx1-3, respectively) across five stations from January to June 2019 and 
from March to August 2020. Station 9 was only sampled in 2019 and station 10 was only sampled in 2020. Phycotoxin presence is denoted by hollow circles; 
phycotoxin absence is denoted by plus signs (+). 
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3.3. Predictors of phycotoxins in oysters 

Phycotoxin profiles varied between sample types. The SPATT phy-
cotoxin profile was dominated by DSTs (79% of all phycotoxins, n = 44), 
while DSTs made up 0% of the phycotoxin profile of oysters and POM (n 
= 44 and 43, respectively), and 0.8% of the phycotoxin profile in whole 
water (n = 40, Fig. 10). In contrast, the phycotoxin profiles of oysters, 
POM, and whole water were dominated by DA, making up 98, 99, and 
97% of the respective profiles, while DA made up only 0.6% of the 
SPATT phycotoxin profile (Fig. 10). 

3.3.1. Seafood safety 
Of the seven seafood safety phycotoxins detected in the current 

study, all were detected in oysters and whole water (AZA1, AZA2, DA, 
MC-RR, MC-YR, OA, DTX1), while SPATTs picked up five of these 
phycotoxins (AZA1, AZA2, DA, OA, DTX1), and POM picked up only 
three (AZA2, DA, MC-RR, Table 1). 

AZAs, AZA1 and AZA2, were detected in oysters, SPATTs, and whole 
water; AZA2 was detected in POM, while AZA1 was not (Table 1). In 
2019, SPATTs and whole water samples collected concurrently or two 
weeks prior to the oyster sample, were poor predictors of oyster AZA1 
concentrations (Table 2). AZA2 oyster concentration data from 2019 
was inadequate for assessing phycotoxin predictors (see section 2.6). In 
2020, Amphidomataceae cell concentrations enumerated by qPCR from 
concurrent samples, or samples collected two weeks prior to oysters, 
were not a good predictor of AZA1 or AZA2 concentrations in oysters 
(Table 3). Additionally, AZA2 concentrations in concurrent SPATTs 
were not a good predictor of AZA2 concentrations in 2020 oyster sam-
ples (Table 3). Amphidomataceaecell concentrations enumerated by 
qPCR from 2020 samples can be found in Table S5, Amphidomataceae 
cells were too small to enumerate by the microscopy methods used. 

DA was detected in oysters, SPATTs, POM, and whole water 
(Table 1). In 2019, DA concentrations in oysters were significantly 
correlated with DA concentrations in concurrent SPATTs, POM, and 
whole water (LR SPATTs: R2 = 0.1, p = 0.02, n = 44; LR POM: R2 = 0.3, 
p = 0.0001, n = 43, LR Whole water: R2 = 0.6, p < 0.0001, n = 40, 
Table 2), and in SPATTs, POM, and whole water collected two weeks 
before the oysters (LR SPATTs: R2 = 0.1, p = 0.02, n = 40; LR POM: R2 =

0.3, p = 0.0001, n = 39, LR Whole water: R2 = 0.4, p < 0.0001, n = 36, 
Table 2). In 2020, DA concentrations in oysters were significantly 
correlated with DA concentrations in concurrent SPATT, and with 
Pseudo-nitzschia spp. cell concentrations enumerated by microscopy 
from concurrent water samples (LR SPATTs: R2 = 0.4, p < 0.0001, n =
36; LR Microscopy: R2 = 0.2, p = 0.002, n = 36, Table 3), and in SPATTs 

Fig. 10. Comparison of phycotoxin profiles within oyster, solid phase adsorption toxin tracking devices (SPATTs), particulate organic matter (POM, > 1.5 µm), and 
whole water across four stations for all 2019 sampling dates (n = 40-44). Proportions were calculated by summing the concentrations of a phycotoxin group across all 
2019 samples and then dividing by the total concentration of all phycotoxins detected across all 2019 samples of that sample type. Karlotoxins (KmTxs) were not 
included as they were not quantified in this study, however, KmTxs were present in oysters and whole water samples, and absent from SPATTs and POM samples. 
AZAs = azaspiracids, DA = domoic acid, MCs = microcystins, DSTs = diarrhetic shellfish toxins (okadaic acid and dinophysistoxin-1), PTX2 = pectenotoxin-2, GDA =
goniodomin A. 

