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Abstract
Three clonal cultures referred to as Chattonella verruculosa were studied as to their morphology, pigment content and
capacity to kill fish using a standard fish bioassay. One clone, C. verruculosa (CVJapan), was isolated from a fish kill in
an aquaculture facility in Japan. A second, C. aff. verruculosa (CVNS), was isolated from the North Sea and is similar
to the species that formed blooms in Norway. The third, C. cf. verruculosa (CVDel), was isolated from a bloom in Re-
hoboth Bay, Delaware, where nearly 2 x 10° Brevoortia tyrannus (Menhaden) were found dead. Morphologically, all three
species were similar, having spherical, pyriform or irregular cells. Two (CVJapan and CVNS) formed benthic multifla-
gellated irregular masses of cells. Of the three, CVDel was green to green-yellow in pigmentation while the others were
golden-brown. Pigment composition (HPLC) was similar for the CVJapan and CVSN, but that of CVDel was markedly
different. All cells were found to cause fish mortality when examined using the Gambusia affinis fish bioassay. It is more
likely that CV Japan and CVNS are the same or similar species and that CVDel, from Delaware, is a morphologically re-

lated but totally different species.

Introduction

Two species of the Raphidophyceae genus Chattonella (C.
antiqua and C. marina) are reported to be the causative
agents of fish mortalities in Japan (Okaichi, 1983) and
Australia (Hallegraeft ez al., 1998). Both species are known
to produce several potent brevetoxin-like compounds
(Onoue and Nozawa, 1989, Kahn et al., 1995, 1999, Ahmed
et al., 1995) as well as the reactive oxygen species (ROS) as
OH", H,O, and O, (Yang et al, 1995, Kim et al., 1999,
Skeen, this Proceedings), which may act alone or in com-
bination with fatty acids (Marshall, this Proceedings) to
cause fish kills. The species C. verruculosa (Hara et al.,
1994) was also reported (Yamamoto and Tanaka, 1990;
Baba ez al., 1995) to cause fish mortality in Japan in aqua-
culture and natural waters. More recently (1998-2000), a
similar species (C. aff. verruculosa) reported from the Nor-
wegian and Danish coasts caused mortalities of pen-reared
salmon, but wild fish were not affected (Backe-Hansen,
2000). This species formed blooms in the North Sea
(2000-01) (Lu and Gobel, 2001) and Norwegian coastal wa-
ters (Algen Post), with losses in excess of 800 tons of
salmon. During the summer of 2000, over 2 million men-
haden (Brevoortia tyrannus) perished in Rehoboth Bay,
Delaware, (USA) during a bloom that exceeded 107 cells -
L of C. cf. verruculosa (Bourdelais et al., 2002). Water sam-
pled from that bloom contained three brevetoxin fractions
(PbTx-2, -3, -9) confirmed by multiple analyses using
HPLC, brevetoxin specific ELISA (Naar et al, 2002),
NMR spectrometry and mass spectroscopy. Of the Chat-
tonella species, C. verruculosa is the least understood. This
work offers a preliminary comparison of cultures and nat-
ural material of C. verruculosa (either as C. verruculosa, C.
aff. verruculosa, or C. cf. verruculosa) in an effort to better
define the identity of these fish killers and to indicate their
potential roles in the loss of fishery resources.
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Materials and Methods

Cultures of C. verruculosa studied were obtained from the
Akashiwo Research Institute (CVJapan, Takamatsu,
Japan).C. aff. verruculosa were obtained from the North Sea
by J. Gobel (CVNS, LANU Institute, Germany) and iso-
lated from 2000-01 blooms in Rehoboth Bay, Delaware
(CVDel, Tomas, CMS/UNCW). Cultures were grown in erd-
schreiber and F/2 medium at 20°C, 12:12 LD of cool white
fluorescent light (100 pE m2s™'). All cultures were observed
live using a Nikon Diaphot Inverted microscope equipped
with an optronix digital camera or a Zeiss Axioscope 21E
with a Zeiss Axiocam and imaging software. Pigment pro-
files were conducted from methanol extractions (Wright ez
al., 1991) using a Shimadzu SPD10 AUV HPLC with diode
array detector from cultures filtered on a GFF glass fiber
filter that had been frozen at —80°. Toxicity was tested using
the Gambusia affinis standard fish bioassay. Mortality of fish
that occurred within 2—4 hours of exposure was considered
positive results indicating ichthyotoxicity.

Results and Discussion

Observations of the general morphology of the CVJapan
and CVNS (North Sea) demonstrated a high degree of
variability (Fig.1). The spherical form described by Hara
et al. (1994) with two flagella, a short carried forward and
another slightly longer trailing, emerging from the anterior
of the cell, was not the predominant form in either of the
cultures. More common were “tear drop” pyriform-shaped
cells with two flagella emerging from a subapical groove (Fig.
1A-C). All cells had pyriform moderately motile cells with
“lumpy” or verruculose surfaces (Fig. 1A,B).

In addition to pyriform cells, a number of elongated, ir-
regular to broadly oval cells (Fig. 1C) were seen in both the
Japan and North Sea clones. While the spherical cells were
less common (Fig. 1D), they were abundant towards the bot-
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Figure 1 Chattonella verruculosa from the North Sea and Japan. A CVNS; B CVJapan pyriform cells; C oval CVJapan cells; D spher-

ical CVJapan; E multiflagellated mass from CVJapan.

tom of the culture flasks, suggesting they might be less
motile than other cells. Another feature common in both
cultures was the formation of multiflagellated masses
(Fig.1E) that were weakly or totally non-motile and more
common in older cultures. The exact nature of these masses
is unknown but nuclear staining with DAPI did indicate that
they had multiple nuclei, suggesting “cleavage monsters”
similar to those observed in Euglena deses (Leedale 1967).
With respect to other features, cells of both CVJapan and
CVNS clones were largely pigmented as golden-brown. In
comparison, cells of CVDel also had varying morpholo-
gies as the other clones did but appeared to have green
plastids and often were seen as elongated cells with blunt
anterior, lacking color, (Fig. 2A.) and with two flagella
emerging from a subapical groove. Spherical and oval cells
with two emergent flagella (Fig. 2B,C) and with similar pig-
mentation were also observed. Single, spherical non-motile
cells (Fig. 2 D) were also found in the CVDel cultures.
When motile cells were preserved with gluteraldehyde (Fig.
2F), they became undistinguishable spherical masses with
a clear area around them suggesting the excretion of a mu-
coid-like compound. Unlike CVJapan and CVNS,
multicellular masses at the bottom of each culture flasks
were never observed in the CVDel clones.

The 18S ribosomal DNA data (Oldach et al, this Pro-
ceedings) from both CVJapan and CVNS failed to link
the two species and grouped them separately. In contrast,
the Delaware clone was grouped with the Raphidophytes

but not with CVNS. The pigment data (Table 1) shows a
similarity of the Japan and North Sea clones and con-
trasts that of the Delaware clone. Clone CVDel totally
lacks Chl, and Chl,; and was lower in fucoxanthin that the
other clones. The absence of 19’-butanoyloxyfucoxanthin,
common in the CVJapan and CVNS clones, was not found
in the Delaware clone. Other differences in pigments ob-
served for CVDel were higher values in the accessory
pigments violaxanthin, diadinoxanthin, antheroxanthin,
lutein and zeaxanthin. The lack of fucoxanthin and elevated
levels of diadinoxanthin and antheroxanthin, as well as an
elevated level of chl a (>70% relative CVDel to ~45-60%
for other clones), could explain the strongly green pig-
mentation absent in the two other clones.

A suggestion that CVDel may be a Eutreptiella was not
supported by the pigment and 18S sequence data. The
CVDel clone was distinctly different from the two other
clones, and while it has some affinities with the Raphido-
phyceae, further detailed studies of pigments and
morphology are needed. Green Raphidophytes are not un-
common. Both Vacuolaria and Gonystomum are green in
appearance. Most recently, green blooms of Heterosigma
akashiwo were observed in coastal waters with HPLC pig-
ments profiles consistent with H. akashiwo (Tomas,
unpublished data). Clearly, further comparison of CVDel
with species like Vacuolaria and Gonystomum are needed
prior to further conclusions about the placement of this
species.

Figure 2 C. verruculosa-like cells from Delaware bloom. A Pyriform cell; B and C spherical and oval cells with anterior region lack-
ing plastids; D non-motile spherical cells (Cysts?); E gluteraldehyde-fixed cells.
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Table 1 Chlorophyll-corrected HPLC pigments for the
three C. verruculosa-like cultures.

Pigments Cv. Japan Cv. North Sea Cv. Delaware
Chl a 1.0000 1.0000 1.0000
Chl ¢'+¢? 0.3588 0.3542 0.0937
Chl ¢ 0.1120 0.0919 0.0000
19' butanoyl 0.1215 0.1671 0.0000
Fucoxanthin 0.3707 0.3675 0.0810
Violaxanthin 0.0028 0.0014 0.0048
Diadinoxanthin 0.1657 0.0232 0.1612
Antheraxanthin 0.0167 0.0000 0.1037
Lutein 0.0013 0.0003 0.0241
Zeaxanthin 0.0080 0.0021 0.0369

All three clones were found to be toxic to Gambusia
affinis in the standard fish bioassay. Levels of 10°cells - L™
were required to cause mortality of fish exposed for 2-4
hours. The toxicity was approximately equivalent for each
clone based on cell densities. The exact nature of the toxin
was not determined, however, and extracts from each cul-
ture showed similarities to other polyether toxins known
from other Raphidophyceae (Bridgers et «l, this
Proceedings).

