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Abstract

The composition of the paralytic shellfish toxins (PSTs) of fAlexandrium tamarensgtrains isolated from the coastal
waters of southern China and oAéxandrium minutunstrain from Taiwan Island were investigateldl. tamarenseCI01
andA. tamarens®apeng predominantly produced C2 toxin (over 90%) with trace amounts of C1 toxin (C1), gonyautoxin-2
(GTX2) and GTXS3; two strains oA. tamarens&lK9301 maintained in different locations produced C1-4 toxins and GTX1,
4,5 and 6; no PSTs were foundAntamarens&EW, while A. minutuml'W produced only GTX1-4. The toxin compositions
of culturedA. tamarensestrains did not vary as much during different growth phases as did the toxin compositfon of
minutumTW. The toxin compositions oA. tamarensélK9301-1 did not change significantly under different salinity, light
intensity, and nitrate and phosphate levels in the culture medium, although the toxin productivity varied expectably. Another
strain HK9301-2 maintained in a different location produced much less toxins with a considerably different toxin composition.
Under similar culture maintenance conditions for 3 years, the toxin profilés t&fmarenséiK9301-1 did not change as
much as didA. tamarense&Cl01. Our results indicate that toxin compositions of the dinoflagellate strains are strain-specific
and are subject to influence by nutritional and environmental conditions but not as much by the growth phase. Use of toxin
composition in identifying a toxigenic strain requires special caution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in toxic potency by hundreds of fold due to certain
minor structural difference€shima, 1995a)b Some
Paralytic shellfish toxins (PSTs) are a family of investigators have observed that toxin composition
over 20 structurally related imidazoline guanidinium varies among different species and among different
derivatives Fig. 1) produced by some marine dinoflag- ~ strains in a species and even among cultures of a same
ellates including the\lexandriumspecies, freshwater  strain under different nutritional and environmental
cyanobacteria, and dinoflagellate-associated bacteriaconditions §himizu, 1979; Hall, 1982; Cembella and
(Shimizu, 1996; Kodama, 2000These toxins vary  Taylor, 1985; Cembella et al., 1987; Boczar et al.,
1988; Anderson et al., 1990; Flynn et al., 1994;
" Corresponding author. Tel+852-2358-7308; Hamasaki et al., 2001; Hwang and Lu, 2p00ther
fax: +852-2358-1550. investigators maintain that the toxin composition of
E-mail addressdphsieh@ust.hk (D.P.H. Hsieh). an algal culture is constant and is a biochemical
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Fig. 1. Common structure of paralytic shellfish toxins.

characteristic of the organisnCémbella and Taylor, A number of studies indicate that thAdexandrium
1985; Boyer et al., 1987; Ogata et al., 1987; Oshima species is involved in the production of PSTs in these
et al., 1990; Anderson et al., 1994; Flynn et al., 1996; areas Anderson et al., 1996; Zhou et al., 1999; Siu
Parkhill and Cembella, 1999 et al., 1997.

Despite the conflicting views, information on the In the present study, the PST compositions of five
toxin compositions of geographically prevalent di- strains of Alexandrium tamarensesolated from the
noflagellates is important in assessing the environmen- coastal areas of southern China were investigated and
tal health significance of these local dinoflagellates. compared under different culture conditions, different
PSTs are a growing economic and public health con- growth phases and different lengths of culture mainte-
cern in coastal areas of southern China, as suggestechance to gain insight into the potential environmental
by the growing number of reports of mariculture health significance of these dinoflagellates. A species
losses and threats to public healfQi§, 1990; Jian isolated from Taiwan Island. minutumr'W, was also
and Deng, 1991; Lin et al., 1994; Zhou et al., 1999 included in the comparison.
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2. Materials and methods
2.1. Organisms

