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Spatial Distribution of Dinoflagellate Resting Cysts and Detection
of HAB species using PCR assay in Sediments of the Yellow Sea

Choul-Hee Hwang

Department of Fisheries Biology, Graduate School,
Pukyong National University
Busan 608-737, Korea

Abstract

The spatial distribution of dinoflagellate resting cysts in sediment samples of the Yellow
Sea has been studied through the analysis of 33 samples by the palynological process. The
sampling areas comprised four latitudinal transects, the northernmost of which was located
off the Shandong Peninsula, China and the southernmost off Jeju Island, Korea. Each
transect line was composed of six to nine stations, spanning between the Chinese and
Korean coasts. A total of 26 different types of dinoflagellate resting cysts were identified.
Gonyaulax scrippsae, Alexandrium spp. (ellipsoidal type) and Gonyaulax spinifera were
dominant at all stations surveyed. The latitudinal distribution trend showed that resting cyst
concentrations were much higher along the inner two transects than those along the outer
two transects. For each transect, resting cyst concentrations reached the highest in the
offshore central areas and gradually decreased nearer to the Chinese and Korean coasts. This
concentric resting cyst distribution pattern was correlated with hydrographic features such
as circular current systems, sedimentary properties and water depth of the Yellow Sea.

Outbreaks of harmful dinoflagellate blooms of Alexandrium tamarense and Cochlodinium
polykrikoides have gradually increased in Korea coastal waters and caused severe damage to
mariculture industry. In order to detect and monitor these harmful dinoflagellates in
sediment samples, the PCR detection assay was adopted. This technique was applied to
extracted bulk DNA from the Yellow Sea. The PCR amplification using A4.
tamarense-specific primer pairs did not yield any visible products for yellow soil (a negative

control), but produced clear bands successfully after ellipsoidal Alexandrium cysts were



artificially added. Thus, yellow soil seemed to be an excellent negative control, not
including genomic DNA of a targeted organism. In the Yellow Sea sediments samples, A4.
tamarense and C. polykrikoides were detected, species-specific primer pairs being used by
the PCR assay. On the other hand, as it was hard to assess the concentration of resting cysts
in the sediment by the detection assay, nested PCR was adopted to identify the definite
existence of C. polykrikoides. Therefore, the PCR detection assay is expected to be used on
the basis of molecular biological detection assays for the HAB monitoring and identification

of harmful species such as C. polykrikoides, whose life cycle is not explained.



Fig. 4.

Fig. 6.

Figure legends

. Sampling stations of sediment samples established in this study.

. Analytical processes of dinoflagellate resting cysts in sediment samples using Cho

and Matsuoka (2001) method.

- The contour map of the spatial distribution of the total dinoflagellate cysts in the

Yellow Sea. Contour lines are increments of 1,000 cells g dry weight.
Longitudinal change in relative abundance of dinoflagellate cysts in each transect

categorized by motile cell-based classification in the Yellow Sea.

. 5. The contour map of the spatial distribution of ellipsoidal Alexandrium spp. resting

cyst in the Yellow Sea. Contour lines are increments of 1,000 cells g dry weight.

Photomicrographs of dinoflagellate resting cysts investigated in this study after
palynological process; 1) Alexandrium spp. (ellipsoidal type), 2) Alexandrium spp.
(ovoidal type), 3-4) Gonyaulax scrippsae, 5) G. verior, 6) G. spinifera complex, 7)
Scrippsiella trochoidea, 8) Protoperidinium spp., 9) . Protoperidinium spp.
(spherical), 10-11) Lingulodinium polyedrum, 12) Protoceratium reticulatum, 13)
Pyrodinium bahamense var. compressum, 14-15) Pheopolykrikos hartmannii, 16)
unidentified, 17) Pyrophacus steinii, 18) Protoperidinium latissimum, 19)

Protoperidinium sp. and 20) P. oblongum

Fig. 7. The detection of Alexandrium tamarense using A. tamarense-specific primer pairs in

yellow soil from the Mt. Hwang-lyeng Lane designations are as follows: M= 250bp
size marker; 1= yellow soil; 2= yellow soil-ellipsoidal Alexandrium resting cyst
10cells; 3= yellow soil-ellipsoidal Alexandrium resting cyst SOcells; 4= sediment
sample from the Yellow Sea; 4. tamarense culture sample (KDD8); 6= Negative

control.

Fig. 8. The detection of Alexandrium tamarense using A. tamarense species-specific primer

pairs in sediment samples from the Yellow Sea using 4. tamarense species-specific
primer pairs. Lane designations are as follows: M= 250bp size marker; 1= A2; 2=
A3; 3= A4; 4= Bli; 5= BS5; 6= B6; 7= C4; 8= C5; 9= C6; 10=D4; 11= D5; 12= D6;

13= A. tamarense culture sample; 14= yellow soil.

Fig. 9. The detection of Cochlodinium polykrikoides in sediment samples from the Yellow



Sea using the C. polykrikoides species-specific primer pairs, CPOLY0l and
CPOLYO02. Lane designations are as follows: M= 250bp size marker; 1= A2; 2= A3;
3= A4; 4= B4, 5= BS; 6= B6; 7= C4; 8= C5; 9= C6; 10= D4; 11=D5; 12= D6; 13=
C. polykrikoides culture sample; 14= yellow soil.
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Table 2.
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Table legends

The latitude / longitude and water depth of each station investigated in the Yellow
Sea

Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of
transect A in the Yellow Sea

Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of
transect B in the Yellow Sea

Distribution of dinoflagellate cysts (cells g”' dry weight) in the surface sediments of
transect C in the Yellow Sea

Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of

transect D in the Yellow Sea



Spatial Distribution of Dinoflagellate Resting Cysts and
Detection of HAB species using PCR assay in

Sediments of the Yellow Sea

1. Introduction

The Yellow Sea, which was investigated in this study, forms one of the largest
epicontinental shelves. It is partially enclosed by the Chinese and Korean coasts and borders
on the Bohai Sea and the East China Sea. It rests in a tectonically stable trough that was
submerged during the postglacial sea-level rise, with an average water depth of 55 m (Jin
and Chough, 1998; Uehara and Saito, 2003).