The morphological observations, 18S ribosomal DNA
sequences and pigment data taken together clearly separate
the three clones into different groups. Clones of CVJapan
and CVNS appear to be identical or very similar, suggest-
ing a similar origin. The sequence data, pigments and
morphology also support the contention by Honda (per-
sonal communication) that C. verruculosa is not a
Raphidophyte, but based on 18S sequences and electron mi-
croscopic evidence, that it belongs to the Dictyocophyceae
and not the Raphidophyceae. The CVDel was definitely sep-
arated from the other Chattonella clones but more closely
aligned with the Raphidophyceae. The pigment data indi-
cate that this species does not belong to this class and
further details are needed for accurate placement of it into
a proper taxon. Thus surprisingly, all three cases of clones
identified as Chattonella verruculosa are, in fact, a case of
mistaken identity.
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Abstract
Normalized cDNA libraries were generated for a dinoflagellate (A/exandrium ostenfeldii) and a haptophyte (Chrysochro-
mulina polylepis), both photosynthetic species capable of forming toxic blooms. Partial sequences were obtained from
2500 clones from each library. After annotation, these represented about 1400 unique sequences for each species. Several
genes putatively related to toxin synthesis were detected. Yet only 9% of the total sequences were homologues to known
genes for A. ostenfeldii, whereas the corresponding number for C. polylepis was 32%. A cDNA library for the psy-
chrophilic diatom Fragilariopsis cylindrus was also established after cold-shock treatment. From this library, 350 clones
were partially sequenced and 40% were identified by BLAST search. In summary, the percentage of identifiable genes in
the dinoflagellate was substantially lower than in other protists examined. These data provide preliminary indications that
dinoflagellates possess a radically different genome from other “algal protists” and thus their uniqueness makes them in-

teresting candidates for genomics research.

Introduction

As members of the phytoplankton, diatoms and free-living
dinoflagellates are often the dominant eukaryotic groups con-
tributing to plankton biomass and primary production in
both coastal and oceanic waters. Yet unlike the diatoms
and other phytoplankton, dinoflagellates have long been con-
sidered as belonging to both the botanical and zoological
realm, because this group comprises many heterotrophic and
parasitic forms. In fact, the dinoflagellates have more ap-
parent affinities with ciliates and certain amoebae than with
classic microalgal groups, posing a problem in the con-
struction of an explicit phylogeny for the lower eukaryotes
(Taylor, 1980). Although a few genes (18S and 28S rDNA,
in particular) are frequently sequenced for phylogenetic re-
construction, there is little genomic information on the
major groups of eukaryotic microalgae. Even less genomic
data is available on gene expression related to primary and
intermediary metabolism, biosynthesis of secondary metabo-
lites, including toxins, and the molecular ecology of
adaptation to ecological niches. One attempt to resolve
these unknowns is to apply the technologies for mass se-
quencing of genomic DNA of key microalgal species. Such
species may include important primary producers, e.g,
spring-bloom diatoms; those involved in harmful algal
blooms (HABSs), e.g, certain dinoflagellates, haptophytes, and
raphidophytes; or psychrophiles, e.g, sea-ice microalgae.
Although at present it is not practical to completely se-
quence the genomes of all key species, much information can
be gained from random sequencing of cDNA libraries, i.¢.,
by generating expressed sequence tag (EST) libraries. Such
libraries are constructed by extracting the messenger RNA,
which represents the transcripts of all genes being expressed
at a given time. These mRNAs are converted to DNA by re-
verse transcriptase, cloned, and randomly sequenced. Each
clone essentially represents a single gene. In this study, we
compared the percentage of identifiable genes from cDNA
libraries obtained from the diatom Fragilariopsis cylindrus,
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the toxic dinoflagellate Alexandrium ostenfeldii, and the
toxic haptophyte Chrysochromulina polylepis.

Materials and Methods

Culture and Harvesting of Algae Unialgal cultures were
grown in 10-L glass flasks on 14:10 h light:dark cycle in a
controlled growth chamber. Chrysochromulina polylepis
B1511 from Oslo Fjord, Norway, was grown in IMR/2
growth medium (Eppley et al., 1967), supplemented with
10 nM selenite; Alexandrium ostenfeldii AOSH1 from Ship
Harbour, Nova Scotia, Canada in K medium (Keller ez al.,
1987); and Fragilariopsis cylindrus, isolated from Antarc-
tic sea-ice in the eastern Weddell Sea, was grown in f/2
medium (Guillard and Ryther, 1962). Fragilariopsis cylin-
drus was grown at 5°C at a photon flux density of 35 pmol
m~s"'. The other species were maintained at 15°C, at a pho-
ton flux density of 45 umol m? s for C. polylepis, and 90
umol m? s for A. ostenfeldii. All cultures were harvested
in the middle of exponential growth by continuous flow cen-
trifugation.

Isolation of MRNA Total RNA of C. polylepis and F. cylin-
drus was isolated with an RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany). For F. cylindrus, mRNA was isolated
from ca. 100 ug total RNA with an Oligotex mRNA Midi-
Kit (Qiagen, Hilden, Germany.) Total RNA of A. ostenfeldii
was extracted with peqGOLD RNApure (PEQLAB
Biotechnology, Erlangen, Germany) and cleaned with
peqGOLD Optipure following manufacturer’s instructions.

c¢DNA Library Construction and Sequence Analysis
Normalized cDNA libraries of C. polylepis and A. osten-
feldii were constructed in cooperation with BASF Plant
Science (Ludwigshafen, Germany) and prepared by Vertis
Biotechnologie AG (Freising, Germany). The cDNAs were
synthesised from 2.4 ug total RNA and directionally cloned
into Not I/Asc I-sites of a plasmid vector pFDX3840 (sup-
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Figure T Comparison of ESTs of several species of different sys-
tematic groups. Dark bar shows percentage of unknown sequences;
light bar indicates percentage of ESTs that show homology to pro-
teins or putative proteins.

plied by Prof. Dr. Ralf Reski, Freiburg). The cDNA li-
braries were normalised to reduce redundant DNA, ideally
leaving only a single copy of each expressed gene to be
cloned and sequenced. Normalisation of the cDNA was per-
formed according to Ko (1990) with several modifications.
The cDNA library of F. cylindrus was synthesised with
approximately 800 ng mRNA using a SMART™ cDNA
Library Construction Kit (Clontech) following the manu-
facturer’s instructions. White plaques were used for
large-scale PCR analysis with 5’and 3" ATripEx LD-Insert
Screening Amplimers. Approximately 350 clones larger
than 564 bp were chosen for sequencing analysis. From each
normalised cDNA library of C. polylepis and A. osten-
feldii, 2500 clones were sequenced from the 5' end. The
inserts from F. cylindrus were also sequenced from the 5'end
using ATripEx2 Sequencing Primer. On average, 500 bp
were determined. Sequences were compared to detect over-
lapping clones. All contiguous segments were compared to
gene libraries (e.g, GenBank) by BLAST searches and all
possible reading frames were analysed.

Results

Expressed Sequence Tag (EST) Libraries (Fig. 1) After
annotation, the partial sequences of 2,500 clones from
normalised cDNA libraries represented 1,443 unique se-
quences for C. polylepis and 1,416 for A. ostenfeldii. In the
case of C. polylepis, 466 (32%) sequences were homologous
to known proteins and 617 (46%) to sequences in EST
databases. However, only 120 (9%) of the sequences of A.
ostenfeldii were homologous to known proteins, whereas 541
(38%) showed similarity to EST sequences. Eight putative
polyketide synthase (PKS) genes were identified for C.
polylepis, and two putative PKS genes were found for 4. os-

tenfeldii. The phage cDNA library of the diatom F. cylin-
drus comprised approximately 1.5 Mio recombinant clones
per milliliter, and thus likely covered the expressed genome
at this time point. Of the 186 EST contigs, 72 (40%) showed
homology to known proteins or hypothetical conserved
open reading frames (ORFs).

Discussion

The percentage of identifiable genes in the dinoflagellate
Alexandrium ostenfeldii was dramatically lower than for
other protistan algae, indicating that dinoflagellates possess
a highly unusual genome. The unique characteristics of
dinoflagellates with respect to ultrastructure (extra-nuclear
spindle, permanently condensed chromatin, etc.), ploidy
(typically n in the vegative stage), high amount of nuclear
DNA, general absence of histones and nucleosomes, and
unusual mitosis, meiosis and life history, support the con-
clusion that much of the DNA may be non-coding and
structural, perhaps subjected to a high degree of redundancy.
The low degree of similarity of cDNAs in the dinoflagel-
late to known sequences further suggests that metabolic
pathways may also be rather divergent. A comparative
study of ESTs in the toxigeneic dinoflagellate, Karenia bre-
vis, did show a higher degree of homology to known genes
(32%) in other organisms than we found for A. ostenfeldii
(Lidie et al.,, 2003). The abundancy expressed genes were
primarily related to general metabolism, signal transduc-
tion and transcription/translation. The phylogenetic
relationship between dinoflagellates, particularly parasitic
and heterotrophic species, and apicomplexans has been
recognized, although recent molecular studies on the fish-
killing dinoflagellate Pfiesteria piscicida and other
Pfiesteria-like dinoflagellates showed that these dinofla-
gellates form a distinct group and are not that clearly
related to the apicomplexa (Litaker ez al., 1999). While we
do not literally mean to imply that dinoflagellates are ex-
traterrestrial in origin (from “outer space”), our data suggest
that a genomic project on dinoflagellates would likely iden-
tify interesting and new, perhaps even highly abnormal,
genes.