Table 2 
Linear regressions with 2019 data for phycotoxins in oysters versus phycotoxins 
in solid phase adsorption toxin tracking devices (SPATT), particulate organic 
matter (POM, >1 μm), and whole water samples.  

Lag Time Predictor AZA1a DA 

No lag SPATT − 0.02 0.1  
(p = 0.6, n = 44) (p ¼ 0.02, n ¼ 44) 

POM – 0.3  
– (p ¼ 0.0001, n ¼ 43) 

Whole water − 0.02 0.6  
(p = 0.8, n = 40) (p < 0.0001, n ¼ 40) 

Two-week lag SPATT − 0.02 0.1  
(p = 0.6, n = 40) (p ¼ 0.02, n ¼ 40) 

POM – 0.3  
– (p ¼ 0.0001, n ¼ 39) 

Whole water − 0.009 0.4  
(p = 0.4, n = 36) (p < 0.0001, n ¼ 36) 

The R2 is reported with the p-value and sample size. Significant linear re-
gressions are bolded. 
AZA1 = azaspiracid-1, DA = domoic acid. 

a Azaspiracid-1 (AZA1) was not detected in POM samples. 
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and Pseudo-nitzschia spp. cell concentrations enumerated by qPCR 
collected two weeks before the oysters (LR SPATTs: R2 = 0.2, p = 0.004, 
n = 33; LR qPCR: R2 = 0.3, p = 0.009, n = 20, Table 3). Concurrent 
Pseudo-nitzschia spp. cell concentrations enumerated by qPCR, and 
Pseudo-nitzschia spp. cell concentrations by microscopy from two weeks 
prior to collecting the oyster sample, were not good predictors of DA 
concentration in oysters (Table 3). Pseudo-nitzschia spp. cell concentra-
tions enumerated by microscopy and by qPCR from 2020 samples can be 
found in Table S5. 

MCs, MC-RR and MC-YR were detected in oysters and whole water; 
MC-RR was detected in POM, while MC-YR was not, and neither were 
detected in SPATTs. MC-LR was detected only in whole water (Table 1). 
MC-LR, MC-RR, and MC-YR oyster concentration data from 2019 to 
2020 were inadequate for assessing phycotoxin predictors (see section 
2.6). MC-producing cells were not enumerated in this study, as estuarine 
water samples are traditionally not screened for freshwater cells. 

DSTs, OA and DTX1, were detected in oysters, SPATTs, and whole 
water, but not in POM (Table 1). Phycotoxin predictors for OA and DTX1 
could not be tested in 2019 as these phycotoxins were not detected in 
oysters in that year, and in 2020, OA and DTX1 oyster concentration 
data was inadequate for assessing phycotoxin predictors (see section 
2.6). Dinophysis spp. cell concentrations enumerated by microscopy and 
by qPCR from 2020 samples can be found in Table S5. 

3.3.2. Shellfish health 
Of the shellfish health phycotoxins detected in the current study, four 

were detected in oysters (PTX2, GDA, KmTx1-1, KmTx1-3), three in 
whole water (PTX2, KmTx1-1, KmTx1-3), two in SPATTs (PTX2, GDA), 
and only one in POM (PTX2, Table 1). 