Cultures of A. tamarenseCI01 (ATCIO1), A.
tamarenséapeng (ATDP) and. tamarens&iK9301
were established from germinated cysts isolated
from Daya Bay and Dapeng Bay sediments, @nd
tamarenséNew was isolated from Hong Kong coastal
waters. ATDP,A. minutum TW (AMTW) and a
strain of A. tamarenséHK9301 (ATHK9301-2) were
maintained by the Institute of Hydrobiology, Jinan
University, Guangzhou, PR China. The organisms
were cultivated in a modified f/2 medium at 20
with 80pEm—2s~1 and a 14/10h light/dark cycle.
The cultures of ATCIO1 and anothék. tamarense
HK9301 strain, ATHK9301-1 had been maintained
in our laboratory since 1998 in a natural seawater K
medium Keller and Guillard, 198pat 23°C. Our
stock cultures were sub-cultured every 7-10 days.
Cultures used for toxin analysis were cultivated in
125 ml of K medium contained in a 250 ml conical
flask, in duplicate, at 23C on a 14/10h light/dark
cycle and 8QEm2s! light intensity. Modified
K media with lower concentrations of phosphate
(5pM) and nitrate (24@M) and varied light in-
tensities (80, 120, 180Em2s71), and salinities
(20, 25, 30, 3%.) were used for comparison. Algal
growth was monitored by cell count under a light
microscope.

2.2. Analysis of toxins

The cultured algal cells were collected by centrifu-
gation at 4000 rpm, suspended in 0.5ml of 0.05M
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(2) 2mM 1-heptanesulfonic acid in 10 mM ammo-
nium phosphate buffer (pH 11) for the gonyautoxin
(GTX) group; (3) 2mM 1-heptanesulfonic acid in a
mixture of 30 mM ammonium phosphate buffer (pH
7.1) and acetonitrile (100:5) for the saxitoxin (STX)

group.

3. Results
3.1. Toxin profiles of the Alexandrium cultures

Five strains ofA. tamarenseisolated from the
coastal waters of southern China and one species from
Taiwan Island,A. minutum were cultured under the
same conditions. The typical HPLC profiles of toxin
extracts from individual cultures are shownhig. 2
Their cellular toxin content in fmol per cell and the
relative abundance of the toxins in mol% in different
growth phases are shown Tiable 1

A. tamarenseCl01l produced nearly exclusively
C2 toxin (C2), with only trace amounts of C1 toxin
(C1), GTX2 and GTX3 Fig. 2A). The other strain,
A. tamarensédapen gave the same pattern. In com-
parison, A. minutumTW produced GTX1, GTX2,
GTX3 and GTX4, but no C toxinsHg. 2B). A.
tamarenseHK9301-1 andA. tamarenseHK9301-2
produced C1-4, GTX1, GTX4, GTX5 and GTX6,
but no GTX2/3 Fig. 2C and D. No PST-like com-
pounds were found to be produced Ay tamarense
New.

3.2. Variations during growth phases

The toxin compositions of the different isolates

acetic acid and homogenized with three successive of A. tamarensedid not change significantly dur-

sonications. The supernatant obtained after centrifu-

gation at 14,000rpm for 30min was subjected to
analysis.
Toxin analysis was carried out on HPLC with flu-

ing the different phases of growth, compared to the
toxin composition ofA. minutumTW, which varied
considerably Tables 1 and R In the latter culture,
while the relative abundance (mol%) of GTX1 did

orescence detection using reverse phase chromatoghnot change much during the entire growth cycle,

raphy with post column derivatization and an intersil
C8-5 column (15cmx 4.6cm), as reported previ-
ously Wang and Hsieh, 20Q;1with slight modifica-
tions. The following three mobile phases (flow rate
0.8 min 1) were used for separation of different toxin
groups: (1) 2 mM tetrabutyl ammonium phosphate so-
lution adjusted to pH 6.0 with acetic acid for C toxins;