The percentage of identifiable genes in the two chro-
mophytic microalgae examined in this study was similar and
approximately two-thirds of that of higher plants, such as
Arabidopsis thaliana (Meinke et al., 1998) and two woody
Populus species (Sterky et al., 1998), or animals such as
coleopteran insects (Theodorides et al., 2002). Degrees of
similarity were in the same range as for two other chro-
mophytes, e.g., Laminaria digitata (Phacophyta), Crepineau
et al, 2000; and Phaeodactylum tricornutum (Bacillario-
phyta), Scala et al., 2002. Chromophytic algae contain,
however, a higher percentage of unknown genes than higher
plants (Meinke et al., 1998). This is not surprising because
heterokonts and haptophytes represent evolutionary line-
ages that separated from other eukaryotic lineages around
1200 million years ago (Medlin et al., 1997), and molecu-
lar data on chromophytes are much less studied than for
higher plants.
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Despite the fact that only a limited number of ESTs
were sequenced for the toxigenic species, several signifi-
cant genes were detected. In both toxic species, A. ostenfeldii
and C. polylepis, a number of genes encoding polyketide syn-
thases (PKS) was found. These genes are known to be
involved in the biosynthesis of certain potent polyketide phy-
cotoxins, including spirolides, diarrhetic shellfish poisoning
toxins, and brevetoxins (Wright and Cembella, 1998). Their
detection enables study of PKS gene expression and the re-
lationship to occurrence and biosynthesis of toxins. In
future, the detection of toxin-related PKS transcripts in en-
vironmental samples, e.g., by real-time reverse transcriptase
polymerase chain reaction (Real-Time RT-PCR), may allow
discrimination of toxin-producing from non-toxigenic algal
strains.

The present study not only highlights the unique char-
acteristics of dinoflagellate sequences, but also emphasises
the potential for detecting a host of important functional
genes from marine phytoplankton. We have demonstrated
that random sequencing of cDNA libraries is an efficient
tool to do so. In view of the enormous global ecological im-
portance of dinoflagellates, diatoms and haptophytes in
marine ecosystems, further molecular studies on these eu-
karyotic protists are definitely warranted. We have no doubt
that the most interesting discoveries on the functional sig-
nificance of these genes still lie ahead.
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Abstract
The relationships among different populations of Coolia Meunier and Ostreopsis Schmidt were investigated through the
study of genetics and morphology. All the Coolia and Ostreopsis populations obtained from the Mediterranean and else-
where were analysed by transmitted and epifluorescence light microscopy and nucleotide sequence alignments of the 5.8

S rDNA and internal transcribed spacer (ITS) regions.

Introduction

Ostreopsis and Coolia are two epiphytic/benthic dinofla-
gellates recorded together with Gambierdiscus and
Prorocentrum in ciguatera-endemic, tropical areas. This
group of dinoflagellates may be involved in the CFP (Ciguat-
era Fish Poisoning) complex and cause contamination of
fish and seafood (Fukuyo, 1981). C. monotis is ubiquitous
in tropical and temperate regions (Steidinger and Tangen,
1996), whereas Ostreopsis species are only documented in
the ciguatera-endemic regions. Recently, Ostreopsis species
occurrences have been recorded in temperate areas, such as
the Western Mediterranean (Tognetto et al., 1995, Vila et
al., 2001) and New Zealand (Rhodes et al., 2000), as O.
ovata, Ostreopsis sp. and O. siamensis, respectively. While
the Coolia genus is easily identifiable by the plate tabula-
tion, Ostreopsis morphology-based identification remains
difficult, since several species are only distinguishable by
shape, size and thecal pores (Faust ef al., 1996), which are
variable both in cultures and in field samples. For this rea-
son, recent studies combined both morphological and
molecular analyses. In this study, we analyzed the genetic
diversity of different isolates of Ostreopsis and Coolia
species in the W Mediterranean by using the 5.8S rDNA
and ITS regions, and then compared the W Mediterranean

isolates with Ostreopsis and Coolia isolates outside the
Mediterranean. The intra-species genetic variability among
isolates was analyzed to partially establish the distribution
pattern of different Ostreopsis and Coolia clades. The phy-
logenetic analyses were also useful to assess the taxonomic
validity of the 5.8S rDNA and I'TS markers at species level
and clarify the morphology-based classification of Ostre-
opsis species.

Materials and Methods

Sample Collection and Microscopy  Coolia and Ostreopsis
cells were collected and isolated from net seawater samples
or selected macroalgae (Rhodophyceae and Phaeophyceae)
at specific places along the NW Italian and Spanish Mediter-
ranean coasts. Clonal cultures of Coolia and Ostreopsis
species (Table 1) were established in F/20 medium under al-
ternating periods of 14 h light and 10 h dark (white
fluorescence; 100 pmol - m?-s ') at 17 £ 1°C.

Species were identified based on epifluorescence mor-
phological observations of plate patterns by using the
calcofluor white staining method (Fritz and Triemer, 1985).
The main literature used in species identification was Fukuyo
(1981); Besada et al. (1982); Faust (1999).

Table 1 List of C. monotis and Ostreopsis spp. isolates obtained in this study.

Species Strain Sampling Culture EMBL
Number Location and Year Source Accession No.
C. monotis CNR-CMA4 Mediterranean, Ionian Sea, Italy, 2000 M.G. Giacobbe AJ279032
C. monotis IEO-CM2V East Atlantic, Spain, 1985 1. Bravo AJ319578
C. monotis SZN-CM43 Mediterranean, Tyrrhenian Sea, Italy, 1998 M. Montresor AJ308524
Ostreopsis sp. CNR-B4 Mediterranean, Tyrrhenian Sea, Italy, 2000 E. Gangemi AJ301643
Ostreopsis sp. CSIC-D5 Mediterranean, Catalan Sea, Spain, 2000 E. Garcés AJ312944
Ostreopsis sp. CSIC-D7 Mediterranean, Catalan Sea, Spain, 2000 E. Garcés AJ491334
O. cf. ovata CNR-A1 Mediterranean, Tyrrhenian Sea, Italy, 2000 M.G. Giacobbe AJ311520
O. cf. ovata CNR-D1 Mediterranean, Ligurian Sea, Italy, 2000 M.G. Giacobbe AJ320179
O. cf. ovata IEO-OS01BR West Atlantic, Brazil, 2000 S. Fraga AJ420006
O. cf. ovata TEO-OS02BR West Atlantic, Brazil, 2000 S. Fraga AJ491311
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Figure 1 Thecal plate pattern of Ostreopsis sp. (A, B) and O. cf. ovata (C, D) from the W Mediterranean Sea. A, Apical view of Os-
treopsis sp., field sample from Catalan Sea, Spain. B, Antapical view of Ostreopsis sp., field sample from Catalan Sea, Spain. Scale
bars = 20 mm. C, D, Squashed epitheca and hypotheca of O. cf. ovata CNR-AL1, clone from Tyrrhenian Sea, Italy. Scale bars = 10 um.

PCR Amplification and DNA Sequencing Total DNA ex-
traction, purification and amplification of the 5.8S rDNA
and ITS regions were performed as described in Penna
and Magnani (2000). Double-stranded PCR products were
sequenced and aligned as described previously by Penna and
Magnani (2001).

Phylogenetic Analyses Phylogenetic analyses were car-
ried out using the distance method. Sequence alignment
analyses were carried out by including other sequence data
of Ostreopsis species and C. monotis from GenBank. The
aligned data were converted to a distance matrix using the
Kimura 2-parameter method of the neighbor joining, NJ
function in the MEGA ver. 2 software (Kimura, 1980).
The phylogenetic trees were constructed from the distance
matrix using the NJ function of MEGA (Kumar et al.,
2001). A bootstrap analysis (1000 replications) was carried
out to show the confidence in the branching order.

O.cf. ovata CNR-A1
O. cf. ovata CNR-D1
O. cf. ovata IEO-01BR I

O. cf. ovata IEO-02BR | subtropical America

Q. ovata PDO6, AF218455
o & ovaa BBES; AR 18438
Q. ovata PRQ1, AF21845 tropical
& ovara BROY: AF318433 Asia
O. ovata R3, AF076218

100 721 0. ovata SA04, AF218461
91" 0. ovata SA09, AF218462

I W Mediterranean

I Ostreopsis sp. CSIC-D:

100 I Ostreopsis sp. CNR-B4

A. catenella CSIC-D4, AJ298900

l 0.05 I

Ostreopsis sp. CS IC-D% W Mediterranean

Results

Morphological Analyses 1In the W Mediterranean Sea,
all Ostreopsis species analysed shared the same general
plate pattern (Po, 3', 7", 5", 2"", 1p). However, two Ostre-
opsis species have been distinguished by morphometric
characters, as Ostreopsis sp. and O. cf. ovata. The dorso-ven-
tral diameter (DV) of Ostreopsis sp. and O. cf. ovata were
63-90 and 27-65 um, respectively. The antero-posterior
diameter (AP) in Ostreopsis sp. was smaller than in O. cf.
ovata, looking flat and ovoid, respectively. Few other dif-
ferences were observed in the thecal tabulation or thecal
structures (Fig. 1): the position of Po seemed to be a vari-
able character for Ostreopsis sp. In general, it contacted 3'
plate, but in a few cases there was no Po—3'contact (Fig. 1A).
The C. monotis morphology of all isolates from the W
Mediterranean was in accordance with the descriptions
provided in literature and no morphological difference fea-
tures were evident among these isolates (data not shown).