PTX2 was detected in oysters, SPATTs, POM, and whole water 
(Table 1). PTX2 oyster concentration data from 2019 was inadequate for 
assessing phycotoxin predictors (see section 2.6). In 2020, PTX2 con-
centration in oysters was significantly correlated to PTX2 in concurrent 
SPATTs and Dinophysis spp. cell concentrations enumerated by micro-
scopy (LR SPATTs: R2 = 0.3, p = 0.001, n = 36; LR Microscopy: R2 = 0.3, 
p = 0.0002, n = 36, Table 3). SPATTs collected two weeks before the 
oysters also exhibited a significant correlation with oyster PTX2 con-
centrations (LR: R2 = 0.2, p = 0.005, n = 33, Table 3). Concurrent 
Dinophysis spp. cell concentrations enumerated by qPCR, and Dinophy-
sisspp. cell concentrations by either method from two weeks prior to 
collecting the oyster sample, were not good predictors of PTX2 con-
centration in oysters (Table 3). Dinophysis spp. cell concentrations 
enumerated by microscopy and by qPCR from 2020 samples can be 

found in Table S5. 
GDA was detected in oysters and SPATTs, but not in POM or whole 

water (Table 1). GDA oyster concentration data from 2019 to 2020 was 
inadequate for assessing phycotoxin predictors (see section 2.6). Alex-
andrium monilatum cell concentrations enumerated by microscopy and 
by qPCR from 2020 samples can be found in Table S5; no 
A. monilatumwas detected in this study. 

KmTxs, KmTx1-1 and KmTx1-3, were detected in oysters and whole 
water, but not in SPATTs or POM (Table 1). KmTx1-1 and KmTx1-3 
oyster concentration data from 2019 to 2020 did not meet the criteria 
set for assessing phycotoxin predictors (see section 2.6). Karlodinium 
veneficumcell concentrations enumerated by microscopy and by qPCR 
from 2020 samples can be found in Table S5. 

4. Discussion 

This is the first comprehensive examination of phycotoxin concen-
trations in oysters in the Chesapeake Bay, and the first known report of 
co-occurrence of phycotoxins in Eastern oysters. Co-occurrence of phy-
cotoxins in oysters was common. Eleven phycotoxins were detected in 
oysters, with most oyster samples, 84%, containing at least one phyco-
toxin, and 54% of samples containing more than one phycotoxin at the 
same time. While most seafood safety phycotoxins were found at rela-
tively low levels, i.e., well below action levels (USFDA 2019), domoic 
acid (DA) was the most prevalent seafood safety phycotoxin in oyster 
meat, and had the maximum concentration (0.58 mg/kg SM w. w.) when 
compared across phycotoxins. Phycotoxins that are known to negatively 
impact shellfish health in laboratory studies, such as pectenotoxins, 
karlotoxins, and goniodomin A, were also detected in oysters, providing 
the first report of accumulation in the Bay. 

4.1. Seafood safety phycotoxins 

Most oyster samples contained at least one phycotoxin associated 
with seafood safety; however, phycotoxin concentrations in oysters were 
well below action levels set to protect public health (USFDA 2019) and 
do not pose a current risk to the region. The majority of these phyco-
toxins are associated with well-known human health syndromes like 
AZP (AZAs), ASP (DA), and DSP (DSTs), while hepatotoxic MCs have 
been flagged as a potential seafood safety concern (Miller et al., 2010; 
Butler et al., 2012; Gibble et al., 2016, Chorus and Welker, 2021). This 
study also showed that oysters can co-accumulate low concentrations of 
multiple seafood safety phycotoxins. These findings support the need for 

Table 3 
Linear regressions with 2020 data for phycotoxins in oysters versus phycotoxins in solid phase adsorption toxin tracking devices (SPATT), cell concentrations 
determined by microscopy (scope), or by quantitative real-time PCR (qPCR).  

Lag Time Predictor AZA1a,b AZA2b DAc PTX2d 

No lag SPATT – 0.005 0.4 0.3  
– (p = 0.3, n = 36) (p < 0.0001, n ¼ 36) (p ¼ 0.001, n ¼ 36) 

Scope – – 0.2 0.3  
– – (p ¼ 0.002, n ¼ 36) (p ¼ 0.0002, n ¼ 36) 

qPCR − 0.04 0.01 0.1 − 0.04  
(p = 0.6, n = 23) (p = 0.3, n = 23) (p = 0.05, n = 23) (p = 0.8, n = 23) 