The general hydrographic features of the Yellow Sea are characterized by the northward
inflow of the Yellow Sea Warm Current and the subsequent southward flows along the
Chinese and K orean c oasts (i.e. the Y ellow Sea C oastal Current and the Korean C oastal
Current). These coastal currents are compensated by the northward flow of the Yellow Sea
Cold Bottom Water along the Yellow Sea trough, which forms the big cyclonic
(counterclockwise) eddy in the central part of the Yellow Sea, which has a relatively weak
hydrodynamic condition (Naimie et al., 2001 Shi et al., 2004).

Sediments of the Yellow Sea consist of sand, muddy sand, sandy mud and mud, ordered
by the percentage of mud or sand. The suspended fine-grained materials nearshore move
along the route of the Yellow Sea circulation mentioned above, and are transported to and
accumulated on the seafloor at the eddy center of the Yellow Sea to form the muddy
sediments. As a result, the largest mud-rich sediment patch is developed in the central part
of the Yellow Sea, and muddy sand and sand are distributed outward (Park and Khim, 1992;
Uehara and Saito, 2003; Shi et al.,2004).

The harmful algal bloom (HAB) is a worldwide problem in the marine environment such
as related to e conomic 1 oss and toxin production in last d ecades (Kim, 1997). The main
HAB-causative organisms composed of diatoms until the 1970s have been replaced by

flagellates since the early 1980s in Korea (Chang et al. 1995; Kim et al. 1997; Lee 1999).



The main HAB species in Korea were Alexandrium spp., Gymnodinium spp., Prorocentrum
spp. and Cochlodinium polykrikoides. Specially, Alexandrium spp. are notorious as
producers of paralytic shellfish toxin (PSP; Kim, 1997) and C. polykrikoides also produces
of ichthyotoxin and sometimes results in mass fish mortality through suffocation by oxygen
depletion and mucus production (Lee, 1996; Cho et al., 1999; Kim et al., 2000). They often
have detrimental effects on marine animals followed by huge economic loss to local
fisheries and mariculture industries.

PSP contamination has annually caused the ban on shellfish harvesting, and continuous
PSP monitoring has been conducted around shellfish-farming areas worldwide. Two PSP
accidents, which resulted in human deaths, occurred in China (Kin-Chung, 1998) and Korea
(Chang et al., 1987, Lee et al, 1997). The main causative microorganisms were
Alexandrium catenella, A. tamarense and Gymnodinium catenatum (Han et al., 1992; Kim
and Shin, 1997; Kin-Chung, 1998; Park et al., 2004b). Meanwhile, shellfish mariculture has
developed rapidly on the eastern coast of China over the last two decades (Guo et al., 1999),
and shellfish intoxication by various algal toxins has been concomitantly reported
(Anderson et al., 1996; Zhou et al., 1999). Jeon et al. (1988) reported PSP contamination on
the western coast of Korea. The resting cysts of the causative dinoflagellates (e.g. A.
tamarenselcatenella and G. catenatum) are ubiquitously present in the sediments of the
Yellow Sea (Cho and Matsuoka, 2001; Park et al., 2004a, b; Wang et al., 2004). Since then,
the governmental institute has conducted continuous PSP monitoring and has temporarily
inhibited mussel harvesting when the toxin content exceeds the quarantine level of 80 pg
STXeq 100g™.

Cochlodinium polykrikoides blooms which have been notorious for high cell density,
high fish mortality, long persistency, wide spreading and increasing frequency since 1982
caused the record-breaking economic loss of US $ 95.5 million in 1995 (Kim et al., 1997).
Therefore, the primary strategy for managing the effects of these blooms in a monitoring
program aimed that its early detection. However, some organisms such as C. polykrikoides

were difficult to forecast its early outbreak because of the unclear life cycle.

HABs have been the subject of many researchers because of their increasing outbreak,

extension and protraction (Hallegraeff, 1993). A number of dinoflagellates cause HABs in



the marine ecosystem. Some of them have complex life cycles that include benthic cyst
stages. Dinoflagellate resting cysts play important ecological roles such as bloom initiation
and termination, agents of survival and dispersal, genetic recombination, and potential toxin
source of benthic mollusks. Geographical resting cyst mapping thus pinpoints the presence
of "seed populations" for bloom initiation sites and traces dispersal paths that suggest the
potential for future HAB outbreaks and are useful for HAB controls (Dale, 1983; Anderson,
1984; Pfiester and Anderson, 1987).

The first step to HAB monitoring was rapid and accurate identification and numeration
of the causative organism. However, recognizing morphological characteristics under light
microscopy consume much time and effort, and require sophisticated expertise. Moreover,
the conventional monitoring of C. polykrikoides is seriously hampered by distortion of the
cell morphology that occurs after fixation. Lee et al., (2001) reported that C. polykrikoides
was indistinguishably similar with Gymnodinium catenatum, G. impudicum. To overcome
such problems, molecular techniques such as PCR assay, fluorescence in situ hybridization
(FISH), Sandwich-hybridization and immunological assay have recently been developed
(Scholin et al., 2003). The nuclear-encoded large subunit ribosomal DNA (LSU rDNA)
molecules that ¢ ontain b oth c onserved and divergent d omains have been used to resolve
identification and phylogenetic relationships of dinoflagellates in wide taxonomic levels
(Scholin et al., 1994; Zardoya et al., 1995; Daugbjerg et al., 2000; Rehnstam-Holm et al.,
2002; Edvardsen et al., 2003).