C. cf. monotis PD01, AF244947

C. cf. monotis PD02, AF244948

C. cf. monotis PDO3, AF244949 | tropical
50 C. monotis CMO1, AF076467 Asia

63 C. monotis CM04, AF076468
100} is cf. SA02, AF244946

1
C. monotis IEOCM2V] Europe Atlantic
700 U C. monotis CNRCMA
85| W Mediterranean
C. monotis SZN43

A c lla CSIC-D4, AJ298900

100

A

0.05

Figure 2 Phylogenetic trees inferred from the 5.8S rDNA and ITS regions in Ostreopsis species and C. monotis using the neighbor
joining method. A distance of 0.05 is indicated by the scale. The numbers at nodes indicated the bootstrap values (= 50%). Alexan-
drium catenella CSIC-D4 was used as outgroup. Strain sequences obtained from GenBank contained accession numbers.
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Molecular Analyses and Biogeographic Pattern Phy-
logenetic analyses inferred from the multiple sequence
alignment of the 5.8S rDNA and ITS regions of the Os-
treopsis and C. monotis isolates in the W Mediterranean are
shown in Fig. 2. The Ostreopsis isolates clustered into two
main groups in the W Mediterranean Sea: one group of Os-
treopsis sp., with isolates from the Catalan and Sicilian
coasts, and another group with O. cf. ovata isolates from the
Ligurian and Tyrrhenian Seas; this was strongly supported
by the bootstrap values (100%). All C. monotis isolates
from the Mediterranean and Europe Atlantic grouped to-
gether with a marked divergence from the C. monotis
populations from Asia. This was in accordance with the high
bootstrap value (100 %).

Discussion

The identification of thecate dinoflagellates is based on
the cell shape, surface ornamentation, position of the cin-
gulum and plate pattern. However, for some species (e.g.,
Ostreopsis genus), the taxonomic classification based on the
morphological characters is not an easy task. Here, the
combined molecular and morphological characterisation
was a good method to distinguish two morphospecies in the
W Mediterranean Sea. O. cf. ovata fit well the description
by Besada ez al. (1982), despite the variability in cell size.
The other species studied was Ostreopsis sp., the same
species described in Vila et al. (2001). This species did not
match any description well, although it was not far from
the description of O. siamensis by Fukuyo (1981). All iso-
lates of Ostreopsis sp. and O. cf. ovata from the W
Mediterranean did not show any nucleotide difference
within each group, with low values of the nucleotide diversity
index (data not shown); the Ostreopsis sp. group, as well as
O. cf. ovata group, were two homogenous clades. Further-
more, the O. cf. ovata clade from the W Mediterranean
showed a high genetic similarity with the subtropical Amer-
ica O. cf. ovata isolates, clustering together. All populations
of O. cf. ovata from W Mediterranean and subtropical
America were clearly divergent from the O. ovata from
Asia with a 98% of bootstrap value support, with the ex-
ception of two Asian isolates, O. ovata PD06 and O. ovata
PDO07; these resulted to be included in the W Mediter-
ranean O. cf. ovata clade. In this study, the 5.8S TDNA and
ITS region markers were useful for fine-scale population

analyses of Ostreopsis spp. The genetic analyses were a
useful tool to solve controversial on morphological and mor-
phometrical-based identification. From these preliminary
results the phylogenetic analyses showed that this genus is
much more complex than it was assessed.

Within the Europe (W Mediterranean-Atlantic) group
of C. monotis isolates, the results obtained from sequence
comparison indicated that the isolates should be considered
as a unique molecular type, according to the taxonomical
classification in a single morphospecies, and separated from
all Asian isolates. Also in this case, genetic markers were
well exploited in the phylogenetic analyses of C. monotis iso-
lates.
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Abstract

Previous studies of phytoplankton in the Drake Passage show that Pseudo-nitzschia species are an almost permanent com-
ponent in Antarctic waters. This study shows that this genus is widely distributed and some of its species are present in
high concentrations. Sampling for this study was surveyed aboard the icebreaker A.R.A. “Almirante Irizar” in the frame-
work of the ARGAU project. Water and net samples were obtained during two cruises from January to May 2000-2001,
respectively. Results revealed the presence of the species P. turgidula (Cleve) Hasle, P. turgiduloides (Hasle) Hasle, P, li-
neola (Cleve) Hasle, P. heimii Manguin and P. dolorosa sp. ined. Species were identified with both light (LM) and electron
microscopes (TEM and SEM). Morphometric data and relative abundance are given.

Introduction

Hydrographic conditions in the Drake Passage are highly
influenced by the circulation of the Antarctic marine water
masses, as well as by the seasonal variation, which is more
pronounced than interannual variability, giving to this re-
gion unique conditions that support a significant biological
productivity (El Sayed and Mandelli, 1965; El Sayed et
al., 1977; Priddle, 1985). A relatively sharp temperature
and salinity decrease, and chlorophyll ¢ increase occurs at
the Polar Front, located near 59° (Balestrini ez al., 2000).
Early in the 1920s and 1930s the phytoplankton studies have
been an important subject of investigation in this region
(Hart 1934, Hendey, 1937), however, it is only recently that
interest in harmful algae is increasing. The genus Pseudo-
nitzschia has the most numerous species that produce
domoic acid (DA), a toxin that causes Amnesic Shellfish Poi-
soning (Hasle et al., 1996). Records of Pseudo-nitzschia in
this geographic area are limited, restricted, or in a few
cases included in the diatom lists (Kopczynska and Ligowski
1982, 1985; Medlin and Priddle, 1990). Because of the po-
tential toxicity of the some of these species, this study was
initiated with the purpose of tracing the distribution of this
genus. The objective of this research is to know the taxon-
omy and occurrence of this group in the Drake Passage, and
this is the first such study.

Latitude South

_/f;:' -o- ARGAU-1, January-April 2001

75 70 65 60 g5 50 45

Longitude West

Figure 1 Sampling sites in the Drake Passage.

Materials and Methods

Samples for this study were obtained as part of the ARGAU
project (Argentina for the study of the Austral Atlantic
Ocean) in four selected transects of 10 stations each. Two
cruises from January to May 2000-2001, respectively, were
undertaken on board ARA “Almirante Irizar.” The loca-
tion of the fixed stations is given in Fig. 1.

Water samples for qualitative (30 pum net mesh) and
quantitative analyses were taken by pumping water from
an external intake located at nine depths using a continu-
ous sampling system (Poisson et al., 1993) and preserved
with Lugol’s solution. The preserved qualitative material was
treated and mounted for light and electron microscopes ac-
cording to Hasle and Fryxell (1970). The quantitative
material was analyzed in an inverted microscope (Iroscope
SI-PH). Samples were examined and photographed using
the light microscope LM (Wild M20) and the scanning
electron microscope (SEM: JEOL JSMT 100 at the Museo
de La Plata). The transmission electron microscope (TEM:
JEOL 1200 EX ) was used. Material has been deposited in
the collection of the Argentine Diatoms at the Depart-
ment of Phycology, Faculty of Natural Sciences and
Museum, The National University of La Plata. The ter-
minology adopted here follows the proposals made by
Hasle et al. (1996).

Results and Discussion

Quantitative analyses of phytoplankton of two cruises
showed that Pseudo-nitzschia community was represented
by P. heimii. P. lineola, P. turgidula. P. turgiduloides and P,
dolorosa sp. ined., a new species proposed by Lundholm and
Moestrup (pers. comm., Plate 1). In addition, some naked
flagellates, cryptomonads, coccolitophorids and the di-
atoms— Thalassiosira gracilis (Karsten) Hustedt, var. gracilis,
Fragilariopsis kerguelensis (O’Meara) Hustedt, F. curta
(Van Heurck) Hustedt, F. aff. separanda Hustedt, F. Cylin-
drus (Grunow) Krieger, Dactyliosolen antarcticus
Castracane, D. tenuijunctus (Manguin) Hasle, Chaetoceros
bulbosum (Ehrenberg) Heiden, C. atlanticus Cleve and C.
socialis Lauder—were present as well. Species distribution
of Pseudo-nitzschia were similar to those reported by
Kopczynska and Ligowski (1982, 1985) in February—March
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Figure 2 Spatial series of temperature, fluorescence and salinity
of the ARGAU transects.

of 1981; however, the predominance of tiny flagellates and
coccoid forms (<10 pm) in our net samples were not men-
tioned by those authors. When comparing our results of
abundance and distribution of Pseudo-nitzschia with other
authors, we observe that the species of Nitzschia of the group
Pseudo-nitzschia and Fragilariopsis were usually included
collectively within their groups, due to difficulties in iden-
tification when using only water mounts.