Two-week lag SPATT – − 0.03 0.2 0.2  
– (p = 1, n = 33) (p ¼ 0.004, n ¼ 33) (p ¼ 0.005, n ¼ 33) 

Scope – – 0.04 0.007  
– – (p = 0.1, n = 33) (p = 0.3, n = 33) 

qPCR 0.08 − 0.03 0.3 − 0.05  
(p = 0.1, n = 20) (p = 0.5, n = 20) (p ¼ 0.009, n ¼ 20) (p = 0.7, n = 20) 

The R2 is reported with the p-value and sample size. Significant linear regressions are bolded. 
AZA1 = azaspiracid-1, AZA2 = azaspiracid-2, DA = domoic acid, PTX2 = pectenotoxin-2. 

a AZA1 was not detected on SPATTs in 2020. 
b AZA-producing cells from the family Amphidomataceae, were too small to be detected by microscopy. 
c Pseudo-nitzschia spp. cells were enumerated by microscopy and by qPCR (cells/mL) to compare with DA concentrations in oyster samples. 
d Dinophysis spp. cells were enumerated by microscopy and by qPCR (cells/mL) to compare with PTX2 concentrations in oyster samples. 
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further research on chronic, sub-acute exposure of vertebrate models to 
phycotoxins, as well as a risk assessment of the combined effects of 
phycotoxins for seafood safety. Some phycotoxins classified herein 
under seafood safety (i.e., human health) have not yet been investigated 
for effects in invertebrate models (e.g., AZAs). 

4.1.1. Azaspiracids (AZAs) 
This is the first known report of AZAs (AZA1 and AZA2) in shellfish 

on the US East Coast. There are few reports of AZAs or AZA-producing 
species in North America (Twiner et al., 2008; Trainer et al., 2013; 
Luo et al., 2016; Kim et al., 2017; Adams et al., 2020). Compared to 
other phycotoxins detected, AZA concentrations were low (Table 1), 
especially considering that AZA signals were enhanced due to the 
methodology (Table S3). The highest concentration of AZAs detected 
(0.80 μg AZA1/kg SM w. w., Fig. 3) was at least two orders of magnitude 
below the action level for AZAs in shellfish (160 μg/kg SM w. w., USFDA 
2019), suggesting there is no current risk to seafood safety, but 
providing justification for regional monitoring of these phycotoxins, and 
for including them in regional marine biotoxin contingency plans. 

AZA1 predominated in oyster samples and was more widespread 
over time and space in oysters than AZA2, showing no clear seasonality 
(Fig. 3). The AZA profile of oysters differs from the AZA profile of 
SPATTs in this study (Table 1) and in a previous study (Onofrio et al., 
2021), both of which found that AZA2 was more prevalent on SPATTs. 
This observation may reflect differences in production, chemical sta-
bility, and/or uptake or detoxification rates between these analogs. 
AZA1 and AZA2 did not co-occur in oysters or SPATTs in the current 
study, a finding which contrasts with a previous report of AZA1 and 
AZA2 co-occurrence in SPATT extracts (Onofrio et al., 2021). Currently, 
the AZA-producing family Amphidomataceae, is being monitored within 
Virginia waters using qPCR, as there are no commercially available AZA 
toxin test kits, and the cells are too small to be identified by traditional 
microscopy. Overall, this study did not identify good predictors (e.g., 
AZAs in water, POM, or SPATT, or cells via qPCR) for AZA concentra-
tions in oysters (Tables 2 and 3), suggesting that shellfish testing for 
azaspiracids should take a prominent role in monitoring for these 
phycotoxins. 

4.1.2. Domoic acid (DA) 
DA was the most abundant phycotoxin detected in oysters in the 

lower Chesapeake Bay (Table 1), and one of the most prevalent phyco-
toxins in oyster samples (40%, n = 81, Fig. 2). Generally, DA concen-
trations in oysters were at least an order of magnitude higher than other 
phycotoxins. Phycotoxin accumulation of DA was comparable between 
oysters, SPATTs, POM, and whole water. For DA, SPATTs, POM, whole 
water, and Pseudo-nitzschia spp. enumerated by qPCR from two weeks 
prior to oyster sampling also showed significant correlations with oyster 
phycotoxin concentrations (Tables 2 and 3), indicating that these met-
rics could potentially be used for early warning of DA accumulation in 
oysters. 

