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High Specificity of a Quantitative PCR Assay Targeting a Saxitoxin
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The identification of core genes involved in the biosynthesis of saxitoxin (STX) offers a great opportunity to detect toxic algae
associated with paralytic shellfish toxins (PST). In the Yellow Sea (YS) in China, both toxic and nontoxic Alexandrium species
are present, which makes it a difficult issue to specifically monitor PST-producing toxic algae. In this study, a quantitative PCR
(qPCR) assay targeting sxtA4, a domain in the sxt gene cluster that encodes a unique enzyme involved in STX biosynthesis, was
applied to analyze samples collected from the YS in spring of 2012. The abundance of two toxic species within the Alexandrium
tamarense species complex, i.e., A. fundyense and A. pacificum, was also determined with TagMan-based qPCR assays, and PSTs
in net-concentrated phytoplankton samples were analyzed with high-performance liquid chromatography coupled with a fluo-
rescence detector. It was found that the distribution of the sxtA4 gene in the YS was consistent with the toxic algae and PSTs, and
the quantitation results of sxtA4 correlated well with the abundance of the two toxic species (r = 0.857). These results suggested

that the two toxic species were major PST producers during the sampling season and that sxtA-based qPCR is a promising
method to detect toxic algae associated with PSTs in the YS. The correlation between PST levels and sxtA-based qPCR results,
however, was less significant (r = 0.552), implying that sxtA-based qPCR is not accurate enough to reflect the toxicity of PST-
producing toxic algae. The combination of an sxtA-based qPCR assay and chemical means might be a promising method for

monitoring toxic algal blooms.

axitoxin (STX) and its analogues, commonly known as para-

Iytic shellfish toxins (PSTs), are potent neurotoxic alkaloids
(1) synthesized by marine dinoflagellates in the genera Alexan-
drium, Gymnodinium, and Pyrodinium (2—4) and some cyanobac-
teria in freshwater (5-7). PSTs ingested by humans via shellfish
vectors can reversibly bind to voltage-gated Na™ channels and
inhibit the flow of sodium ions (1, 8), which leads to paralytic
poisoning symptoms, including neurological numbness, tingling
and burning of the lips and skin, ataxia, and fever. Severe poison-
ing may lead to a loss of muscular coordination and respiratory
distress, which can be fatal (9).

The biosynthetic pathway for STX, a compound with a com-
plex chemical structure, remained a mystery for a long time prior
to the identification of the STX synthesis genes in several cyano-
bacterial species (10). The identification and characterization of
this set of core genes involved in STX synthesis provided the pos-
sibility of distinguishing the toxic potential of incipient blooms. A
variety of genes related to toxin synthesis in cyanobacteria have
been applied successfully not only in the detection, differentia-
tion, and quantification of toxic cyanobacteria but also in studies
on the regulation of toxin biosynthesis (7, 11-14). In contrast, the
genetic basis for STX production in dinoflagellates remains elu-
sive, due to the huge size of the haploid genome, which is up to 60
times the size of that of humans; it consists of a considerable num-
ber of unknown genes and a high frequency of repeats. However,
the precursor incorporation patterns and stereochemistries of
PSTs should be identical in cyanobacteria and dinoflagellates (15).
Recently, the cyanobacterial sxt gene homologs, consisting of four
domains (sxtAl to sxtA4), were also demonstrated in dinoflagel-
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lates (16). The domain sxtA4 in the sxt gene cluster, which encodes
the unique enzyme putatively involved in the sxtA pathway for
STX synthesis in marine dinoflagellates, has been adapted to de-
velop a saxitoxin-specific quantitative PCR (qPCR) assay (17).
This assay has been used to assess the toxic potential of blooms in
Australia and has shown promise as an accurate, fast, and cost-
effective means of quantifying the potential for STX production in
marine phytoplankton samples. It will also be useful for biological
oceanographic studies and monitoring of toxic algal blooms.
The Yellow Sea (YS) in China has many important aquaculture
zones in which PSTs have been frequently detected in shellfish
samples (18-20). Several PST-producing species in the genus Al-
exandrium, such as A. tamarense (Lebour) Balech, A. catenella
(Whedon & Kofoid) Balech, and A. minutum Halim, have been
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identified in parallel with nontoxic species, like A. affine (Inoue &
Fukuyo) Balech, A. andersonii Balech, and A. leei Balech (21). A.
tamarense (Lebour) Balech, A. catenella (Whedon & Kofoid)
Balech, and another morphologically defined species, A. fundyense
Balech, together constitute the A. tamarense species complex,
which can be classified into different ribotypes/groups (groups I to
V) based on the sequences of rRNA genes and internal transcribed
spacer (ITS) regions (22-24). In the YS, cells of both groups I and
IV from the species complex have been detected (18, 21). Recently,
the nomenclature of the species complex was formally revised,
and species names were assigned for the 5 groups as A. fundyense
(group 1), A. mediterraneum (group 11), A. tamarense (group III),
A. pacificum (group IV), and A. australiense (group V) (25). The
morphologically derived name A. catenella was rejected. In this
paper, the new nomenclature of the species complex is adopted,
and A. fundyense and A. pacificum are used to represent groups I
and IV of the species complex previously identified as A. tama-
rense and A. catenella, respectively, by their morphological fea-
tures.