As part of the HAB monitoring, marine sediment samples of the Yellow Sea were
investigated for spatial distribution, species composition and molecular detection of
dinoflagellate resting cysts. The resting cyst distribution was compared to hydrographic and
sedimentary properties of the Yellow Sea to understand their origin, dispersal path and
depositional site. Moreover, existence of target HAB species (4. tamarense and C.
polykrikoides) w as analyzed u sing s pecies-specific primer pairs targeting the L SU r DNA
D1-D3 region by bulk DNA from sediment samples.



2. Material and Methods

2-1. Stations of sediment sample

A cruise for this study was conducted around the Yellow Sea (Fig. 1, Table 1) on 15-31
October 2003 using the R/V Tamgu 8 of the West Sea Fisheries Research Institute, National
Fisheries Research and Development Institute (NFRDI), Korea. Sediment samples were
collected witha Van Veen grab sampler from 3 3 stations on four transect lines that ran
latitudinally between the Chinese and Korean coasts. Transect A was the northernmost
transect and was located off the Shandong Peninsula and Transect D was the southernmost

and was located off Jeju Island. Transects B and C were located central of the Yellow Sea.
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Fig. 1. Sampling stations of sediment samples investigated in this study.
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Table 1. The latitude / longitude and water depth of each station investigated in the Yellow

Sea
Station Latitude (N) Longitude (E) Water depth (m)

Transect A

Al 36°55'50" 123°07'70" 47

A2 36°55'50" 123°37'70" 75

A3 36°55'50" 124°07'70" 77

Ad 36°55'50" 124°37'70" 78

AS 36°55'50" 125°07'70" 50

A6 36°55'50" 125°20'70" 55
Transect B

Bl 35°51'30" 121°32'00" 40

B2 35°51°30" 122°02'00" 46

B3 35°51'30" 122°32'00" 61

B4 35°51'30" 123°02'00" 70

BS 35°51'30" 123°32'00" 73

B6 35°51'30" 124°02'00" 77

B7 35°51'30" 124°32'00" 85

B8 35°51'30" 125°02'00" 77

B9 35°5130" 125°32'00" 71
Transect C

Cl1 34°43'00" 121°02'00" 25

c2 34°43'00" 121°32'00" 43

C3 34°43'00" 122°02'00" 50

C4 34°43'00" 122°32'00" 66

Cs 34°43'00" 123°02'00" 75

Cé6 34°43'00" 123°32'00" 78

Cc7 34°43'00" 124°02'00" 80

C8 34°43'00" 124°32'00" 93

c9 34°43'00" 124°49'00" 87
Transect D

D1 33°34'70" 121°32'00" 20

D2 33°34'70" 122°02'00" 26

D3 33°34'70" 122°32'00" 41

D4 33°34'70" 123°02'00" 49

DS 33°34'70" 123°32'00" 67

D6 33°34'70" 124°02'00" 73

D7 33°34'70" 124°32'00" 84

D8 33°34'70" 125°02'00" 85

D9 33°34'70" 125°32'00" 90
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2-2. Treatment of sediment samples

Sediment samples were collected with a Van Veen grab sampler from 33 stations on four
transect lines that ran latitudinally between the Chinese and Korean coasts. The
northernmost transect was located off the Shandong Peninsula of China, and the
southernmost transect off Jeju Island of Korea, in a longitudinal direction. The top surface
fractions of grab samples were carefully collected and pooled on board the ship, and the
stored at 4°C in the dark until analysis.

After calculating water contents, sediment samples were processed according to Cho and
Matsuoka (2001). The samples were first treated with 10% hydrochloric acid (HCI) and
47% hydrofluoric acid (HF) to dissolve calcium carbonate and silicate materials,
respectively. Subsequently they were rinsed with distilled water, and sonicated using an
Ultrasonic Cleaner 5210 (BRANSON) for 30 sec. After straining through 120 pm and 20
pm mesh sieves, the refined sediments remaining on the 20 pm sieve were transferred to a
15 mL tube and finally suspended into 10 mL of distilled water. A 1 mL aliquot of each
sample was observed under an inverted light microscope (Axiovert 200 ZEISS, Germany).
Cyst concentrations were calculated as the number of cysts per gram of dry weight.
Identification was carried out according to Matsuoka and Fukuyo (2000). In this study,

resting cysts are called as cysts for the sake of brevity. Only living cysts were counted.

12



1) Measuring water contents
+———— Weight the triplicate sediments

+———— Dry at oven (60°C for overnight)
2) Cyst analysis

¢ 10% HCI: dissolving calcium carbonate
(foraminiferal, molluscan and other calcareous fragments)

+———— Washing

+—— 47% HF: dissolving silicate materials
(sand and mud particles or diatom frustules)

. g=———— Washing
o
- & Sonication

(—%—- Fraction

Observation

Fig. 2. Analytical processes of dinoflagellate resting cysts in sediment samples.
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2-3. Bulk-DNA extraction from sediment samples

The sediments samples of the central area of the Yellow Sea used to detect of target
organisms because cyst densities were higher than other areas, and then stored at -70°C in
the dark until analysis. One ml of denaturation solution [10 mM Tris-HCI (pH 7.0), 1 mM
EDTA and 0.5% 2-mercaptoehtanol] and 2 g of sea sand were added in 2 g sediment
samples. These samples were c ompletely pulverized in liquid nitrogen. T hese p ulverized
sediments were put in a 50 ml centrifuge tube, and extraction buffer [100 mM sodium
phosphate (pH 7.0), 100 mM Tris-HCI (pH 7.0), 100 mM EDTA (pH 8.0), 1.5 M NaCl, 1%
CTAB, 2% SDS] was added. Bulk DNA was extracted at 65°C for 1 hour (Hurt et al., 2001).
The extracted bulk DNA was separated by PCI solution (Phenol: Chloroform: Isoamyl
alcohol; 3-Methylbuthanol 25:24:1), and precipitated by ethanol. The DNA sample was
purified by QIAEX II Agarose Gel Extraction Kit (QIAGEN) to remove humic acid and
others mineral materials. Culture cells of 4. tamarense and C. polykrikoides were used as
positive controls to tune target organisms, and bulk DNA from yellow soil from Mt.
Hwang-lyeng was used as a negative control.

the total DNA contents were confirmed by electrophoresis in 1% agarose gel in TAE
buffer (40 mM Tris/acetate, | mM EDTA) at 100mV for 20min and photographed under
UV trans-illumination after staining with EtBr (0.5 ug mL™).