The current study found that oysters in the lower Chesapeake Bay 
can accumulate low amounts of DA, even when water temperatures are 
below 10 ◦C (Fig. 4, Tables S1 and S6). Furthermore, water temperatures 
were lowest in late January 2019, reaching < 5 ◦C, coinciding with the 
highest DA concentration detected in this study (0.58 mg/kg SM w. w., 
Table S1). This DA concentration is still well below the action level for 
DA (20 mg/kg SM w. w., USFDA 2019), indicating there was no concern 
for seafood safety at the time. However, the presence of this phycotoxin 
in oysters at such low temperatures challenges the theory that cold 
conditions favor Pseudo-nitzschia blooms but limit filter-feeding rates of 
oysters, thereby reducing the risk of oysters accumulating unsafe con-
centrations of DA. This theory relies on evidence that (1) C. virginica 
oysters feed inefficiently at temperatures lower than 16 ◦C (Loosanoff 
1958), and (2) the optimum temperature for growth of Pseudo-nitzschia 
is around 9–10 ◦C (Comeau et al., 2008; Anderson et al., 2010). The 
current study demonstrates that low water temperatures do not inhibit 

the accumulation of DA by oysters, and that Pseudo-nitzschia spp. cell 
concentrations enumerated by microscopy do correlate to oyster DA 
concentrations (Table 3). The question remains, however, how oysters 
would react to larger blooms of Pseudo-nitzschia during these colder 
months and if they could reach DA concentrations of concern to seafood 
safety under those conditions. 

4.1.3. Microcystins (MCs) 
MCs – traditionally freshwater phycotoxins – were detected in oys-

ters in estuarine waters (Fig. 5). This study adds to a growing body of 
literature on MCs detected in estuarine and marine environments both in 
Virginia (Tango and Butler 2008; Wood et al., 2014; Bukaveckas et al., 
2017, 2018; Onofrio et al., 2021) and globally (De Pace et al., 2014; 
Gibble and Kudela 2014; Preece et al., 2015; Gibble et al., 2016; Peacock 
et al., 2018), raising questions about potential human health impacts 
(Mulvenna et al., 2012; Vareli et al., 2013; Preece et al., 2017; Cama-
cho-Muñoz et al., 2021; Straquadine et al., 2022) and the possibility of 
hepatotoxic shellfish poisoning (HSP, Miller et al., 2010). Note that the 
current study may underestimate MCs in oysters as (1) only free MCs 
were quantified as extraction methods excluded the less-toxic, cova-
lently bound MCs (Chorus and Welker, 2021 and references therein), 
and (2) only three MC analogs out of 200+ identified thus far (Bouaïcha 
et al., 2019) were quantified as part of this study. 

A recent study by Straquadine et al. (2022) demonstrated that 
eastern oysters can readily bioaccumulate MCs to levels of seafood safety 
concern, and depurate the phycotoxins slowly, making eastern oysters a 
potential vector for HSP in estuaries influenced by upstream Microcystis 
blooms. Uptake can occur through both particulate or dissolved routes 
of exposure (Gibble et al., 2016) and shellfish have been found to bio-
magnify MCs to concentrations more than 100X that of ambient water 
(Miller et al., 2010). The sporadic occurrence of MCs in oysters from 
March through August in the current study (7%, n = 81, Figs. 2 and 5) 
supports the theory that these phycotoxins entered the estuarine envi-
ronment during or after episodic summer bloom events in upstream 
freshwaters, or from spillover from freshwater ponds during rain events. 
In the current study, relationships could not be detected between MC 
presence in oysters and that in particulate (POM) or dissolved fractions 
(SPATT or whole water) within the environment, even when a two-week 
lag was considered in the analyses. It is, therefore, unclear whether 
oysters in the current study accumulated particulate and/or dissolved 
MCs, or which HAB species produced the MCs. 