Due to the similarities in the morphological features of many
Alexandrium species, particularly those species within the A.
tamarense species complex, the traditional morphological ap-
proach is not accurate enough for distinguishing toxic and non-
toxic species. The detection of a gene specific for STX synthesis,
therefore, is a better choice to monitor the blooms of PST-pro-
ducing algae and to understand the potential impacts of those
toxic algal blooms. In this study, the sxtA-based qPCR assay was
applied to analyze the field samples collected from the YS in par-
allel with two TagMan-based qPCR assays for the quantification
of A. fundyense and A. pacificum, and the PST content in net-
concentrated phytoplankton samples was determined with high-
performance liquid chromatography (HPLC) at the same time.
The results of the qPCR assays and HPLC were compared to ex-
plore the potential of using an STX synthesis-related gene in mon-
itoring PST-producing algal blooms in the YS.

MATERIALS AND METHODS

Cruises and sample collection. Altogether, 52 samples collected from the
YS (121.0°E to 124.5°E, 32.0°N to 39.0°N) in a cruise organized by the
National Natural Science Foundation of China (NSFC) from 12 to 20 May
2012 (Fig. 1) were analyzed in this study.

About 1,000 liters of surface seawater was collected with a submersible
pump (the exact volume was calculated with the flow rate and sampling
time), and phytoplankton were concentrated using a net with mesh size of
20 pm (T3 Monocron HM 200). The concentrated cells were flushed into
a flask with membrane-filtered (pore size, 0.45 pum) seawater, and the final
volume was made up to 500 ml. After the cells and seawater were mixed,
100 ml of the net-concentrated sample was filtered with a glass fiber mem-
brane (Whatman; grade GF/C, 47-mm diameter) under low pressure
(vacuum, <50 kPa) for a determination of the PSTs. Another 50 ml of
net-concentrated sample was filtered with a 25-mm-diameter nylon gauze
(mesh size, 10 pwm) for QPCR assays. The membranes were put into cryo-
genic tubes and stored in a refrigerator at —20°C until analysis.

qPCR assays. (i) DNA extraction for qPCR assays. DNA extraction
was performed according to the method of Hosoi-Tanabe and Sako (26).
The frozen samples collected on the nylon mesh were thawed at room
temperature, and the cells were immediately rinsed with 1 ml of Tris-
EDTA (TE) buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA [pH 8.0]) and
added to a centrifugation tube. After centrifugation at 3,300 X g for 1 min
(3-16K centrifuge; Sigma, Germany), the supernatant in the centrifuga-
tion tube was removed. The cell pellet was resuspended with 400 pl of TE
buffer and boiled at 100°C. Next, 400 wl of phenol-chloroform-isoamyl
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alcohol (25:24:1) was added. The mixture was shaken at room tempera-
ture for 1 min. After centrifugation at 14,324 X g for 3 min at 4°C, 300 .l
of the supernatant was transferred to a new tube. Next, 15 pl of 3 M
sodium acetate (pH 5.2) and 400 wl of 100% ethanol (—20°C) were added.
After centrifugation at 14,324 X g for 3 min at 4°C, the DNA pellet was
rinsed with 70% ethanol, dried, and dissolved in 20 w1 of TE buffer for the
qPCR assays.

(ii) QPCR assay for sxtA4. A qQPCR assay for sxtA4 using SYBR green
developed by Murray et al. (17) was adopted for use in this study. The
qPCR assay was carried out using a primer pair, sxtA4F (5'-CTGAGCAA
GGCGTTCAATTC-3") and sxtA4R (5'-TACAGATMGGCCCTGTGAR
C-3"), which was designed based on the consensus sequence of the sxtA4
domain from 9 strains of the STX-producing species A. catenella, A. tama-
rense, A. minutum, A. fundyense, and Gymnodinium catenatum. The PCR
product was a 125-bp fragment. The primers were synthesized by TaKaRa
Biotechnology Co., Ltd., Dalian, China.