2-4. PCR amplification

PCR amplification was carried out in a 50 pL-reaction volume containing 0.25 units Ex
Tag™ (TaKaRa, Japan), 1xEx Tag™ Buffer, 2.5 mM of each dNTP, species-specific primer
pairs and 1 pL of template DNA. A PCR reaction was one initial denaturation at 94°C for 3
min, followed by 25 cycles of denaturation at 94°C for 30 sec, annealing at 58°C for 1 min
and elongation at 72°C for 1 min. The reaction was completed by the final elongation at
72°C for 7 min (My Cycler, Bio-Rad). PCR products (5 pL) were electrophoresed in 1%
agarose gel in TAE buffer (40 mM Tris / acetate, | mM EDTA) at 100 mV for 20 min and
photographed under UV trans-illumination after staining with EtBr (0.5 pg mL™)

The species-specific primer pairs used to detection 4. tamarense were Atama-L416F (TTG

14



CTT GGT GGG AGT GTT GCA) and D3B (5’-TCG GAA GGA ACC AGC TAC TA-3’;
Nunn et al., 1996). Nested PCR was carried out to detection C. polykrikoides (Sharrocks,
1994). For the nested PCR assay, the primary PCR was first carried out with an universal
primer set, DIR (5°-ACC CGC TGA ATT TAA GCA TA-3’; Scholin et al., 1994) and D3B
(5°-TCG GAA GGA ACC AGC TAC TA-3" ; Nunn et al., 1996), followed by the secondary
PCR with specific primer pairs such as CPOLY0!1 (5’-GTA CAC GGC TTG CAC TTG
CA-3’) and CPOLY02 (5’-TGG TCG TAG ACG TGT GTC AG-3’; Kim et al., 2004a).
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3. Results

3-1. Identification

In this study, a total of 26 different types of dinoflagellate cysts were identified to the
species level, representing 15 genera and belonging to the orders Gonyaulacales (11species),
Peridiniales (10 species) and Gymnodiniales (5 species) (Tables 2, 3, 4 and 5). The most
common species were Gonyaulax scrippsae, Alexandrium spp. (ellipsoidal type) and G.
spinifera, all of which belong to the Gonyaulacales. Concentrations of Protoceratium
reticulatum, G. verior and Scrippsiella trochoidea were also relatively high. Other types of
cysts occurred in relatively low numbers.

Transect A was the northernmost transect and was located off the Shandong Peninsula.
At transect A, 24 types of cysts were identified (Table 2). Cyst concentrations were
significantly higher at Stns A1-A4 (3,180-5,398 cells g” dry weight) in the central areas of
transect than at Stns A5 and A6 in the marginal areas of the Korean coast (Fig. 3).
Alexandrium spp. (ellipsoidal type 96-2,153 cells g"') were the most abundant, followed by
G. scrippsae (9-844 cells g"), G. spinifera (6-489 cells g"), G. verior (18-319 cells g™), P.
reticulatum (6-443 cells g") and Pheopolykrikos hartmannii (31-446 cells g).

Twenty-four types of cysts were recorded from Transect B located south of Transect A
(Table 3). Total concentrations were markedly high in the central areas (Stns B3-B6)
(10,550-20,329 cells g') and sharply decreased towards the coastal areas of China and
Korea (Fig. 3). Stn B4 in the central region had the highest density of cysts (20,829 cells g™)
of among all sediment samples analyzed. The major species identified were G. scrippsae
(10-6,985 cells g'), G. spinifera (5-4,929 cells g'), Alexandrium spp. (ellipsoidal type
95-2,629 cells g") and P. reticulatum (25-1,977 cells g ™).

At Transect C located between Transect B and the southernmost Transect D, 24 types of
cysts were encountered (Table 4). Cyst concentrations were high in the central areas (Stns
C4-C6 12,106-18,873 cells g') and sharply decreased towards the marginal areas of both the
Chinese and Korean coasts. The lowest density among all sediment samples analyzed was
recorded at Stn C1 on the Chinese coast (111 cells g'). The highest value was 18,873 cells
g at Stn C6, where Alexandrium spp. (ellipsoidal type; 10,699 cells g'') contributed >50%

16



of the total concentration. The variation in the number of ellipsoidal Alexandrium cysts
accounted for the substantial fluctuations in the total cyst concentrations. For example, the
relatively low cyst concentration at Stn C5 was accompanied by the substantially low
number of ellipsoidal Alexandrium cysts.

Transect D was the southernmost and was located off Jeju Island, identified a total of 23
cyst types (Table 5), and the inner stations showed much higher cyst concentrations (Stns
D4-D6 4,035-5,979 cells g') than did the outer stations (Fig. 3). The most dominant species
was G. scrippsae (45-2,872 cells g™).

3-2. A tendency of distribution

On the whole, within each transect, cyst densities were highest near the offshore center
of the Yellow Sea and gradually decreased towards both the Chinese and Korean coasts (Fig.
3). The inner Transects B and C showed higher concentrations than did the outer Transects
A and D. However, the trend of gradual decrease towards the higher and lower latitudes was
less prominent than that towards both near shore directions. Cyst concentrations on the
Chinese coast were relatively lower than that on the Korean coast.