The concentrations of MCs in oyster samples in the current study 
suggest that strategies for monitoring both free and covalently bound 
MCs in shellfish be developed and implemented, and that research on 
seafood safety pertaining to MCs should be a priority. While recreational 
and drinking water criteria exist for these phycotoxins, MCs are 
currently not regulated in shellfish at the federal level in the US. The 
California Environmental Protection Agency (Butler et al., 2012) has 
proposed an action level for MCs of 10 μg/kg w. w. For sport fish and 
shellfish, while the Victorian Department of Health in Australia has 
calculated an MC health guideline value (for people 16 years and 
younger) of 51 μg/kg in mollusks (Mulvenna et al., 2012). Testai et al. 
(2016) summarized current established advisory levels of MCs in rec-
reational fish and shellfish in several US states (i.e., California, Illinois, 
Nebraska, Ohio, Oregon, and Washington), and other countries, 
including Australia, Canada, and France. Shellfish with concentrations 
of MCs well above these values have been found on the US West Coast 
(Gibble et al., 2016). While the highest concentration of MC detected in 
the current study (7.12 μg MC-RR/kg SM w. w.) was below the range of 
existing guidance values, the limited scope of this project, and the 
concentrations recorded elsewhere in the country suggest more data 
should be acquired from shellfish harvesting areas using adequately 
validated methods. 

4.1.4. Diarrhetic shellfish toxins (DSTs) 
Concentrations of DSTs were low (approximately 5.63 μg DST/kg SM 
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w. w.), more than an order of magnitude below action levels for DSTs in 
shellfish (160 μg DST/kg SM w. w., USFDA 2019), and were rarely 
detected (3%, n = 81). Additionally, DSTs were only found in oyster 
samples in May and June and were detected at three of the five stations 
(Fig. 6). This puts the sparse occurrence of DST in oysters at the end of 
the timeframe when Dinophysis cells were typically detected in water 
samples (March to June, Table S5). While uncommon in oysters, dis-
solved DSTs were detected on all SPATTs in the current study, even 
when Dinophysis cells were not detected (Table S5). Together this 
demonstrates (1) the persistence of these lipophilic phycotoxins extra-
cellularly in the estuarine environment over the course of a year (Ono-
frio et al., 2021), and (2) an uncoupling between dissolved DSTs (as 
measured by SPATT) and shellfish accumulation. 

This latter finding contrasts with a study in another Mid-Atlantic 
estuarine system (Long Island, NY, USA) where DSTs in extracts of 
SPATT and in shellfish were correlated; shellfish exceeded the USFDA 
criteria, warranting harvest closures (Hattenrath-Lehmann et al., 2018). 
Interestingly, these two estuarine systems both harbor the 
DST-producer, D. acuminata, with a similar phycotoxin profile (Hat-
tenrath-Lehmann et al., 2018; Fiorendino et al., 2020; Wolny et al., 
2020a), but currently appear to present different risk levels for DSP. The 
apparent difference in risk between estuaries may be explained by the 
types of shellfish harvested (Mafra et al., 2015), as mussels (Mytilus 
edulis and Geukensia demissa) accumulated much higher amounts of 
DSTs than oysters (C. virginica) or clams (Mya arenaria, Hattenrath--
Lehmann et al., 2018) in New York, and only oysters were included in 
the current study in Virginia. As such, SPATTs do not provide an 
adequate understanding of DST concentrations in oysters in Chesapeake 
Bay and further investigation into regional differences in DSP risk in the 
US is warranted. 

4.2. Shellfish health phycotoxins: PTX2, KmTxs, GDA 

Most oyster samples (64%, n = 81) contained at least one phycotoxin 
associated with shellfish health: PTX2, KmTxs, or GDA. These phyco-
toxins are not expected to pose a risk to seafood safety (Miles et al., 
2004; Place et al., 2014; Boundy et al., 2020), but have been shown to be 
detrimental to at least one species of shellfish (Place et al., 2008; Har-
ding et al., 2009; Gaillard et al., 2020; Pease et al., 2022). When 
co-occurrence was detected in oysters (12%, n = 81), KmTxs and PTX2 
were most commonly found together. While this demonstrates a need for 
research focused on co-exposures in shellfish to understand ecological 
consequences, it is also important to point out that a large mortality 
event was not recorded in any of the deployed cages/bags during the 
study, suggesting levels reported herein are not causes of acute toxicity 
to market-size oysters. 