The qPCR assay was performed in triplicate in an 8-well plate format
in a CFX96 Touch real-time PCR detection system (Bio-Rad, CA, USA).
The fluorescence threshold was set by the analytical software for the real-
time PCR detection system (Bio-Rad). The final volume for PCR was 20
pl, containing 10 pl of SYBR Premix Ex Taq II (2X) (product no.
DRR081; TaKaRa Biotechnology Co., Ltd., Dalian, China), 6.8 pl of dou-
ble-distilled water (ddH,0), 1.6 pl of the template, and 0.8 pl of 10 puM
each primer. The qPCR assays were performed under the following cy-
cling conditions, as suggested by the reagent protocol: initial denaturation
at 95°C for 10 s and 39 cycles of 15 s of denaturation at 95°C and 30 s of
annealing/extension at 60°C. Melting curve analysis was performed at the
end of each cycle, and selected PCR products were sequenced to confirm
the specificity of PCR amplification.

To test the specificity of the gPCR assay for sxtA4, 8 strains of STX-
producing Alexandrium species, 3 strains of nontoxic Alexandrium spe-
cies, and a species of diatom (Table 1) were analyzed with the qPCR assay.
These cultures were maintained at 20°C with {/2-Si medium (the diatom
was cultured with f/2 medium). The light intensity was 56 microeinsteins
m 2s 'onal4-h light/10-h dark cycle. Also, 20,000 cells were counted
under light microscopy (Eclipse E100; Nikon, Japan) and collected from
four PST-producing species, i.e., A. minutum (strain Am-LYG), A. pacifi-
cum (strains ACDH and ATHK), A. fundyense (strain ATLY), and the
nontoxic species A. affine (strain ASCH) during the exponential-growth
phase. DNA was extracted and amplified with the gPCR assay in triplicate
to test whether there was a significant difference in the copy numbers of
the sxtA4 domain among the STX-producing species. TE buffer for dis-
solving the DNA pellet was used as a negative control in this experiment
and during the analysis of field samples.

To assess the relative abundances of the sxtA4 gene in field samples, a
calibration curve was established with the DNA sample prepared from a
representative toxic species, A. pacificum (strain ACDH). With this cali-
bration curve, the threshold cycle (C;) values of the field samples can be
converted into the cell number of this representative toxic species, which
will be used in a direct comparison with the abundance of the toxic A.
tamarense species complex (here, A. fundyense and A. pacificum). To pre-
pare the calibration curve, a DNA sample was extracted from 200,000 cells
of A. pacificum (strain ACDH) at the exponential-growth phase and di-
luted at 50% over 3 orders of magnitude to prepare a set of standard
solutions (n = 8). Triplicate standard solutions were analyzed with the
qPCR assay to establish the calibration curve.

(iii) TagMan-based qPCR assays for A. fundyense and A. pacificum.
The quantification of A. fundyense and A. pacificum organisms in the YS
was previously conducted with two TaqMan-based qPCR assays (27),
according to the protocols of Hosoi-Tanabe and Sako (26) and Gao et al.
(28), with some modifications. The primer pairs used for A. fundyense
were AtI-F (5'-GCTTGGTGGGAGTGTTGCAC-3') and AtI-R (5'-
TAAGTCCAAGGAAGGAAGCATC-3'), and the TagMan probe was AtI-P
(5"-FAM-AGAGCTTTGGGCTGTGGGTGTA-TAMRA-3") (FAM, 6-car-
boxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine). For A. pacifi-
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cum (group IV of the A. tamarense species complex), the primer pairs used
were AtIV-F (5'-CCTCAGTGAGATTGTAGTGC-3") and AtIV-R (5'-G
TGCAAAGGTAATCAAATGTCC-3’), and the TagMan probe was
AtIV-P (5'-FAM-ATGGGTTTTGGCTGCAAGTGCA-TAMRA-3"). The
primers and probes were synthesized by TaKaRa Biotechnology Co., Ltd.,
Dalian, China.

The qPCRs were performed in a strip of eight 0.2-ml thin-wall tubes
(product no. PCR-02-C; Axygen Scientific, Inc., CA, USA) with a CFX96
Touch real-time PCR detection system (Bio-Rad, CA, USA). Each 25-pl
qPCR mixture contained 12.5 pl of 2X Premix Ex Taq (probe qPCR)
(product no. DR390A; TaKaRa Biotechnology Co., Ltd., Dalian, China),
8.5 wl of ddH,0, 2 pl of the template, 0.5 WM each primer, and 1 pM
TagMan Probe. The qPCR assays were performed in triplicate, with the
following protocol: initial denaturation at 95°C for 30 s and then 40 cycles
of 5 s of denaturation at 95°C and 30 s of annealing/extension at 60°C.