In general, dinoflagellate cysts belonging to the Gonyaulacales comprised over 50% of
all cysts collected, and two exceptions of the abrupt proportional decrease of the
Gonyaulacales at Stns C1 and D1 on the Chinese coast were noteworthy (Fig. 4). The
proportional density of the Protoperidiniales tended to gradually increase towards both the

Chinese and Korean coasts, while total cyst concentrations dramatically decreased.
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Table 2. Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of

transect A 1n the Yellow Sea

M Al A2 A3 A4 AS A6

Gonyaulacales
Alexandrium spp. (ellipsoidal) 578 716 2,153 1,730 96 344
Alexandrium spp. (spherical) 191 283 167 187 28 50
Gonyaulax scrippsae 404 407 844 219 9 33
Gonyaulax spinifera 431 318 489 160 6 40
Gonyaulax verior 117 142 319 261 18 53
Lingulodinium polyedrum 116 40 192 105 28 -
Protoceratium reticulatum 409 443 423 183 6 30
Pyrodinium bahamense var. compressum 82 48 27 32 6 20
Pyrophacus steinii 10 - 8 2 - -
Gymnodiniales
Cochlodinium sp. S 7 8 - 4 4
Gymnodinium catenatum 147 31 55 30 9 -
Gymnodinium impudicum 54 5 13 - 1 -
Pheopolykrikos hartmannii 236 161 446 144 31 53
Polykrikos kofoidii/schwartzii 15 - - - - -
Peridiniales
Diplopelta parva 13 - - 1 - -
Diplopsalis lenticula 50 41 13 11 6 3
Preperidinium meunieri 8 3 6 3 - -
Protoperidinium conicum 17 23 11 7 3 7
Protoperidinium latisinum 17 16 17 - - -
Protoperidinium oblongum - 2 6 3 - -
Protoperidinium pentagonum - - - 3 - -
Protoperidinium sp. (spherical) 32 33 68 72 - -
Protoperidinium spp. 141 77 17 8 - -
Scrippsiella trochoidea 37 20 57 1 6 37
Unidentified 79 41 57 18 20 16
Total 3,188 2,857 5,398 3,180 277 693
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Table 3. Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of

transect B in the Yellow Sea

M Bl B2 B3 B4 BS B6 B7 BS B9

Gonyaulacales

Alexandrium spp. (ellipsoidal) 95 126 500 2,408 2,629 541 530 1,876 287
Alexandrium spp. (ovoidal) 33 - - - - - 15 - -
Alexandrium spp. (spherical) 243 154 468 375 542 109 65 185 15
Gonyaulax scrippsae 52 297 2858 6,985 6,650 5008 1684 1,109 10
Gonyaulax spinifera 33 66 1,691 4929 3,031 2942 1,082 126 5
Gonyaulax spinifera complex 10 22 64 375 335 96 116 50 -
Gonyaulax verior 252 148 540 1,245 1,091 109 131 252 30
Lingulodinium polyedrum 29 66 564 300 508 68 116 126 -
Protoceratium reticulatum 252 472 1977 1,336 1,465 1,840 1,488 433 25
Pyrodinium bahamense var. compressum 14 38 167 158 67 322 152 45 5
Pyrophacus steinii - - 16 - - - - - -
Gymnodiniales
Cochlodinium sp. 10 - - - - - - R -
Gymnodinium catenatum 29 - 103 135 161 89 152 - -
Gymnodinium impudicum 19 - 151 300 94 34 - 63 -
Pheopolykrikos hartmannii 105 121 294 330 529 445 254 1,087 -
Peridiniales
Diplopelta parva - - 79 - 20 82 15 - -
Diplopsalis lenticula 24 11 24 38 33 62 58 36 5
Preperidinium meunieri - - - 30 27 - 15 - -
Protoperidinium conicum - - - 90 27 41 - - -
Protoperidinium latisinum S - - - - - - - -
Protoperidinium oblongum - - 175 120 13 - - - -
Protoperidinium sp. (spherical) 10 - 18! 45 107 - 131 104 5
Protoperidinium spp. 148 176 119 391 161 151 94 95 25
Scrippsiella trochoidea 105 126 603 1,223 1,050 486 806 153 35
Unidentified 24 33 48 15 13 55 44 27 15
Total 1,489 1,856 10,550 20,829 18,553 12479 6947 5,767 462
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Table 4. Distribution of dinoflagellate cysts (cells g”* dry weight) in the surface sediments of

transect C in the Yellow Sea

M (o) B o N o c4 Cs c6 c7 c8 c9

Gonyaulacales

Alexandrium spp. (ellipsoidal) 5 65 128 5,656 1,030 10,699 41 194 855
Alexandrium spp. (ovoidal) - - 4 - - - - - -
Alexandrium spp. (spherical) 23 70 71 463 9 726 - - 70
Gonyaulax scrippsae 14 135 287 4,567 5,716 1,869 2,309 1,246 495
Gonyaulax spinifera - 19 190 1,228 2,272 1,243 662 315 102
Gonyaulax spinifera complex - 5 26 88 160 60 55 27 27
Gonyaulax verior 5 47 3t 2,714 293 1,760 - 60 1i8
Lingulodinium polyedrim - 33 9 250 80 159 62 20 5
Protoceratium reticulatum - 135 379 750 257 577 1,082 395 543
Pyrodinium bahamense var. compressum - 5 31 88 124 179 76 67 38
Pyrophacus steinii - 5 4 - - 40 - - -
Gymnodiniales
Cochlodinium sp. 5 - - - - - - - -
Gymnodinium catenatum - 9 4 15 53 60 i4 13 5
Gymnodinium impudicum 9 5 35 - - - - - .
Pheopolykrikos hartmannii 14 28 13 338 44 328 248 167 317
Polykrikos kofoidii/schwartzii 1 - - - - - - . -