Complementary metrics (i.e., phycotoxins in SPATTs, POM, whole 
water, and cell concentrations by microscopy or qPCR) were analyzed as 
potential predictors of oyster exposure or accumulation in case the need 
should arise to protect the sustainability of this important commercial 
and ecological shellfish species. SPATTs and Dinophysis spp. cell con-
centrations by microscopy were the best predictors of PTX2 concentra-
tions in oysters (Table 3) and could potentially be used to indicate PTX2 
exposure to oysters. This is relevant as PTX2 was the most prevalent, and 
second-most abundant, phycotoxin detected during this study (Fig. 2, 
Table 1) and studies have demonstrated the deleterious effects of PTX2 
on early life stages of two species of oysters (Gaillard et al., 2020; Pease 
et al., 2022). No studies as of yet have investigated the effects of PTX2 on 
adult shellfish. It is important to note that the exclusion of the PTX2 seco 
acid from the current study’s detection method may have under-
estimated PTXs, especially in shellfish where conversion has been well 
documented (Miles et al., 2004). 

This is the first study to detect KmTxs in oysters; KmTxs were 
detected (5–28%, n = 81, January through May, Fig. 9) during the 
timeframe when blooms of K. veneficum have typically occurred in the 
Chesapeake Bay (Li et al., 2000; Glibert et al., 2007; Marshall and 

Egerton 2009). The presence of KmTxs in oysters, however, was not 
correlated with cell abundance in this study (Table S5). A relationship 
was also lacking between oysters and other metrics investigated, i.e., 
KmTxs were not detected in any SPATT or POM samples, demonstrating 
that a metric has not yet been identified for predicting oyster exposure to 
these chemicals. 

Similarly, GDA was detected in oyster samples (7%, n = 81, June and 
July, Fig. 8) in this study; however, GDA was not concurrently detected 
in POM or whole water samples, and cells of A. monilatum were not 
detected by microscopy or by qPCR. The detection of GDA in oysters was 
earlier than expected given that, historically, blooms of A. monilatum 
occur in Chesapeake Bay in the late summer (Mulholland et al., 2018; 
Wolny et al., 2020b; Onofrio et al., 2021), with dissolved GDA detect-
able in SPATTs from August to October (Onofrio et al., 2021). This first 
report of GDA accumulation in field oysters is still of note as this lipo-
philic phycotoxin was previously implicated in mortality of whelks 
(Rapana venosa, Harding et al., 2009) in a flow-through system. Con-
centrations in whelk foot tissue were as high as 8.77 mg/kg SM w. w. It is 
possible that both KmTxs and GDA were underestimated in water or 
SPATT samples, as both chemicals are relatively unstable in water (A. 
Place, unpublished; Onofrio, 2020). 

4.3. Implications for seafood safety phycotoxin monitoring and 
management 

This study utilized a sensitive method, UPLC-MS/MS with trap/ACD, 
for detecting a suite of seafood safety phycotoxins, AZAs, DA, DSTs, 
MCs, in shellfish tissue that can be used for monitoring and early 
warning. Phycotoxins currently regulated in shellfish in the US (AZAs, 
DA, DSTs) were co-detected at concentrations at least an order of 
magnitude below current action levels (USFDA 2019) demonstrating the 
ability of the method to screen for multiple phycotoxins at trace levels. 
This method, therefore, creates opportunities for early warning and 
mitigation via detection in oysters well before shellfish meat reaches 
concentrations that pose a risk to consumers. 