GTX2 and GTX3 decreased but GTX4 increased as
the culture moved through the growth phases. Al-
though the relative abundance of toxins produced by
the two A. tamarenseHK9301 strains, which were
maintained in different localities, did not change sig-
nificantly when the cultures moved through the dif-
ferent growth phases, the total toxin yield of strain 2
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Fig. 2. High performance liquid chromatography of the profiles of paralytic shellfish toxins from cultuss»@ndriumspecies. (A)A.
tamarenseCl01 with C mobile phase; (BA. minutumTW with GTX mobile phase; (CA. tamarenseHK9301 with C mobile phase; (D)
A. tamarenseHK9301 with GTX mobile phase.
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Fig. 2. (Continued .

was considerably lower than that of strain 1 while the
yield of GTX1 was higher. Consequently, the relative
abundance of GTX 4 and GTX1 differed considerably
between the two straingdble 2. The toxin compo-
sitions ofA. tamarens&€101 andA. tamarens®apen
were very simple throughout all the growth phases.

increased from 6.7 to 19.6% and GTX5 decreased
from 19.4 to 11.4% in LN, whereas GTX5 increased
from 19.4 to 26.2% in LP. Under different light in-

tensities, the relative abundance of GTX4 increased
from 34.6 to 44.6% and that of GTX5 decreased from
23.0 to 15.2%. Under the different salinity used, only

C2 was the predominant toxin (over 90%) with the relative abundance of GTX5 decreased from 21.7
highest concentrations found in the late stationary to 11.8%.
phase.
3.4. Changes during culture maintenance
3.3. Variations under various culture conditions
Changes in the toxin composition 8f tamarense

The toxin compositions oA. tamarenséiK9301-1 HK9301-1 andA. tamarenseClO1 were investigated
under various culture conditions are showTable 3 by maintaining the cultures under laboratory condi-
Based on the data obtained for various cultures har- tions for more than 2 years. The toxin composition of
vested in the late stationary phase (day 10), the mostA. tamarenseCl01 changed greatlyH{g. 3A) while
significant factor affecting toxin productivity was the that of A. tamarensédK9301-1 did not Fig. 3B). In
phosphate concentration of the culture medium, fol- 1999, the CI01 strain was producing C1, C2, GTX1,
lowed by the received light intensity and then the salin- GTX2, GTX3, GTX4, GTX5 and decarbamoyl GTX
ity of the medium. The total toxin productivity in fmol  (dc GTX) with C2 being the predominant toxin. The
per cell of the culture was highest in the low phosphate same culture in 2000 and 2001 was found to produce
medium (LP) and lowest in the low nitrate medium only C1 and C2 with a trace amount of GTX3. In
(LN). Within the range of the light intensity and the comparison, the HK9301-1 strain continued to pro-
salinity in the medium used, the toxin productivity duce C1, C2, GTX1, GTX3, GTX4, GTX5 and GTX6
varied less than 30%. The relative molar abundance with GTX3 being in only a trace amount while GTX4
of most toxins in the cells did not differ significantly ~was the major toxin (the data of C3/4 toxins was not
in various conditions with a few exceptions. GTX1 available for 2000).



Table 1
Toxin compositions in different growth phases Alexandriumspecies
Toxin ATCIO1 ATDP AMTW

EX (fmol ES (fmol MS (fmol EX (fmol ES (fmol MS (fmol EX (fmol ES (fmol MS (fmol LS (fmol

per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%))
Cl/C2  18.2 (100) 20 (100) 28.4 (100) 25.2 (100) 31.4 (100) 51.6 (100) ud ud ud ud
C3/C4 ud ud ud ud ud ud ud ud ud ud
GTX1 ud ud ud ud ud ud 5.5 (44.4) 7.0 (38.5) 7.3 (48.0) 7.3 (54.0)
GTX2 tr tr tr tr tr tr 5.2 (41.9) 3.5 (19.2) 1.4 (9.2) 0.0 (0.0)
GTX3 tr tr tr tr tr tr 1.7 (13.7) 0.9 (4.9 0.4 (2.6) 0.4 (3.0
GTX4 ud ud ud ud ud ud 0.0 (0.0) 6.8 (37.4) 6.1 (40.1) 5.8 (43.0)
GTX5 ud ud ud ud ud ud ud ud ud ud
Total 18.2 20 28.4 25.2 314 51.6 12.4 18.2 15.2 135