During the austral summer cruise (ARGAU-1), P.
turgidula and P, turgiduloides were the most common species.
In this period, maximum cell density was found in early sum-
mer with slightly higher values in late summer. P, turgidula
has been reported as DA producer in coastal waters of
New Zealand (Rhodes et al., 1996). P. heimii was also well
represented in this period as previously reported by Prid-
dle (1985) in February—March of 1982 as Nitzschia heimii.
This species registered the maximum abundance with
116.667 cells L and a dominance of phytoflagellates at the
end of February 2001 (587.302 cells L") with a local tem-
perature and salinity of 1.3°C and 34.13 PSU respectively,
near the Polar Front. In contrast, P. turgiduloides showed
the minimum abundance (1042 cells L), associated with a
decrease of phytoflagellates (123,333 cells L), lower tem-
perature (-0.75°C) and salinity (33.9 PSU), close to the Polar
Front as well (Fig. 2). The quantitative analyses revealed
that P. heimii and P, turgiduloides bloomed along all tran-
sects during the ARGAU-1 expedition (Table 1). In contrast,
P, dolorosa is reported for the first time in sub-Antartic wa-
ters with very low abundance of cells at surface temperature
of 6.4°C and 34.04 PSU. During the cruise ARGAU-O, P,
turgiduloides and P. turgidula in transects 1 and 3 were the
most abundant species; in contrast, P. heimii and P. lineola
had less abundance and narrower distribution in the study
area. Morphometric data revealed that the important char-
acters to distinguish the species in this region are: the
number of row of poroids, their size and shape, as well as
the outline of the valve. These characters fit well for P, [i-
neola and P. turgiduloides, in spite of its valve outline
overlaps (Table 2).

Acknowledgements

This work was supported in part by grants from Argentina
(CONICET, PIP 0947 and Mexico (Conacyt, J200.1326).
We thank N. Lundholm and &. Moestrup for the confir-
mation of. P. dolorosa sp. ined.; N. Malacalza, R. Luna and
M.E. Zamudio for their technical assistance.

Table T Maximum and minimum values of abundance (cells 10° - L") of Pseudo-nitzschia.

ARGAU-0 ARGAU-1
Species Max. Sta. Min. Sta. Max. Sta. Min. Sta.
P, heimii 3.571 285 1.190 287 116.667 106 20.883 245
P, lineola 4.167 282 1.617 277 20.883 245 11.111 22
P, turgidula 10.753 98 1.190 286 83.333 106 2.778 110
P, turgiduloides ~ 55.000 90 3.571 285 43.056 245 1.042 243

P, dolorosa sp. ined.

0.417
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Table 2 Morphometric data of Pseudo-nitzschia species in the Drake Passage.

Length Width Striae in Fibulae Poroids Rows of Type of Central
(um) (um) 10 um in 10 um in 1 um Poroids Poroids Interspace
Species Min Max Min Max Min Max Min Max Min Max
P, heimii 98 109 45 55 19 20 13 18 5 8 1-2 irregular present
P, lineola 105 125 23 2.7 20 22 12 13 3 5 1 roundish present
P, turgidula 50 2.7 3.0 20 24 13 14 8 2 irregular present
P, turgiduloides 86 92 1.7 25 17 24 10 16 7 8 1-2 roundish present
P-dolorosa sp. ined. 29 30 25 26 35 36 21 7 8 2 irregular present
Plate 1: 1a Pseudo-
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Abstract
The distribution of the toxic dinoflagellate Alexandrium tamarense (Lebour) Balech has apparently expanded to or
within the Southern Hemisphere during the last two decades. Toxic blooms of A. tamarense have been recorded in Ar-
gentinean coastal waters since 1980; however, the first documented bloom in southern Brazil was in 1996. In this study,
13 strains of A. tamarense from southern Brazil were isolated and kept in culture. Phylogenetic analysis using RFLP (Re-
striction Fragment Length Polymorphism) and DNA sequence of the D1-D2 region of large subunit ribosomal DNA
(rDNA) places the Brazilian strains firmly within the North American clade, but does not assign them to any existing
subclade. The cultures were also analyzed for saxitoxin and its derivatives by high performance liquid chromatography
(HPLC). The main saxitoxin groups found were the low toxicity N-sulfocarbamoyl group C1+2 (30-84%), followed by
the high potency carbamate toxins, gonyautoxins 1+4 (6.6-55%), gonyautoxins 2+3 (0.3-29%), neosaxitoxin (1.4-24%)
and saxitoxin (0-4.4%). Toxin levels were variable (7,000 to 66,000 fg STX cell'), with the higher range falling among
the most toxic values recorded for cultures of A. tamarense, indicating the significant risk for shellfish contamination and
human intoxication during blooms of this species along the southern Brazilian coast. Possible dispersal hypotheses such

as ballast water transport and natural mechanisms are also discussed.

Introduction

In South America, the range of A. tamarense appears re-
cently to have spread around the southern tip and northward
along the east coast. The earliest South American PSP
outbreak was recorded in 1886 in Chile, associated with A.
catenella (Sengers, 1908); the next outbreak was reported
in 1972 (Guzman et al., 1975). In the South Atlantic, the
first toxic outbreak of A4. tamarense occurred in Argentina
in 1980 (Carreto et al., 1985); since then, this species has
been periodically detected along that coast. In Uruguay, the
first PSP outbreak also was recorded in 1980, but conclu-
sive identification of A. tamarense as the causative species
was not possible until the second toxic outbreak in 1991
(Brazeiro et al., 1997). A. tamarense was first documented
in southern Brazil in 1996, concomitant with a bloom in
Uruguay (Odebrecht ez al., 1997). We hypothesized that the
southern Brazilian A. tamarense populations were intro-
duced by natural currents from Uruguay. This study
represents the first attempt to isolate, determine the toxin
composition profile, and uncover the origin of the 4.
tamarense population from southern Brazil, using both ge-
netic analysis and historic accounts.

Materials and Methods

Origin of the Strains Sediment samples were collected
from March to November, 1997 in Praia do Cassino (32°04
to 32°30’S; 51°49’ to 52°10°W). Sediment cyst concentra-
tions were estimated by counts in Sedgwick-Rafter
chambers, following the staining method in Yamaguchi et
al. (1995). Twelve clonal strains were developed by cyst
isolation, germination and re-isolation of individual motile
cells. Strain ATBRC6 was established from a vegetative
cell isolated from the water column in August 1997. Cul-
tures were kept in f/2 medium (-Si) at 20°C under a 14:10

h light:dark cycle and ca. 350 pE m™?s™ and were harvested
for all analyses in mid-exponential growth phase.

Toxin Analysis Toxin analyses were carried out in trip-
licate using a modification of the Oshima (1995)
post-column derivatization HPLC method (Anderson et al.,
1994). Unknowns were identified and quantified based on
standard reference material provided by Y. Oshima, and the
toxicity values, in saxitoxin equivalents, were converted
from the molar concentrations using the factors found in
Oshima (1995).

GeneticAnalysis RFLP assays of LSU rDNA were per-
formed using D1R and D2C primers and the enzymes Nsp
1, Mse 1, and Apa L1 according to Scholin and Anderson
(1996). RFLP patterns from our strains were compared to
published data (Scholin and Anderson 1996) and unpub-
lished data generated by one of the authors (Lilly) for
strains from Chile, Argentina and Uruguay. The entire D1-
D2 region was sequenced for four strains, ATBR2¢, 2d, 2e
and 2f, and aligned with existing Alexandrium sequences
from Scholin et al. (1994) and the sequence of a Chilean
isolate (Lilly, unpublished data). The most appropriate
substitution model was determined using ModelTest
(Posada and Crandall, 1998). Using Paup version 4.0b§
(Swofford, 2002), one thousand replicates of maximum
parsimony analysis were run to generate starting trees for
maximum likelihood analysis. One hundred replicates of
fast-step bootstrap were run using maximum likelihood.

Results

Cyst Distribution Cyst concentrations varied between
undetectable values and 179 cysts cm™ at the northern sta-
tion (Fig. 1). These concentrations are substantially lower
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Figure 1 Sampling area with 4. tamarense cyst concentrations
(cysts cm™).

than the concentrations of cysts found in Argentina, which
are up to 9,000 cysts cm” (Orozco and Carreto, 1987).

Toxin Analysis Total toxin concentration ranged from 42
to 199 fmol cell ' and toxicity from 7,000 to 65,900 fg STX
eq cell " in most of the strains, up to 78.4% of the total toxin
(Fig. 2). The only exception was strain ATBRC6, whose
higher toxicity value was due to the predominance of the
potent GTX4.