The efficiencies of the two qPCR assays for A. fundyense and A. pacifi-
cum were 100% and 92%, respectively. The field samples were quantified
with the calibration curves prepared with two strains representing A. fun-
dyense (ATLY) and A. pacificurn (ACDH) (27).

October 2015 Volume 81 Number 20

Applied and Environmental Microbiology

Analysis of paralytic shellfish toxins with HPLC. PSTs in the phyto-
plankton samples were analyzed by HPLC using a postcolumn oxidation
method (29), with some modifications (18).

(i) Apparatus and reagents. PSTs were analyzed with the Alliance
HPLC system (Waters Corporation, Milford, MA, USA), including an
€2695 separation module, a postcolumn reaction module, and a 2475
fluorescence detector (FLD). The system was run under the software Em-
power 2.

All chemical reagents required for toxin analysis were of HPLC or
analytical grade. The water used for toxin analysis was Milli-Q water pre-
pared with a Millipore Simplicity water purification system (EMD Milli-
pore Corporation, Billerica, MA, USA). PST standards, including those
for gonyautoxin 1 and 4 (GTX1 and GTX4, respectively), gonyautoxin 2
and 3 (GTX2 and GTX3, respectively), gonyautoxin 5 (GTX5), decarbo-
mylgonyautoxin 2 and 3 (dcGTX2 and dcGTX3, respectively), saxitoxin
(STX), neosaxitoxin (neoSTX), decarbamoylsaxitoxin (dcSTX), and N-
sulfocarbamoyl toxin 1 and 2 (C1 and C2, respectively), were purchased
from the Institute for Marine Bioscience, National Research Council,
Canada.
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TABLE 1 List of microalgal species used in the experiment

GenBank accession no.

Current species name Morphological (LSU rRNA gene D1- PSTs Presence of sxtA4
(group) species name D2 region) Strain detected Source qPCR product
A. pacificum (IV) A. tamarense DQ176650 ATCIO2 Yes South China Sea +

A. pacificum (IV) A. tamarense DQ176651 ATCIO03 Yes South China Sea +

A. pacificum (IV) A. tamarense DQ176649 AT5-3 Yes South China Sea +

A. pacificum (IV) A. tamarense DQ176652 ATHK Yes South China Sea +

A. pacificum (IV) A. catenella DQ176647 ACDH Yes East China Sea +

A. tamarense (II) A. tamarense DQ176655 AT-6 No Europe -

A. fundyense (1) A. tamarense ATLY Yes Yellow Sea +

A. minutum A. minutum DQ176657 AM Yes East China Sea +

A. minutum A. minutum Am-LYG Yes Yellow Sea +

A. affine A. affine ASCH No Yellow Sea -

A. affine A. affine DQ176654 AC-1 No South China Sea -
Skeletonema costatum S. costatum SC-1 No Jiaozhou Bay of Yellow Sea —

(ii) Sample extraction and cleanup of paralytic shellfish toxins. Glass
fiber membranes were cut into small pieces and put into a 0.05 M acetic
acid solution. The mixture was treated with a probe sonicator (Scientz
Biotechnology Co., Ltd., Ningbo, China) in an ice bath for five cycles of 20
sat 200 W before being allowed to stand for another 40 s. The mixture was
then centrifuged at 6,654 X g for 5 min, and 1 ml of supernatant was
collected and filtered through a 0.22-pm-pore-size syringe filter prior to
analysis with HPLC.

(iii) HPLC analysis of paralytic shellfish toxins. Briefly, the carbam-
ate toxins GTXI1 to GTX4, STX, and neoSTX, decarbamoyl toxins
dcGTX2, dcGTX3, and dcSTX, and N-sulfocarbamoyl toxin GTX5 were
analyzed with an Agilent Zorbax Bonus-RP column (150-mm length by
4.6-mm inner diameter [i.d.], 3.5-wm particle size). A gradient method
was applied using mobile phase A (5.5 mM ammonium phosphate buffer
[pH 7.10] containing 11 mM sodium heptanesulfonate as an ion pair
reagent) and mobile phase B (16.5 mM ammonium phosphate buffer [pH
7.10] containing 11 mM sodium heptanesulfonate and 11.5% acetoni-
trile). Toxins were eluted isocratically with mobile phase A for 10.4 min
and then mobile phase B for 10.6 min, followed by mobile phase A again
for the remaining 7 min. The flow rate of both mobile phases was 0.8 ml
min~ .