ATCIO01, A. tamarenseCI01; ATDP, A. tamarenseéDapeng; AMTW,A. tamarensel W. EX: exponential phase; ES: early stationary phase; MS: middle stationary phase;
later stationary phase; tr: trace amount; ud: undetected.
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Table 2 N
Toxin compositions in different growth phases of two tamarenseHK9301 strains maintained in different locations %%
Toxin ATHK9301-1 ATHK9301-2 g
EX (fmol ES (fmol MS (fmol LS (fmol EX (fmol ES (fmol MS (fmol LS (fmol %

per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) per cell (%)) %

c1/c2 11.4 (27.7) 10.6 (27.0) 13.9 (26.4) 16.5 (23.2) 5.7 (28.2) 6.8 (23.4) 9.0 (21.4) 104 (22.§
C3/C4 2.8 (6.8) 2.7 (6.9) 3.4 (6.5) 4.1 (5.8) 1.4 (6.9) 1.7 (5.9) 2.3 (5.5) 2.6 (5.6) =
GTX1 1.9 (4.6) 2.5 (6.4) 4.3 (8.2) 5.6 (7.9) 5.0 (24.8) 5.9 (20.3) 9.6 (22.8) 9.1 (19.5)%>
GTX4 19.8 (48.2) 19.1 (48.5) 24.8 (47.1) 33.1 (46.6) 8.1 (40.1) 10.2 (35.2) 14.1 (33.5) 17.2 (36.8§
GTX5 5.2 (12.7) 4.4 (11.2) 6.2 (11.8) 11.7 (16.5) 0.0 (0.0) 4.4 (15.2) 7.1 (16.7) 7.4 (15.8
Total 41.4 39.3 52.6 71 20.2 29 42.1 46.7 §
a1

ATHK9301, A. tamarenseHK9301. EX: exponential phase; ES: early stationary phase; MS: middle stationary phase; LS: late stationary phase. :
3
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Table 3 N
Toxin compositions ofA. tamarenseHK9301-1 under different culture conditions %E.)
«Q
Toxin  Culture conditions Light intensityu€ m—2s1) Salinity %6o) o
Full (fmol LN (fmol LP (fmol 80 (fmol per 120 (fmol 180 (fmol 20 (fmol per 25 (fmol per 30 (fmol per 35 (fmol per -Q:J
per cell (%)) per cell (%)) per cell (%)) cell (%)) per cell (%)) per cell (%)) cell (%)) cell (%)) cell (%)) cell (%)) QI)
C1/C2  16.1 (25.5) 8.8 (24.0) 26.1 (21.7) 18.1 (23.5) 11.7 (20.9) 12.0 (21.6) 15.0 (20.3) 20.0 (23.5) 24.1 (25.1) 19.3 (2@1)
C3/C4 4.0 (6.3) 2.2 (6.0) 5.7 (4.7) 45 (5.9) 29 (5.2) 3.0 (5.4) 38 (5.1) 5.0 (5.9) 6.0 (6.2) 4.8 (6.2
GTX1 4.2 (6.7) 7.2 (19.6) 7.0 (5.8) 10.0 (13.0) 5.3 (9.5) 7.4 (13.2) 6.3 (8.5) 7.8 (9.2) 9.3 (9.7) 7.9 (10.%
GTX4  26.5(42.1) 14.3 (39.0) 50.0 (41.6) 26.7 (34.6) 25.2 (45.1) 24.8 (44.6) 32.7 (44.3) 37.0 (43.5) 42.5 (44.1) 35.9 (4636)
GTX5 12.2 (19.4) 4.2 (11.4) 31.5 (26.2) 17.7 (23.0) 10.8 (19.3) 8.5 (21.7) 16.0 (21.7) 15.3 (17.9) 14.3 (14.9) 9.1 (1148)
Total 63.9 36.7 120.3 76.9 55.9 55.7 73.8 85.1 96.2 77

Full: Full K medium as control. Modified K medium with lower nitrate (LN) and phosphate (LP).