Genetic Analysis RFLP analyses were inconclusive due
to possible contamination issues. They indicated that the
Western North American and the Eastern North Ameri-
can ribotypes might both be represented. Strains from
Chile, Argentina and Uruguay display the Western North
American ribotype (Lilly et al., 2002). Sequence analyses
were run on newly isolated material from four isolates that
displayed the full range of patterns to clarify this issue. The
sequences were identical to one another. The Brazilian se-
quences had several base changes in common with each of
the Western, Eastern and Alternate North American ri-
botypes published by Scholin et al. (1994), but did not

8 &8 83
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Figure 2 Toxin composition of representative Brazilian (ATBR)
and Uruguayan (ATUR) strains.
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Figure 3 Maximum Likelihood tree showing the phylogenetic
placement of the Brazilian strains within the tamarensis complex.
Numbers represent 100 replicates of ML bootstrap.

possess all of the base changes common to any of the
groups. There was only one sequence difference with a
Chilean strain. Phylogenetic analysis places the Brazilian
strains firmly within the North American clade, but they
do not fit within any existing subclade (Fig. 3).

Discussion

The occurrence of the North American pattern in Alexan-
drium tamarense from Brazil indicates a closer relationship
with strains from the Northern Hemisphere than with
strains from Australia or South Africa. Natural transport
between North and South America in modern times is un-
likely, since there are strong barriers, including temperature.
One possible explanation could be that Alexandrium were
transported in the ballast water of cargo vessels from the
North American or Japanese coasts, where the North
American ribotypes have also been detected (Scholin ez
al., 1994). The other possibility is that the Alexandrium pop-
ulations in South America were established much earlier
during a period of cooler global ocean temperatures when
natural transport across the hemispheres was possible, such
as the last ice age. The DNA sequence data support this hy-
pothesis. The South American LSU rDNA sequences are
intermediate between the Asian, Western North Ameri-
can and Eastern North American populations of the North
American ribotype, indicating that the populations have



been separated long enough for evolution to have occurred.

By either means, it is most likely that 4. tamarensis com-
plex cells first arrived in South America along the western
coast and then spread to eastern South America via cur-
rent systems. This is supported by the historical precedence
of PSP in Chile, but not in other South American countries
(Sengers, 1908, Guzman et al., 1975). PSP outbreaks sub-
sequently occurred in Argentina, Uruguay and most recently,
southern Brazil. Experimental and field observations also
support this. First, there is the genetic pattern shared by the
Chilean, Argentinean, Uruguayan and Brazilian strains, as
shown with RFLP and sequence data (Lilly et al., 2002).
There is also a correlation of Alexandrium populations
and presence of frontal systems in both Argentina and
Uruguay (Carreto et al., 1986 and Brazeiro et al., 1997).
Lastly, the high similarity between Brazilian and Uruguayan
Alexandrium toxin profiles (present study and Mendéz et
al., 2001, respectively, Fig. 2) indicates a close relationship
between these populations, as strains from each region
have a high percentage of C1+2 toxins (30-80%), and lesser,
but still an elevated mole percentage of the following tox-
ins: GTX1+4 (2-55%), GTX2+3 (2-29%) and NEO
(1-24%). Very low amounts of dcGTX3 and dcSTX and
STX were seen in some of the isolates from each country
as well.

Cyst concentrations in Brazilian sediments are lower
than those in Argentina, but further study is needed to de-
termine the reasons for this. Cultures derived from these cysts
and vegetative cells can be highly toxic, with the higher range

falling among the most toxic values recorded for A.
tamarense cultures. In the future, we can expect additional
toxic outbreaks from offshore cyst germination, or from new
populations that are transported via Uruguayan coastal
currents.
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Abstract

Vegetative cells of several species of Dinophysis spp. have been found to produce “small cells,” different in size and shape,
following a “reductionary division” under certain environmental conditions, as part of a polymorphic life cycle. Based
on observations on fixed natural populations, Dinophysis dens and D. diegensis were hypothesized to be small forms of
Dinophysis acuta and Dinophysis caudata, respectively. During autumn 2001, we were able to confirm these hypotheses
after incubations, in cell culture chambers, of groups of individually picked cells from natural populations of D. acuta
and D. caudata. Eight to 10 days after inoculation, different life cycle stages of the two species were observed in vitro and
contrasted with wild specimens from Dinophysis blooms in Galician and Catalan waters.

Introduction

Dinophysis acuminata, D. acuta and D. caudata produce
lipophilic toxins (Fernandez et al., 2001, submitted), lead-
ing to prolonged closures of shellfish beds in Galicia. Large
intraspecific morphological variability has been observed
in these three species (Reguera and Gonzalez-Gil, 2001),
leading to uncertainties in their taxonomic classification,
based on the size and shape of the large hypothecal plates
and sulcal lists. The problem is exacerbated when in-
traspecific variability is added to the difficulties met in
routine monitoring analyses to separate two closely related
species, such as the pair D. acuminata | D. sacculus (Zingone
et al., 1998) and D. caudata | D. tripos (Reguera and
Gonzalez-Gil, 2001). A great deal of intraspecific vari-
ability within the same region can be explained by complex
polymorphic life cycles within Dinophysis spp. that include
formation of small and intermediate cells, different in size
and shape from the vegetative cells (Reguera and Gonzalez-
Gil, 2001). The formation of small (D. skagii-like) cells
that behave as male gametes, following a “reductionary
division” of a large cell, and of intermediate cells, formed
after growth of the small cells, have been demonstrated by
the latter authors after laboratory incubations of single cell
isolates of D. acuminata. In this paper, we confirm with lab-
oratory incubations that D. dens Pavillard and D. diegensis
Kofoid that had been hypothesized (from observations on
fixed field samples) to be conspecific with D. acuta Ehren-
berg and D. caudata Saville Kent, respectively, are but life
cycle stages of these species. Illustrations of small and in-
termediate forms of D. caudata and D. acuta are contrasted
with those observed during their proliferation in Galicia or
Catalonia.

Materials and Methods

D. caudata and D. diegensis-like specimens observed in a hose
sample during monitoring in the Ebro Delta (Catalonia) in
October 1997 (Delgado et al., 2002) were filtered through
a 10-um mesh and stained with calcofluor (Fritz and
Triemer, 1985). 70 selected images of D. caudatal D. diegen-
sis were taken at 1000 X and the contours of the hypothecal
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plates redrawn on the computer. Bottle samples with Dino-
physis spp. from the Galician rias (October 2001) were
concentrated through a 20-um mesh. Full-sized healthy
(well-pigmented and mobile) vegetative cells of D. acuta and
D. caudata were picked with microcapillary pipettes under
an inverted microscope (25%, 100x), transferred 2-3 times
through filtered (0.2 um Millipore filters) seawater and
placed in groups of 12-15 cells in 0.2 mL wells of culture
plates with modified L1 culture medium, as in Reguera
and Gonzalez-Gil (2001). They were further incubated at
15°C (+ 1°C) and a 16:8 L/D regime, and examined daily
with an inverted microscope (100x) (D. acuta) or with a
stereomicroscope (40x) (D. caudata). Several times, the
content of one well was collected and fixed with buffered
formaldehyde for detailed microscopic observation and
measurements of digitized images, obtained with a Sony Hi
Resolution CCD-IRIS video system (Sony Corp., Japan)
connected to the microscope, and to an image analysis pro-
gramme (IPPLUS 4.0).

Results and Discussion

The sample from Delta del Ebro corresponded to late
stages of a D. caudata + D. diegensis population (693 cell:
L") that lasted from August to October 1997. 76% of the
specimens were vegetative cells of D. caudata and 24%
were D. diegensis-like cells and intermediate forms between
the latter and D. caudata. Thus, a large variability was ob-
served in the size (L:35-79 pm; W:15-41 pum) of the large
hypothecal plates, in the curvature of the dorsal margin and
in the differentiation of the antapical process of these spec-
imens (Fig. 1) that included forms illustrated by Jorgensen
as Dinophysis caudata var. subdiegensis, D. diegensis, D.
caudata a degenerate form, D. caudata var. abbreviata and
D. caudata var. ventricosa (Figs. 31-32 and 35-37 in Jor-
gensen, 1923). D. tripos, a species with small and
intermediate forms that can easily be mistaken for those of
D. caudata (Reguera and Gonzalez-Gil, 2001), was never
observed in the area during the sampling period. Fig. 2 il-
lustrates wild and laboratory incubated specimens of D.
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Figure 1 Micrograph contours of D. caudata (rows 1-3), D. diegensis (rows 6-7) and intermediate forms between D. caudata and D.
diegensis (rows 4-5) found in a single sample from Delta del Ebro (Southern Catalonia, Spain, Mediterranean coast) that correspond

to late stages of a D. caudata population.

caudata, D. acuta, and their respective small forms ob-
tained from the rias of Vigo and Pontevedra (Galicia,
Spain). Vegetative cells of D. caudata (L:79-87 pm; W:35-44
um) and its small cells (L:50—68 um) were larger and wider
than those from Catalonia, but in both cases the vegetative
cells were similar to those of D. caudata var. abbreviata sensu
Jorgensen (1923). Vegetative cells of D. acuta from Galicia
measured L:67 £ 3 um (63-73 pm); W:47 £ 2 um (46-54 um),
and those of D. dens L:43—47 um; W:28-34 um. Incubated
D. caudata individual and paired cells were extremely buoy-
ant and had to be observed from above with a
stereomicroscope. Eight to 10 days after inoculation, small
cells similar to D. diegensis and D. dens started to appear
and eventually dominated the population in wells where D.