Peridiniales

Diplopelta parva - - - - 27 - 7 - 5
Diplopsalis lenticula - 9 18 15 107 119 138 54 5
Preperidinium meunieri 5 - - - - 20 28 - 5
Protoperidinium conicum - 9 18 22 - 10 - 13 -
Protoperidinium oblongum 5 5 - 29 18 20 14 - -
Protoperidinium sp. (spherical) - 9 9 74 44 159 28 13 5
Protoperidinium spp. 23 103 67 74 18 70 17 127 70
Scrippsiella trochoidea - 9 93 699 1,784 696 283 87 70
Unidentified S 9 18 22 71 80 28 27 16
Total 111 714 1,434 17,092 12,106 18,873 5,190 2,827 2,753
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Table S. Distribution of dinoflagellate cysts (cells g dry weight) in the surface sediments of

transect D in the Yellow Sea

N D1 D2 D3 D4 DS D6 D7 D8 D9

Gonyaulacales
Alexandrium spp. (ellipsoidal) - - 178 300 398 1,138 199 193 109
Alexandrium spp. (cvoidal) - - 7 19 - - 19 S 6
Alexandrium spp. (spherical) 110 10 36 138 509 206 12 27 19
Gonyaulax scrippsae 46 45 721 2,063 1,305 2,872 1,207 529 410
Gonyaulax spinifera 37 30 336 544 731 845 224 182 237
Gonyaulax spinifera complex 18 15 - 50 56 29 37 16 6
Gonyaulax verior 83 - 50 169 93 51 87 96 26
Lingulodinium polyedrum 18 - 21 156 46 73 - 16 6
Protoceratium reticulatum - 30 178 288 185 81 100 96 103
Pyrodinium bahamense var. compressum - - 29 106 9 22 6 - -
Pyrophacus steinii - - 7 - - - 25 5 6
Gymnodiniales
Cochlodinium sp. 64 - - - - - - 5 -
Gymnodinium catenatum 18 - 29 - 130 73 - 11 6
Gymnodinium impudicum - 10 7 25 28 29 19 16 26
Pheopolykrikos har i 120 5 79 269 185 235 75 59 26
Polykrikos kofoidii/schwartzii 55 5 - - 9 - 6 - 6
Peridiniales
Diplopelta parva - - 14 - 19 22 - - -
Diplopsalis lenticula 9 - 7 6 - 44 31 11 32
Protoperidinium conicum 9 - 7 13 9 22 19 21 -
Protoperidinium oblongum - - - - 9 - 12 - -
Protoperidinium sp. (spherical) 9 20 7 13 65 29 31 16 -
Protoperidinium spp. 82 25 28 76 93 22 56 80 12
Scrippsiella trochoidea 28 S 71 125 11t 125 37 21 96
Unidentified 9 10 14 6 46 59 6 - 6
Total 717 210 1,827 4,364 4,035 5979 2,208 1,406 1,141
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Fig.3. The contour map of the spatial distribution of the total dinoflagellate cysts
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Fig. 6. Photomicrographs of dinoflagellate resting cysts investigated in this study after
palynological process (scale bar is 100 pm) ; 1) Alexandrium spp. (ellipsoidal type),
2) Alexandrium spp. (ovoidal type), 3-4) Gonyaulax scrippsae, 5) G. verior, 6) G.
spinifera complex, 7) Scrippsiella trochoidea, 8) Protoperidinium spp., 9)
Protoperidinium spp. (spherical), 10-11) Lingulodinium polyedrum, 12)
Protoceratium reticulatum, 13) Pyrodinium bahamense var. c ompressum, 14-15)
Pheopolykripkos hartmannii, 16) unidentified, 17) Pyrophacus steinii, 18)

Protoperidinium latissimum, 19) Protoperidinium sp. and 20) P. oblongum
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3-3. PCR amplification

There were no amplifications in yellow soil collected from Mt. Hwang-lyeng using A.
tamarense species-specific primer pairs. However, a positive control, in which ellipsoidal
Alexandrium cysts was added, was successfully amplified with a primer set, Atama-L416F
and D 3B. F urthermore, t he sediment samples of the Y ellow Sea c ontaining a number o f
ellipsoidal Alexandrium cysts were successfully amplified (Fig. 7). Thus yellow soil
collected from a mountain did not include 4. tamarense resting cyst as expected, and can be
used as a practical negative control for HAB monitoring. Also, the specificity of A.
tamarense-specific primer pairs and usefulness of PCR detection assay for monitoring of

target HAB species were demonstrated.
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Fig. 7. The detection of Alexandrium tamarense using A. tamarense-specific primer pairs in
yellow soil from the Mt. Hwang-lyeng. Lane designations are as follows: M = 250 bp
size marker; 1 = yellow soil; 2 = yellow soil containing 10 cells of ellipsoidal
Alexandrium resting cysts; 3 = yellow soil containing S5Ocells of ellipsoidal
Alexandrium resting cysts; 4 = sediment sample from the Yellow Sea containing A.

tamarense culture cells; 6= a negative control.
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3-4. Detection of Alexandrium tamarense and Cochlodinium

polykrikoides

Twelve sediment samples were selected from central areas in the Yeilow Sea based on
concentrations of ellipsoidal Alexandrium cysts. The LSU rDNA region was PCR-amplified
by A. tamarense-specific primer pairs (Fig. 8). The PCR amplification of 13 samples
including a positive control yielded only one predicted fragment of > 500 base pair (bp).
This result is exactly the same with those of identification by palynological process.

A primer pair, D IR and D3B was first used to amplify e nvironmental bulk DNAs to
detect C. polykrikoides at Stns A2, A3, A4, B4, BS, and D6 (Fig. 9). The PCR products
were subsequently amplified by C. polykrikoides-specific primer pair. The PCR
amplification yielded only one predicted fragment of < 500 bp. Therefore, the resting cysts
of two species could be detected by PCR amplification in the sediment samples, and PCR

assays were highly specific and sensitive.
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Fig. 8. The detection of Alexandrium tamarense in sediment samples from the Yellow Sea
using the A. tamarense-specific primer pair. Lane designations are as follows: M =
250 bp size marker; 1 = A2;2=A3;3=A4;4=B4;5=B5;6=B6; 7=C4; 8=C5;
9 = C6; 10 = D4; 11 = DS; 12 = D6; 13 = A. tamarense culture sample (a positive