N-Sulfocarbamoyl toxins C1 and C2 were analyzed with a Phenome-
nex Synergi Hydro-RP column (150-mm length, 4.6-mm i.d., 4-pm par-
ticle size). The method used two mobile phases (mobile phase A, 1%
NH,OH solution containing 3 mM tetrabutyl ammonium phosphate [pH
5.8]; mobile phase B, 1% NH,OH solution containing 3 mM tetrabutyl
ammonium phosphate and 4% methyl cyanide [MeCN] [pH 5.8]). Tox-
ins were eluted with mobile phase A for 8 min, mobile phase B from 8.1 to
9.1 min, and mobile phase A again for another 6.9 min. The flow rate of
both mobile phases was 0.8 ml min ™.

The oxidant solution and acid solution were the same as those de-
scribed in reference 29. The flow rate of both the oxidant and acid solu-
tions was 0.4 ml min . The temperature for the postcolumn reaction was
maintained at 85°C. To detect PSTs, the excitation wavelength was 330
nm, and the emission wavelength was 390 nm.

The limits of detection (LODs) (signal-to-noise ratio [S/N] = 3) and
limits of quantification (LOQs) (S/N = 10) of the HPLC method were
9.61 pgand 32.0 pg for Cl, 18.0 pg and 59.9 pg for C2, 21.7 pg and 72.3 pg
for GTX4, 32.2 pg and 107 pg for GTX1, 5.45 pg and 18.2 pg for dcGTX3,
41.1 pgand 137 pg for GTX5, 8.84 pgand 29.5 pg for dcGTX2, 1.77 pgand
5.9 pg for GTX3, 4.33 pg and 14.4 pg for GTX2, 28.7 pg and 95.8 pg for
neoSTX, 19.9 pg and 66.3 pg for dcSTX, and 11.6 pg and 38.5 pg for STX.

Statistics. The significance of the difference in C; values among the
toxic strains was analyzed with Duncan’s multiple-range test using SPSS
16.0. The linear correlation was analyzed with Pearson correlation coeffi-
cients by SPSS 16.0, and the linear-regression analysis used SigmaPlot
12.0.
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RESULTS

sxtA-based qPCR assay in the Yellow Sea. The specificity of the
sxtA-based qPCR assay for the detection of PST-producing mi-
croalgae was examined with several species within the genus Alex-
andrium commonly present in the coastal waters of China. All
PST-producing species, i.e., A. fundyense (strain ATLY), A. pacifi-
cum (strains ACDH, ATHK, ATCI02, ATCI03, and AT5-3), and
A. minutum (strains AM and Am-LYG), showed positive re-
sponses. Negative responses were observed in all nontoxic Alex-
andrium species or strains, i.e., A. affine (strains ASCH and AC-1)
and A. tamarense (strain AT-6 from European coastal waters), and
the diatom Skeletonema costatum. The specificity of the primer set
could be verified by the single peak in the melting curve (data not
shown), and the PCR efficiency was 100.5%, according to the
slope of the standard curve (Fig. 2). The detection limit for this
sxtA-based qPCR assay, expressed as the number of A. pacificum
cells (strain ACDH), was 150 cells, and the assay exhibited a linear
response in a wide range, from 150 cells to 200,000 cells. In accor-
dance with the protocol for field sample preparation described
above under “Cruises and sample collection” and “qPCR assays”
(1/10 of the 500-ml phytoplankton sample concentrated from
1,000 liters of seawater was used for DNA preparation in the qPCR
analysis, and 1/10 of the 20-ul DNA sample was used as the tem-

34.00 -
y=-3.31Igx+43.64
32.00 -
R2=0.991
30.00 -
Cr
28.00 -
26.00 -
24.00 ; ; )
103 10¢ 105 108

Cells

FIG 2 Standard curve of the sxtA-based qPCR assay (error bars indicate stan-
dard deviations of measured C; values).