T2T-60T (5002
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Fig. 3. Changes in toxin composition #&f tamarenseCl01 (A) andA. tamarenseHK9301-1 (B) as a result of long culture maintenance.

4. Discussion

4.1. Variations in toxin profiles among Alexandrium

species

practice requires caution as evident from the results of
our present study. Our results indicate that the toxin

composition of a culture of a toxigenic dinoflagellate

can vary among growth phaseEable 2, nutritional
and cultivation conditionsT@ble 3, and length of cul-
Studies on the toxin compositions of PST-producing ture maintenance~{g. 3), in addition to genetic vari-

dinoflagellates have led to isolation and identification ations represented by different species and different
of over 20 PST analogues. The ability to produce cer- strains within a speciegébles 1 and }

tain combinations of specific toxins by an algal strain  However, there seems to be a consistent toxin
has been used in some cases as chemical taxonomyomposition found in the cultures of strains Af
tool for strain and species identificatioBdyer et al., tamarensesolated from the coastal waters of south-
1987; Cembella et al., 1987; Oshima et al., 199bis ern China. The cultures of the strains used in our



Table 4
Toxin profiles of PSTs imAlexandriumspecies isolated from the coastal waters of southern China
Algal strains Toxin Reference
Cl C2 C3 C4 GTX1 GTX2 GTX3 GTX4 GTX5 (B1) neoSTX STX
A. tamarenseCI01-1 + 4+ - = = - + + + - + + Anderson et al. (1996)
A. tamarenseCl02-1 + 4+ - = = — + + + — + + Anderson et al. (1996)
A. tamarenseCI03-1 + 4+ - = = - + + + - + + Anderson et al. (1996)
A. tamarenseCI03 + 4+ - = = + + - + + - — Yu et al. (1998)
A. tamarenseHK + 4++ - = + + + + + + + + Yu et al. (1998)
A. tamarenseCI01 + 4++ - =  + + + + + — - + Wang and Hsieh (2001)
A. tamarenseHK9301-1 + ++ + + @+ - - ++ + + - - This study
A. tamarenseHK9301-2 + ++ + + @+ — - ++ + + - - This study
A. tamarenseCI01 + 4+ - - = - - - - — - - This study
A. tamarenseéDapen + 4+ - = = - - — — — - This study
A. minutumTW - - - - 4+ + + + - — - - This study
A. minutumTW - - - - 4+ + + + — — — - Hwang and Lu (2001)
A. catenella + 4+ ? ? + - + ++ — + + + Siu et al. (1997)
“+” contain; “—" not detected.

“?". peaks not matching with any analytical standards.

81T
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study, i.e A. tamarens€101, Dapeng and HK9301, all
predominantly produced the N-sulfocarbamoyl toxin,
C2, with trace amounts of C1 and low levels of cer-
tain gonyautoxins. Our results compare very well with
those ofAnderson et al. (1996)who examined toxin
production by thred\. tamarensatrains isolated from

119

activities of the algae, including toxin biosynthesis.
Oshima et al. (1993have offered a similar expla-
nation at the biochemical and genetic levels for the
change of toxin composition due to culture main-
tenance. Our result indicates that comparative data
should be taken from cultures that have been main-

the coastal waters of southern China and found that tained in the laboratory for as short a time as possible.

these strains predominantly produced C2 (90% of the

total) with trace amounts of C1 and certain gonyau-
toxins. A similar result was also reported lgy et al.
(1998) who worked with two strains isolated from