caudata and D. acuta respectively had been inoculated.
Cells going through a “reductionary division,” couplets D.
caudata—D. diegensis, and the large cell engulfing the small
one were also observed. The observation of these forms after
incubation of individually picked vegetative cells of D.
acuta and D. caudata confirms, as it was previously hy-
pothesized, that they are part of a polymorphic life cycle
of these species of Dinophysis.
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Figure 2 A-D: Light (DIC) micrographs of Dinophysis caudata and Dinophysis diegensis-like cells from Ria de Vigo: A, fully devel-
oped vegetative pair of D. caudata; B, intermediate form between D. caudata and D. diegensis; C-D, D. diegensis-like small cells. E-F,
phase contrast micrographs of D. dens; G, intermediate form between D. dens and D. acuta (bar = 25 um). H-L: digitized micro-
graphs of incubated specimen: H, vegetative cell of D. caudate; 1, D. diegensis-like cell formed after incubation of D. caudata specimen;
J, vegetative cell of D. acuta; K, paired cells of D. acuta through a “reductionary” division leading to formation of small D. dens-like
cells; L, D. dens-like cell formed after incubation of D. acuta cells (bar = 20 um). Bottom right: Low-resolution micrographs (100x) of
live specimen of D. caudata and D. acuta swimming in the incubation wells: first row: Dividing cells of D. caudata; second row: two
steps of the fusion of a D. caudata with a D. diegensis-like cell formed after 8 days of incubation of vegetative cells; third row: heav-
ily pigmented (planozygote?) and a normal vegetative cell of D. acuta,; fourth row: Paired cells of D. acuta completing cytokinesis.
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Abstract

“Red tides” occurring in South Carolina (SC) estuaries since 1998 have been associated with shellfish mortality events in
the field and sublethal effects in laboratory bioassays. Initially, the dinoflagellate responsible for these blooms was iden-
tified as a new Scrippsiella species. Recent morphological and molecular studies have produced evidence that this
dinoflagellate belongs in the genus Kryptoperidinium. Light and scanning electron microscopy show similarities in cell mor-
phology and plate tabulation to published descriptions of K. foliaceum. Nuclear SSU and ITS rDNA sequence data are
identical to a known strain of Peridinium (Kryptoperidinium) foliaceum (UTEX LB 1688). However, the UTEX LB 1688
strain has an endosymbiotic nucleus, whereas the SC bloom dinoflagellate does not, stressing the need to re-evaluate the
taxonomic relevance of endosymbiotic features in this genus. In summary, the morphological and molecular data sup-

port the placement of this dinoflagellate in Kryptoperidinium.

Introduction

Since 1998, South Carolina (SC) estuaries from Murrells
Inlet to Hilton Head (Fig. 1) have experienced recurrent “red
tides” caused by a small, lightly armored dinoflagellate.
These widespread blooms are characterized by patchy, rust
to bright orange colored waters that appear in tidal creeks
throughout the spring and summer. Blooms have been as-
sociated with shellfish mortality events, significantly reduced
growth in juvenile hard clams, and physiological stress in
oysters (Lewitus and Holland 2003; Lewitus et al., 2003).
Observations of these blooms have increased annually in

frequency and areal extent since their

initial discovery (Le-

witus and Holland 2003). Based on the initial evaluation
of thecal plates, Lewitus ef al. (2001) reported this di-
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Figure 1 The 260 km of SC coastline experiencing red tides

from spring 1998 through summer 2002.
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noflagellate as a new species, Scrippsiella carolinium sp.
nov. At the time of that report, a formal description of the
species was in preparation. Upon further evaluation, it was
determined that the species was Kryptoperidinium foliaceum
(Stein) Lindemann. Therefore, S. carolinium sp. nov. is a
nomen nudem, an available but invalid name. Here we re-
port morphological and molecular data indicating that the
“SC bloom dinoflagellate” belongs in the genus Kryp-
toperidinium Lindemann.

Materials and Methods
Live and preserved samples from several coastal locations
were chosen based on cell concentration (>100 cells/mL) and
cell health (>50% of cells were vegetative swimming cells
vs. temporary cysts). Fresh samples were collected as sur-
face water grab samples in 1-L acid-washed bottles.
Unpreserved samples were immediately screened using
light microscopy for the presence of the SC bloom di-
noflagellate. Aliquots of appropriate samples were stained
with Calcofluor White for observation following the meth-
ods of Fritz and Triemer (1985) and then preserved with
Lugol’s iodine solution for future evaluations. Morpho-
logical comparisons were made between field material and
four reference cultures of K. foliaceum. Comparative data
to UTEX LB 1688 (P. foliaceum) are presented here.
Comparisons of nuclear SSU rDNA sequence data were
made using eukaryotic-specific primers (Medlin et al., 1988;
Sogin 1990) coupled with species—specific primers designed
for K. foliaceum (Kempton et al., 2002). K. foliaceum
primers were selected based on sequence data deposited in
GenBank for UTEX LB 1688 (Inagaki et al., 2000; Ac-
cession #AF231804). PCR reaction conditions and reagent
concentrations followed methods described by Rublee et al.
(1999). The internal transcribed spacer regions (ITS1 and
ITS2) and 5.8S rRNA were sequenced for the SC bloom
dinoflagellate and UTEX LB 1688 using a dinoflagellate-
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Figure 2 Calcofluor White images showing the shape and arrangement of the apical, cingular, and sulcal plates of A SC bloom di-
noflagellate, B P. foliaceum strain UTEX LB 1688, and C Scrippsiella precaria strain JW010818-1C5. Scale bar = 10.

specific primer (Dino F, Oldach ez al., 2000) coupled with
general primers for sequencing the ITS regions (Kempton
et al., 2002).

All microscopy and genetics methods are described in
detail in Kempton et al. (2002).

Results and Discussion

Morphologically, the SC bloom dinoflagellate resembles the
description for K. foliaceum (Basyionym: Glenodinium fo-
liaceum Stein; Synonyms: Peridinium foliaceum (Stein)
Biecheler, Phyllodinium scutellaris Conrad) by Biecheler
(1952) and Sournia (1986). Biecheler (1952) and Sournia
(1986) state that K. foliaceum has a rounded epitheca, a
round to oblong hypotheca, is extremely dorso-ventrally
compressed (concave ventral and convex dorsal surfaces),
and has a large, conspicuous eyespot in the longitudinal fur-
row of the sulcus. Sournia (1986) reports a size range of
15-50 pum; the average SC bloom dinoflagellate cell diam-
eter is 26.6 um (range 10 pum—51 pm; 100 cells).

Evidence from light microscopic examination of field
samples and cultures further supports the placement of
this dinoflagellate into the monospecific genus Kryp-
toperidinium. We determined the following thecal plate
pattern for the SC bloom dinoflagellate and UTEX LB
1688: Po, X, 4',2a, 7", 4c, 4 or 5s, 5", 2"" (Figs. 2A,B). This
is similar to the pattern described for K. foliaceum by
Biecheler (1952) and Sournia (1986), who both mention the
possibility of 3 to 4 apical plates, 2 anterior intercalary plates,
6 to 7 precingular plates, 5 postcingular plates, and 2 an-
tapical plates. Biecheler (1952) states that the sulcus consists
of 2 plates and does not address the cingular plate series.
Sournia (1986) only mentions that the sulcal and cingular
plates need to be described.

In contrast, the plate pattern for the genus Scrippsiella
Balech ex Loeblich III is Po, X, 4', 3a, 7", 6¢c, 4-5s, 5", 2"
(Steidinger 1997), differing from K. foliaceum in the num-
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ber of anterior intercalary (a) and cingular (c) plates and
arrangement of the sulcal (s) plates (Fig. 2C). The SC
bloom dinoflagellate has 2a plates, whereas Scrippsiella
has 3a plates. The cingular series consists of 4 plates in the
SC bloom dinoflagellate and 6 plates in Scrippsiella. Both
genera have 4 or 5 sulcal plates; however, the posterior sul-
cal (sp) plate contacts the lc plate in Scrippsiella species
(Steidinger 1997). The sp plate in the SC bloom dinofla-
gellate is separated from the cingulum by the right (sd), left
(ss), and median (sm) sulcal plates. Descriptions by Biecheler
(1952) and Sournia (1986) mention that K. foliaceum has
an incomplete cingulum. We have determined that this “in-
complete cingulum” is the result of the large size of both
the anterior sulcal (sa) and sd plates, which extend above
and below the cingular margins (Figs. 2A,B). Other dif-
ferences between these two genera include the shape and
arrangement of the 1' plates. Scrippsiella species are de-
scribed as having narrow, symmetrical to slightly
asymmetrical, ortho-arranged 1' plates (Honsell and Cabrini
1991, Steidinger 1997). Scrippsiella precaria Montresor
and Zingone has a diamond shaped 1' plate that is in con-
tact with the cingulum (Fig. 2C). Like K. foliaceum, the SC
bloom dinoflagellate has an ortho-arranged, wide, asym-
metrical 1' plate that joins with the sa plate, not the cingulum
(Figs. 2A,B).