October 2015 Volume 81 Number 20


http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176650
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176651
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176649
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176652
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176647
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176655
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176657
http://www.ncbi.nlm.nih.gov/nuccore?term=DQ176654
http://aem.asm.org

35 q
*20 000 cells of each strain

were detected

30 A
LB e
IR
25
20 A
Cr

15
10 A
5 B

0 T T T T T T

Am-LYG  ACDH ATHK ATLY ASCH Negative

A.minutum  A.pacificum A.pacificum A.fundyense A.affine
strains
FIG 3 Comparison of C values for the DNA samples prepared from the same

number of Alexandrium cells using the sxtA-based qPCR assay (error bars
indicate standard deviations of measured C; values).

plate for gPCRs), the detection limit for the gPCR assay was about
15 cells liter .

For the four strains of PST-producing Alexandrium species iso-
lated from the coastal waters of China, i.e., A. minutum (AM-
LYG), A. pacificurn (ACDH and ATHK), and A. fundyense
(ATLY), there was no significant difference in C;-values (P > 0.05,
n = 3) among the DNA samples prepared from the same number
of cells (Fig. 3), based on Duncan’s multiple-range test.

Using the calibration curve prepared with the DNA samples
extracted from toxic A. pacificum (strain ACDH), the relative
abundances of the sxtA4 gene in the YS were calculated and ex-
pressed as the cell number of this representative toxic species. The
distribution pattern and abundances of this representative toxic
species in the YS are shown in Fig. 4. It can be seen that four
patches of PST-producing toxic algae were present in the YS. The
maximum cell density was 343 cells liter ', which appeared in the
northern YS near sampling site B14. Another patch with similar
cell density (338 cells liter ') appeared in the joint area (sampling
site H42) between the YS and East China Sea (ECS), which is close
to the Chang Jiang River estuary. The remaining two patches, one
of which appeared in the coastal waters of Shandong province
(sampling site HF1) and the other at the central area of the south-
ern YS (sampling site H09), had relatively lower cell densities of
240 and 150 cells liter ', respectively.

qPCR assay of A. fundyense and A. pacificum in the Yellow
Sea. Two TagMan-based qPCR assays were applied to quantify A.
fundyense and A. pacificum in the YS. The distribution of the two
toxic species as a whole representing the toxic A. tamarense species
complex in the YS is shown in Fig. 5. Similarly, four patches of
toxic A. tamarense species complex were found in the YS during
the investigation. The highest cell density was 731 cells liter " at
sampling site B14, located in the northern YS. Another patch with
a relatively lower cell density (maximum, 590 cells liter ') was
present in the joint area between the YS and ECS adjacent to the
Chang Jiang River estuary. The remaining two patches, with max-
imum cell densities of 198 cells liter ! and 117 cells liter !, were
present in the coastal waters near Shandong province and the
central area of the southern YS.
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FIG 4 Distribution and abundance of PST-producing toxic cells representing
the relative abundance of the sxtA4 domain in the Yellow Sea, as determined by
the sxtA-based qPCR (cells liter ~").

Determination of paralytic shellfish toxins in the Yellow Sea.
PSTs in net-concentrated phytoplankton samples collected from
YS were analyzed with HPLC coupled with FLD, and the results
were interpreted as the toxin level (total amount of PSTs in 1 liter
of seawater) from a comparison of the abundance of toxic algae
and the relative abundance of the sxtA4 gene. The distribution of
PSTs in the YS is shown in Fig. 6. A high level of PSTs (45.3 pmol
liter~') was found in the joint area between the YS and ECS close
to the Chang Jiang River estuary. In the northern YS, the PST level
was much lower, and the maximum level of PSTs was 11.7 pmol
liter ! (at sampling site B15). In the coastal water near Shandong
province, the PST level was even lower, and the maximum value
was only about 1.01 pmol liter "' The toxin profiles of PSTs in the
samples collected from these areas were quite similar and were
characterized by a high proportion of low-potency N-sulfocar-
bamoyl toxins (C1/C2) with trace amounts of GTX2, GTX3, and
GTX4.

Relationship between the results of qPCR assays and PST
analysis. The relationship between the cell density of the repre-
sentative toxic species and that of toxic A. famarense species com-
plex in the YS were analyzed using data above the theoretical de-
tection limit of the sxtA4 qPCR assay. There was a significant
positive correlation (Fig. 7A) (r = 0.857; P < 0.05) between them,
although the cell densities of the toxic A. tamarense species com-
plex quantified with TagMan-based qPCR assays were generally
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FIG 5 Distribution and abundance of toxic A. tamarense species complex (A.
fundyense and A. pacificum) in the Yellow Sea, as determined by two species-
specific qPCR assays (cells liter ).

higher than those from the sxtA4 qPCR assay. The correlation
between PST level and the abundance of representative toxic spe-
cies showed a much lower r value and was only weakly significant
(Fig. 7B) (r = 0.552; P < 0.05).