control); 14 = yellow soil (a negative control).
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Fig. 9. The detection of Cochlodinium polykrikoides in sediment samples from the Yellow
Sea using the C. polykrikoides-specific primer pairs, CPOLY01 and CPOLY02. Lane
designations are as follows: M = 250 bp size marker; 1 = A2; 2=A3;3=A4;4 =
B4;5=B5;6=B6;7=C4;, 8=C5;9=C6; 10=D4; 11 =D5; 12 =D6; 13 = C.
polykrikoides culture sample (a positive control); 14= yellow soil (a negative

control).
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4. Discussion

The 33 sediment samples surveyed in this study provided dinoflagellate cyst records
from nearly the entire Yellow Sea continental shelf. Previously, Cho and Matsuoka (2001)
investigated the spatial distributions of cysts in the East China Sea and the Yellow Sea.
They noted unusually high cyst concentrations in the o ffshore center of the Y ellow Sea,
which was congruent with our results. However, their study areas covered only partial areas,
and thus provided limited information on the biogeography of dinoflagellate cysts.

The sampling stations surveyed in this study covered wide areas along four latitudinal
transacts that connected the Chinese and Korean coasts, of which the northernmost transect
was level with the Shandon Peninsula and the southernmost with Jeju Island. Overall, cyst
concentrations were markedly elevated around the center of the Yellow Sea and gradually
decreased in all four outwafd directions. The results in the study, high offshore cyst
concentrations in the Yellow Sea were comparable to those of Cho et al. (2003), who
reported that the number of cysts at offshore stations was approximately four times higher
than those at inshore stations in the southern Korea Sea. This tendency towards increased
cyst abundance in an offshore direction has also been well documented in previous studies
(e.g. Wall et al., 1977; White and Lewis, 1982; Cho and Matsuoka, 2001 Dale et al., 2002).
The total number of cysts recorded around the offshore center of the Yellow Sea was much
higher than those of previous studies from the Korean coast (Lee et al., 1998; Kim et al,,
2003; Park and Yoon, 2003 Park et al., 2004a).

The distribution of dinoflagellate cysts is usually governed not only by environmental
factors such as the particle size of sediment, sedimentation rate, and hydrographic and
geographical features, but also by biological factors (Dale, 1976 Wall et al., 1977; White
and Lewis, 1982; Harland, 1983; Goodman et al., 1987; Turgeon et al., 1990). Cysts behave
as fine-grained sedimentary particles, and they move and concentrate along hydrodynamic
systems by the winnowing effects of neritic suspended particles containing various
microfloras and microfaunas. )

The hydrographic features of the Yellow Sea are characterized by the large cyclonic
eddy in the central Yellow Sea trough, which has a relatively weak hydrodynamic condition
(Naimie et al., 2001; Shi et al., 2004). Sediment distributions are under the direct influence
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of the centrifugal force of this current movement. As a result, the largest fine-grained muddy
deposits are located in the offshore central Yellow Sea (Park and Khim, 1992 Uehara and
Saito, 2003: Shi et al., 2004). Shi et al. (2004) demonstrated that the net transport direction
of sediments in the Yellow Sea was toward the central fine-grained sediment deposits. This
sediment transport pattern was also consistent with several tracers of sediment sources such
as the distribution of total suspended matter (TSM) concentrations, the §°C value of
particulate organic carbon (POC), values of polycyclic aromatic hydrocarbons (PHAs) (Shi
et al., 2004), and various geochemical elements (Kim et al., 1998). These sedimentary
materials w ere originated and dispersed from the o1d- and present-day Huanghe ( Yellow
River) system (Alex%;nder et al., 1991; Park and Khim, 1992; Shi et al., 2004).

The results in this study showing the concentric high-density cyst concentrations in the
Yellow Sea were also congruent with these sedimentary properties, which were strongly
correlated with a bathymetric feature (e.g. water depth) and the circulation system of the
current. Thus, the high cyst concentrations in the offshore central Yellow Sea can be
attributed to the prevailing Yellow Sea circulation of the current system associated with the
transportation and deposition of fine-grained sediments. A tendency for an increase in the
relative abundance of cysts along a deep-sea gradient may be largely influenced by
lager-scale offshore transport of neritic and estuarine cysts to deeper depositional sites (Wall
et al., 1977; Goodman, 1987; Dale et al., 2002).

Besides the underlying possibility of the exogenous origin of most benthic cysts in the
central Yellow Sea mentioned above, there are also possibilities for endogenous origins, e.g.
offshore migration of neritic bloom populations or vertical sinking of in situ bloom
populations from the overlying water column after sexual reproduction (Tyler et al., 1982;
McGillicuddy et al., 2003). An endogenous origin was actually supported by the spring
phytoplankton bloom in the central Yellow Sea (Hyun and Kim, 2003).

Several scientists have suggested that marine environmental conditions could be
estimated by changes in total cyst productivity and proportional changes of a certain taxon
(Versteegh, 1994; Sazre et al., 1997; Dale et al., 1999, 2002 Matsuoka, 1999). For example,
a high relative abundance of heterotrophic protoperidinioid cysts occurs in nutrient-enriched
areas such as nutrient-enriched upwelling or eutrophicated coastal areas (Versteegh, 1994;

Dale et al., 2002). The proportion of heterotrophic cysts belonging to the Protoperidiniales
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was lowest in the central Yellow Sea and gradually increased towards the Chinese and
Korean coasts along with the dramatic decrease in the total cyst concentrations. The
significant proportional increase of protoperidinioid cysts towards the Chinese coast is
noteworthy, and may at least imply that environmental conditions in these coastal areas
differ from conditions from at other areas. However, this interpretation may be arbitrary,
due to transport and dispersal of sedimentary materials containing micro floras by the

prevailing hydrographic system mentioned above.