Co-occurrence of phycotoxins was documented in oysters at all sites, 
and in both sampling years. Of the seafood safety phycotoxins, AZAs and 
DA co-occurred most commonly in oysters (Fig. 4). Co-occurrence of 
seafood safety phycotoxins in shellfish has been reported in mussels for 
DSTs and PSTs (Gago-Martinez et al., 1996; García et al., 2004; Hat-
tenrath-Lehmann et al., 2018), DSTs and DA (Jester et al., 2009), DSTs, 
PSTs, DA, and MCs (Peacock et al., 2018), as well as DSTs, YTX, and 
AZAs in mussels, Pacific oysters (Crassostrea gigas), and Littleneck clams 
(Leukoma staminea, Trainer et al., 2013). A better understanding of how 
shellfish bioaccumulation of multiple phycotoxins may impact seafood 
safety is needed. 

With the exception of DA, there was a general lack of agreement in 
phycotoxin profiles between sample types; some phycotoxins found in 
oysters were not detected in complementary SPATTs, POM, or whole 
water samples (Fig. 10). SPATTs failed to detect the MCs that were 
detected in oysters (MC-RR and MC-YR). POM samples failed to detect 
AZA1, as well as any seafood safety phycotoxins that were detected in 
only low concentrations in oysters (MC-YR, OA, DTX1), likely because 
POM only detected instantaneous phycotoxin content of the particulate 
fraction. SPATTs and POM, therefore, did not accurately reflect the 
range of phycotoxins accumulated by oysters. Furthermore, SPATTs in 
this and a previous study (Onofrio et al., 2021), primarily accumulated 
OA (Table 1); in contrast, oysters, POM, and whole water phycotoxin 
profiles were dominated by DA (Fig. 10). 

Given the overall variability in profiles (Fig. 10), it was not surprising 
that SPATTs, POM, and whole water were not good predictors of most 
oyster phycotoxins when examining for relationships at the level of in-
dividual phycotoxins. POM and whole water samples provided discrete 
phycotoxin concentrations at the time of sampling. Whole water 
detected any phycotoxins present in the sample, while POM detected the 
particulate fraction of phycotoxins in a water sample, including 

S.K.D. Pease et al.                                                                                                                                                                                                                              



Toxicon: X 19 (2023) 100166

15

intracellular phycotoxins as well as phycotoxins associated with parti-
cles > 1.5 μm. SPATTs and oysters, conversely, provided semi- 
cumulative phycotoxin concentrations over the time deployed. SPATTs 
and oysters accumulated phycotoxins from the water column in funda-
mentally different ways. SPATTs were passive, adsorptive samplers that 
accumulated dissolved phycotoxins from the water based on the 
chemical affinity and stability between those phycotoxins and the resin. 
Oysters were active samplers, feeding, respiring, and interacting with 
substantial portions of water through time. Oysters were exposed to both 
dissolved and particulate phycotoxins, may accumulate phycotoxins in 
different tissue types with varying affinities for those phycotoxins, and 
are known to both biotransform and depurate phycotoxins over time. To 
address this general mismatch between phycotoxin concentration in 
oysters versus phycotoxin concentrations in SPATTs, POM or whole 
water, or versus HAB cell concentrations, region-, phycotoxin-, and 
shellfish species-specific methods must be utilized for effective moni-
toring and prediction of shellfish phycotoxin accumulation. 

Finally, MCs present additional challenges for monitoring and 
management of phycotoxins in shellfish. Human health effects of MCs 
have been well-documented (Mulvenna et al., 2012; Vareli et al., 2013; 
Preece et al., 2017; Camacho-Muñoz et al., 2021), and the possibility of 
MC-transfer to humans through shellfish consumption (HSP) has been 
discussed, but so far remains theoretical (Miller et al., 2010; Straquadine 
et al., 2022). As the highest MC concentrations in the current study were 
approaching the action level proposed in California (Butler et al., 2012), 
it is recommended that Virginia and similar estuarine systems consider a 
broader monitoring for freshwater phycotoxins, including MCs, in 
shellfish. Additionally, the development of a federal action level for MCs 
in shellfish is recommended. 
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