DISCUSSION

Feasibility of the sxtA-based qPCR assay for detection of PST-
producing toxic algae. Monitoring of toxic algae has previously
relied on morphological identification or molecular detection of
specific species (4, 30). However, neither of those methods is di-
rectly related to toxin synthesis. The detection of unique genes
related to toxin synthesis, which can cover all toxin-producing
organisms rather than a single species, can provide a comprehen-
sive and effective means to assess the toxic potential of the incip-
ient toxic blooms. Such genes have been applied successfully in the
detection or monitoring of toxic cyanobacterial species in
freshwater environments. For example, a variety of mcy genes
have been used as valid markers for the detection of hepato-
toxic Anabaena, Microcystis, and Planktothrix species (7). Mixed
polyketide synthase/nonribosomal peptide synthesis (PKS/
NRPS) and ndaF genes have been applied to monitor blooms of
Nodularia species (11). The gene rpoCI has been used to differen-
tiate Cylindrospermopsis raciborskii from Anabaena bergii and
Aphanizomenon ovalisporum (12). Recently, multiplex qPCR as-
says were developed to detect several different genes related to
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tography coupled with a fluorescence detector.

toxin biosynthesis in cyanobacteria (13, 31), one of which in-
cluded sxt (13).

With the identification of genes associated with STX produc-
tion in dinoflagellates, a SYBR green qPCR assay targeting the
sxtA4 domain of the core gene sxtA was developed (17). This gPCR
assay has been applied to study toxic algal blooms associated with
PSTs in the sea and demonstrated positive correlations with the
results of a long-subunit (LSU) qPCR assay and microscopic ob-
servations. In addition, a sensitive probe-based qPCR assay was
developed and applied to analyze mRNA transcripts of the sxtA
gene, the results of which showed a good correlation with PSTs
(32). However, there are still some concerns about the feasibility
of using an sxtA-based qPCR assay for monitoring toxic algal
blooms. One reason is that most genes in dinoflagellate genomes
have multiple copies, whose numbers vary from those of isolates
(28, 33, 34). Also, the uniqueness of the sxtA4 domain in PST-
producing species still needs to be validated in different waters. It
was reported that the sxtAl and sxtA4 domains were present in
two nontoxic strains of A. australiense (A. tamarense species com-
plex group V) (17), Therefore, the feasibility of this sxtA-based
qPCR assay still needs to be tested further with more PST-produc-
ing toxic species and requires validation in different regions
around the world.

In this study, we tested the specificity of this sxtA-based qPCR
assay for the detection of PST-producing microalgae using several
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species in the genus Alexandrium commonly present in the YS.
The specificity of the qPCR assay to detect toxic algae associated
with PSTs was further confirmed. Although the sxtA4 domain has
been detected in nontoxic strains of A. australiense (17), there is no
report of this species in the YS so far. The C; values for DNA
samples prepared from the same number of cells of four toxic
strains belonging to A. fundyense, A. pacificum, and A. minutum
exhibited no significant differences in our study, suggesting that
the number of copies of the sxtA4 domain was relatively constant
among these PST-producing species in the YS (Fig. 3). This is in
accordance with the findings of a previous study (17). Therefore,
the application of this sxtA-based qPCR assay to study PST-pro-
ducing toxic algae in the YS should be feasible.

Potential of sxtA-based qPCR assay for monitoring toxic al-
gal bloom in the Yellow Sea. Alexandrium spp. have been widely
reported in the coastal waters of China, and blooms of Alexan-
drium spp. have been reported in the northern YS, East China Sea,
and South China Sea (35, 36). In the YS, many species in the genus
Alexandrium, such as A. fundyense and A. pacificum of the toxic A.
tamarense species complex (reported previously as either A. tama-
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rense or A. catenella), A. minutum, and the nontoxic A. affine, A.
andersonii, and A. leei species, have been identified through cyst
germination, morphological observation, and also single-cell se-
quencing (21). In addition, cyst beds of Alexandrium species, with
abundance as high as 3,788 cysts/g sediment (dry weight), have
been reported in the YS (37-39), where PSTs have been frequently
detected in scallops (19, 20, 40). The coexistence of multiple toxic
and nontoxic Alexandrium species makes it difficult to monitor
every toxic species in this region. The qPCR assay based on the
unique toxin synthetic gene employed in this study has a great
advantage in indicating the potential existence of PSTs and their
producers.