4.2. Biosynthesis of PSTs

Our current understanding on the biosynthesis

the same region. These studies all point to C2 and its of saxitoxin and its related PSTs is largely derived

derivatives as the characteristic of the problem associ-

ated with toxigenicA. tamarenseén the coastal areas
of the South China Sea, including Hong Kong. From
A. catenellaan important harmful algal species found
in Hong Kong coastal waters, the major toxin pro-
duced was GTX4 along with the C toxins and other
GTXs (Siu et al., 199Y. Trace amounts of STX and/or

from studies on a cyanobacteriurAphanizomenon
flos-aquae(Shimizu, 1993, 1996 In this species,
saxitoxin as the parent compound was thought to
be synthesized via a pathway involving arginine,
S-adenosylmethionine, and acetate. Subsequently
modifications by addition or removal of hydroxyl,
carbamyl, and/or hyroxysulfate moieties yield the

neoSTX were also found. In the present study, C3 and known 21 derivatives. Relatively little is known about

C4 toxins were, for the first time, detected in the strain
of A. tamarensdéiK9301, substantiating the hypothe-
sis of Anderson et al. (1996hat there must exist an

STX biosynthesis in dinoflagellates except about a
few enzymes found to be related to modifications of
the final toxins.Yoshida et al. (1998)eported on a

algal species capable of producing C3 and C4 toxins sulfotransferase if\. catenellaAcko5, which could

in this area.
Variation in toxin compositions ofAlexandrium
isolates at different growth phase under the culture

produce C1/2 and GTX5 from GTX2/3 and STX,
respectively. More recentlySako et al. (2001de-
scribed two sulfotransferases, N-ST and O-ST, found

conditions have been suggested by numerous inves-in Gymnodinium catenatumwhich were involved

tigators Boyer et al., 1987; Cembella et al., 1987,
Boczar et al., 1988; Anderson et al., 1990, 1994,
Flynn et al., 1994; Hamasaki et al., 2Q0Eor exam-
ple, Anderson et al. (1990bserved that toxin com-
position varied with growth rate in a semi-continuous
culture ofAlexandrium fundyensgnder nitrogen- and
phosphorus-limited conditions. Nitrogen limitation
favored the production of C1 and C2 toxins as well
as GTX1 and GTX4, whereas phosphorus limitation
favored the production of GTX2 and GTXS3.

The effect of culture maintenance on toxin composi-

in sulfation of STX. N-ST could transfer the sul-
fate group of 3phosphoadenisine’fphosphosulfate
(PAPS) to N-21 of STX and GTX2/3 to give rise
to GTX5 and C1/2, respectively. O-ST could con-
vert 11«, B-hydroxy STX to GTX2/3. The authors
hypothesized that STX is converted predominantly
to 11«, B-hydroxy STX by C-11 oxidation and
partially to GTX5 by N-21 sulfation. The 14&;
B-hydroxy STX is immediately sulfated and converted
to GTX2/3 by O-ST. Finally, GTX2/3 is sulfated at
N-21 by N-ST or oxidized at N-1 and converted to

tion and yield may be related to the artificial conditions C1/2 and GTX1/4. Our results are consistent with
used in controlled studies. In our study, the inocula of this hypothesis. InA. tamarenseCl01, C1/2 dom-
algal cultures were continuously sub-cultured every inated the PST composition with trace amounts of
7-10 days. The cells were exposed to high concentra- GTX2/3, suggesting that there must exist a fast con-
tions of nutrients (N, 88Q.M; P, 10p,.M) and optimal version between GTX2/3 and C1/2 with high activity
temperature and light intensity for long periods of of N-sulfotransferase (N-ST) in the cells. Recently,
time. Under these conditions, mutations and irre- the sulfotransferase specific to GTX2/3 was found
versible physiological changes are likely to occur at in A. tamarenseClO1 in our laboratory. This sulfo-
elevated rates, resulting in permanent changes in thetransferase can transform GTX2/3 to C2 but not STX
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to GTX5 (unpublished data). Our findings and those Flynn, K.J., Jones, K.J., Flynn, K.J., 1996. Comparisons among

of others on toxin composition reveal that there are
numerous species-specific enzymes involved in the
biosynthesis of various PSTs as final products. The
expression of these enzymes in cultured algal cells is
subject to significant influences of the growth phase
as well as nutritional and environmental conditions.
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