Molecular detection of HAB species using specific-species primer pairs showed that
PCR assays were very usefui for the detection of A. tamarense and C. polykrikoides in
sediment samples. The yellow soil collected from a mountain used as a negative ¢ ontrol
because of absence of dinoflagellate cysts. The PCR amplification using 4.
tamarense-specific primer pairs did not yield any visible products for yellow soil (a negative
control), but successfully produced clear bands after ellipsoidal Alexandrium cysts were for
artificially added. Thus yellow soil did not include genomic DNA of a targeted organism,
and it seems that yellow soil is an excellent negative control.

Specific primers, Atml targeting A. tamarense and CPOLYO01 and CPOLY02 targeting
C. polykrikoides were previously demonstrated to be species-specific through PCR
amplification using vegetative cells (Kim et al., 2004a). In this study resting cysts of the two
species were detected by PCR assays in the sediment samples. Nested PCR for detection of
C. polykrikoides was conducted because of low reactivity. Sensitivity of nested PCR has
been demonstrated to be at least 10,000 times higher than direct PCR (Miserez et al., 1997).
In the Yellow Sea sediments samples, 4. tamarense and C. polykrikoides were detected
using species-specific primer pairs by PCR assays. The results of PCR detection assays were
coincident with those of palynological process. This result highly suggests the usefulness of
PCR detection assay for HAB monitoring.

Molecular approaches using species-specific genetic markers hold precise and rapid
species identification. PCR is a considerably cheap and easy method. However, PCR-based
methods for detection purposes have no possibility that both find out shape of target cells
and quantitative analysis because DNA of target cells was required for bulk DNA extraction.

HAB monitoring using PCR assay is useful for fast information on the presence or absence
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of a target species. For more accurate monitoring, the application of molecular techniques
such as competitive PCR (Saito et al., 2002), real-time PCR (Bowers et al., 2000; Tengs et
al., 2001), sandwich-hybridization (Scholin et al., 1997; Tyrrell et al, 2002) and
fluorescence in situ hybridization (Miller and Scholin, 1996) will be required to detect and
enumerate HAB species from field samples.

The results in this study indicated that the combination of conventional observation using
optical microscope and molecular assay were very useful for HAB monitoring. The
conventional microscopic observation based on the measurement of morphologic characters
such as size, shape and so on, is time-consuming and requires considerable taxonomic
experience (Godhe et al., 2001). PCR ampliﬁcz;tion using species-specific primer pairs with
high sensitivity can overcome these problems in part. Bolch (2001) successfully disrupted
cyst walls of G. catenatum and amplified desired fragments of single cysts isolated by a
micropipette after exposing the cysts to repetitive rounds of liquid nitrogen and boiling
temperature. The combination of micropipette isolation and PCR amplification requires
careful processing in the isolation step. Therefore, the detection method from sediment by
PCR amplification will help HAB monitoring and identification of unconfirmed resting
cysts.

Ellipsoidal Alexandrium cysts composed of A. acatenella, A. catenella, A. fundyense, A.
tamarense and A. tamiyavanichii (Yoshida et al., 2003) were the most ubiquitous taxa
recorded in the Yellow Sea. Some of these species can produce PSP toxins and frequently
occur in the coastal waters of China and Korea (Han et al., 1993; Zhou et al., 1999; Kim et
al., 2002). The geographic range of ellipsoidal Alexandrium cysts in the Yellow Sea was
extensive with high concentric offshore accumulations, the values of which are comparable
to those of other coastal areas (for references, see Cho and Matsuoka, 2001). Over the last
two decades, southern coastal areas of Korea have suffered from annul PSP incidents in fall
and spring, accompanied by great economic losses caused by the ban on shellfish harvesting
(Kim, 1997). Jeon et al. (1988) reported actual shellfish contaminations by PSP on the
western ¢ oast of K orea. Kim et al. (2002) established several PSP-causing A. t amarense
isolates from resting cysts in the sediment samples of the Yellow Sea, and Kim and Kim
(2004) showed their extreme homogeneity of IDNA sequence data to other isolates from

other coastal waters around Korea and other countries. Therefore, the offshore reservoir of
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high benthic cyst concentrations may play a critical role in providing inoculum sites for
rapid Alexandrium blooms of large quantities in the overlying water column under favorable
growth conditions (White and Lewis, 1982; Turgeon et al., 1990; McGillicuddy et al., 2003).
Thus there is great potential for future PSP outbreaks in coastal areas around the Yellow Sea,
and this necessitates periodic and persistent HAB monitoring.

Cochlodinium polykrikoides has bloomed and spread every summer, causing great
economic loss to fisheries industry (Kim, 1997). However, C. polykrikoides was difficult to
identification of resting cyst because of incomplete knowledge of the life-cycle, and the lack
of morphologically informative characters for unequivocal species identification (Lee et al.,
2001). Suh et al. (2004) rcporteci that HAB detection around Korean waters using satellite
remote sensing for monitoring, and they indicated that C. polykrikoides blooming was
closely related with the current, coastal upwelling of cold water, chlorophyll a variation and
organic materials.

Among 2,000 extant dinoflagellate species, only ca. 5% of species are known to have the
corresponding cyst stage in the life cycle (Matsuoka and Fukuyo, 2003). Cyst morphologies
of many notorious HAB species such as C. polykrikoides, Karenia brevis and K. mikimotoi
remain unknown, and this prohibits their geographical mapping, which would be useful for
efficient HAB prediction and control. The recent accumulation of molecular sequence data
of HAB species and the development of molecular techniques have enabled to design
sensitive and accurate oligonucleotide probes, and to detect and even quantify the HAB
species of interest (Kim et al., 2004a and references therein). Practically, various molecular
detection assays have been applied to dinoflagellate cysts present in the marine sediments
(e.g. Godhe et al., 2002; Saito et al.,, 2002). Therefore, it may be possible to draw
biogeographical maps of previously unidentified taxa in sediment samples as long as
appropriate DNA probes are available. Our ongoing study focuses on the application of such
up-to-date molecular tools to the sediment samples of the Yellow Sea for the genetic

profiling of HAB species for which geographical mapping has been impossible.
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