The sxtA-based qQPCR assay was applied to analyze PST-pro-
ducing microalgae in the YS in this study, and we also performed
a comprehensive investigation on the toxic A. tamarense species
complex, PST-related gene, and PSTs in the YS. The distribution
pattern of a PST synthesis-related gene in the YS, as indicated by
the representative toxic species, is consistent with the distribution
of toxic algae (A. fundyense and A. pacificum) and PSTs. Based on
these findings, it was strongly suggested that toxic A. fundyense
and A. pacificurn should be the major PST producers in the YS.
This opinion was also supported by the toxin profile of field sam-
ples, which was similar to those of strains of A. fundyense and A.
pacificum established from the YS and ECS, which predominantly
produce C1/C2 congeners (21, 35). The coincidence of the distri-
bution pattern in the representative toxic species, toxic A. tama-
rense species complex, and PSTs fully supported the sxtA-based
qPCR assay as a reliable method to study PST-producing algae in
the YS.

In this study, the quantitation results of the toxic A. tamarense
species complex correlated well with the abundance of the repre-
sentative toxic species derived from the sxtA-based qPCR assay
(r = 0.857), which is similar to the studies performed in Australia
(17). The abundance of A. fundyense and A. pacificum combined,
however, was generally higher than that of the representative toxic
species (slope, 1.74). This is probably due to the overestimation of
the abundance of A. fundyense and A. pacificum organisms caused
by the variance of DNA extraction efficiency and LSU rRNA gene
copy number (28, 33). In contrast, the correlation between the
quantitation results of the sxtA-based qPCR assay and PST levels
in the phytoplankton samples was less significant (r = 0.552). This
is not surprising, since the intracellular toxins, as secondary me-
tabolites, are affected by many environmental factors, like temper-
ature, salinity, light, and availability of nutrients (41-44). Toxin
production in dinoflagellates has been supposed to be an adapta-
tion that evolved to offset the disadvantage of low-nutrient affinity
(42, 45-47), and phosphorus deficiency has been shown to in-
crease significantly the cellular quota of PSTs in toxic A. tamarense
species complex in comparison to that of nutrient-sufficient or
N-deficient cells (41, 42, 45-48). In addition, the depression of
essential reactions for STX biosynthesis might block toxin pro-
duction and result in a loss of toxicity (49). Another issue that may
influence the correlation between the quantitation results of sxtA4
and PST levels is the difference in toxin content between A. fun-
dyense and A. pacificum. Gu et al. (21) determined the content of
PSTs in six strains of A. fundyense isolated from the northern YS
and found that the cellular toxin quota ranged from 1.1 to 5.0 fmol
cell ™!, which is significantly lower than that for A. pacificum (50—
52). According to our previous analysis, A. fundyense was distrib-
uted mainly in the YS north to 34°N, while A. pacificum was con-
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fined in the joint area between YS and ECS close to the Chang
Jiang River estuary (28). This will also result in the relatively poor
correlation between the sxtA4 quantitation results and PST levels.

The less significant correlation between the sxtA4 quantitation
results and PST levels in this study suggested that the combination
of molecular biological approaches and chemical measurements
of toxins might be an appropriate method for monitoring toxic
algal blooms. Most of the monitoring programs on phycotoxins to
date have focused on toxins in shellfish, which reflect the historic
exposure to toxic algae. The detection of PSTs and PST-producing
algae in seawater might reflect the current toxicity level and thus
facilitate an early warning of shellfish contamination. Moreover, it
provides the possibility of tracing the origin of toxins in the field
and promotes better understanding in ecological studies.

There are many important mariculture zones in the YS, and
PSTs have been detected from the shellfish samples from time to
time (18-20). However, there is little knowledge so far on the
annual bloom dynamics of PST-producing toxic algae in the YS.
The results of this study confirmed the feasibility of the sxtA-based
qPCR assay in monitoring PST-producing toxic algae in the YS in
spring, and its feasibility still needs to be further tested in other
seasons in the future.

Conclusions. In this study, an sxtA-based qPCR assay was ap-
plied to study toxic algae associated with PSTs in the YS. The
qPCR assay showed high specificity for detecting PST-producing
microalgae, and the quantitation results of sxtA4 represented well
the abundance and distribution of the toxic A. tamarense species
complex (A. fundyense and A. pacificum) in the YS during the
sampling season. However, the correlation between PST levels and
sxtA-based qPCR results was less significant (r = 0.552), implying
that sxtA-based qPCR is not accurate enough to reflect the toxicity
of blooms associated with PSTs. The combination of sxtA-based
qPCR assay and chemical means might be an appropriate method
for monitoring toxic algal blooms.
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