The similarity between the SC bloom dinoflagellate and
K. foliaceum was further examined by comparing nuclear
SSU rDNA sequence data. Sequence data derived from the
SC bloom dinoflagellate differed from the UTEX LB 1688
sequence data, as reported in Inagaki et al. (2000, Acces-
sion #AF231804), by 4 base pairs. However, sequence data
from the SC bloom dinoflagellate were identical to se-
quence data deposited in GenBank for UTEX LB 1688 by
Saldarriaga et al. (2001, Accession #AF274268). The ITS
sequence data were also found to be identical for the SC
bloom dinoflagellate and the UTEX LB 1688 strain, fur-



ther supporting the conclusions from the morphological
comparisons that the SC bloom dinoflagellate belongs in
the genus Kryptoperidinium.

Despite the similarity in SSU and ITS rDNA sequences
and thecal plate tabulation, one morphological inconsistency
between the SC bloom dinoflagellate and the UTEX LB
1688 strain of P. foliaceum is worth noting. Using a mod-
ified preserving method and DAPI nuclear staining protocol,
it was determined that the SC bloom dinoflagellate lacks
the endosymbiont nucleus that is present in UTEX LB
1688 (Kempton et al., 2002). The taxonomic relevance of
this feature for establishing Kryptoperidinium phylogeny is
unclear.

In conclusion, morphological (e.g., thecal plate pattern)
and molecular (nuclear SSU and ITS rDNA sequences) data
support the placement of the SC bloom dinoflagellate in the
genus Kryptoperidinium and not in Scrippsiella (as reported
in Lewitus et al., 2001). Further research is needed on the
Kryptoperidinium clade in order to determine whether this
is a monospecific genus (e.g, see Kempton et al., 2003)
and to explore taxonomic and evolutionary relationships
between K. foliaceum strains with and without the en-
dosymbiont nucleus.
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Abstract
Blooms of the toxic dinoflagellate Karenia brevis along the Texas coast are increasing in frequency, yet the source popu-
lation and specific factors influencing bloom initiation and intensity are poorly known. Significant differences in growth
rates and toxin production were observed among clonal isolates from a 1999 bloom when grown under identical condi-
tions. This may reflect genetic diversity that serves as a repository from which different subpopulations bloom in response
to appropriate environmental conditions. To test this hypothesis, hypervariable genetic markers known as microsatellites
(msats) are being developed to examine genetic diversity among populations of K. brevis. PCR amplification of two msat
loci from genomic DNA of Texas K. brevis clones demonstrated different allele constitutions among these clones. In ad-
dition, msat markers appear to be useful fingerprinting tools for differentiating K. brevis and K. mikimotoi. The correlation
between differences in microsatellite genotypes and growth rate and toxin production clearly demonstrates the utility of

combining genetic and physiological approaches.

Introduction

The source population for Karenia brevis blooms and spe-
cific factors influencing bloom intensity are poorly
understood in the western Gulf of Mexico. Previous results
suggested a high level of genetic diversity exists within
populations of K. brevis (Baden and Tomas, 1988; Magana,
2001; Loret et al., 2002). When maintained under identi-
cal conditions, the growth rate of K. brevis clone SP1 was
twofold higher than SP2 and its cellular toxin concentra-
tion was threefold lower (Loret et al., 2002). This genetic
variability may serve as a repository from which different
subpopulations bloom in response to appropriate envi-
ronmental conditions. Such diversity emphasizes the need
for new hypervariable genetic markers, such as microsatel-
lites, which can be utilized in population- and species-level
studies of harmful algal blooms. The objectives of our re-
search were to: (1) establish clonal cultures of Karenia from
bloom events along the Texas coast; (2) examine differences
in growth rates among clonal isolates; and (3) identify mi-
crosatellite loci and develop PCR primers for genotyping
analysis. Establishing links between allelic profiles and
physiological properties will yield insight into population-
level responses of K. brevis to changes in environmental
variables. Ultimately, this information can be used to pre-
dict responses of K. brevis at the population level to
environmental changes and to assess how these responses
affect and influence bloom formation and dynamics.

Materials and Methods

Cultures Clonal cultures of K. brevis were established
from samples collected during a fall 1999 bloom, and clones
of K. mikimotoi were established from a winter 2002 bloom.
Single cells were picked out using micropipettes under a
stereomicroscope and transferred to wells in a microtiter
plate containing “L1”/10 medium (Guillard and Hargraves,
1993). Once established, replicate clonal cultures were main-
tained in L1 medium made with either low salinity (29

PSU) or high salinity (36 PSU) filtered sea water and grown
on a 12:12 light:dark cycle.

Growth Rates Experiments (performed in triplicate) were
conducted with cultures acclimated to two light levels (71
and 100 uE m~s™), and for selected clones, at both 29 and
36 PSU, at 20°C. Growth rates were determined from daily
measurements of in vivo fluorescence (Brand et al., 1981).
Fluorescence measurements were validated with cell counts.

Microsatellite Development Genomic DNA libraries of

DNA fragments of K. brevis SP2 (300-500 base pairs in size)
were constructed via an approach for producing “enriched”

0.5

Specific Growth Rate (d™)

B8 C24 C25 B3 C23 C5 C11 C18

K. mikimotoi clone

Figure 1 Specific growth rates of eight K. mikimotoi clones iso-
lated from a coastal Texas bloom in 2002. A ~twofold range in
growth rates was observed among the clones when grown at 20°C
in L1 medium (29 PSU) under 71 pEin m~ s”'. Growth rates of
clones B8, C24, C25, and B3 are significantly different from C23,
C5, Cl11 and CI8 (t-test, P < 0.05). Error bars are = 1 SD in all
figures.
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Figure 2 Comparison of specific growth rates among three K.
mikimotoi clones grown at 20°C, 71 pEin m?*"' at low and high
salinities. For C5 and C11, growth rates were significantly different
at the two salinities (t-test, P < 0.05).

msat libraries (Walbieser, 1994; Connell et al., 1998; A.
Pepper, pers. comm.). Biotinylated probes (containing de-
sired repeat motifs [(TA)s, (CA)x, (GA)x, (TGA):s, (ACA)15])
annealed to genomic fragments were bound to strepta-
vidin-coated paramagnetic particles that held the complexes
in place; non-bound genomic fragments that lacked repeat
motifs were washed away. The bound fragments were then
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Figure 3 Variability in specific growth rates among K. mikimo-

toi clones grown at 20°C, in 29 PSU L1 medium at two light
intensities.

Specific Growth Rate (d™)

C24 B3 c23
K. mikimotoi clone

chemically released and cloned into “enriched” libraries. The
enriched libraries contained a high percentage of msats,
thereby increasing efficiency of screening. Approximately
200 clones from the library were sequenced. Primers were
designed to genomic DNA flanking candidate msat loci
using OLIGO™ (ver. 5.0, NBI, Plymouth, MN). PCR am-
plifications were performed in 10 uL reactions using ExTaq™

— 1000 bp
RIS — 400bp
i —— 200 bp

TXB4

8801

2228

PNS
JaxCh
NOAA1
NBK
CCMP1314

Figure 4 PCR-amplified products for msat loci KB3 and KB5. A PCR amplification of msat KB3 for Texas K. brevis clones from the
1999 bloom (SP1, SP2, SP3,TXB3), K. mikimotoi clone C23 from the 2002 bloom, and Amphidinium carterae (CCMP1314); KB3 plas-
mid DNA from SP2 library as positive control, no template as a negative control; 100 bp ladder; KB3-forward primer:
CGTGACTCAGAGTGGCAAATGG:; KB3 reverse primer: AACATGGCTGATCAACTCAACACC; 2% Metaphore agarose gel; B
As in (A) for msat KBS with additional K. brevis 1999 clone (TXB4) and historical clones: 8801 (B. Richardson), NBK (C. Hyatt),
CCMP2228, and PNS, JaxC5, NOAAI1 (G. Doucette); K. mikimotoi clones NOAA2 (S. Morton) and C5-C24 (2002 TX bloom); KBS
forward primer: ATCCAGGTCGTCCATTCAAGTC; KB5 reverse primer: CGAAACGCCGGTTCTCTTC; 200 bp ladder.
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polymerase and standard conditions as suggested by the
manufacturer (Takara) and following a touchdown PCR
protocol (Don et al., 1991).

Results and Discussion

Five clonal cultures of K. brevis were established from a
Texas coastal bloom off Brownsville in fall 1999: SP1, SP2,
SP3, TXB3, TXB4 (Loret et al., 2002; Magaiia, 2001; B.
Richardson, pers. comm.). Twenty-two clonal cultures of
K. mikimotoi were established from a bloom in Corpus
Christi Bay in January 2002. Internal transcribed spacer
(ITS) and large subunit (LSU) rRNA sequences for the
clonal isolates confirmed the species identifications.

Initial experiments with eight K. mikimotoi clones demon-
strated significant differences among growth rates when
cultures were grown under identical conditions (t-test; P <
0.05; Figs. 1-3). Observed variations in growth rates for
strains grown at the different salinities and light levels sug-
gest these are genetically distinct clones (Fig. 2 and 3). The
almost-twofold range in growth rate among K. mikimotoi
clones (Fig. 1) is similar to our previous findings for K. bre-
vis clones (Loret et al., 2002) and for other phytoplankton
species (e.g., Pseudo-nitzschia australis and P. multiseries;
Kudela et al., this Proceedings).

Hypervariable molecular markers (msats) are being de-
veloped to determine profiles of genetic and ecological
diversity of Karenia populations. Ten candidate msat loci
have been identified. Examination of PCR products for two
loci, KB3 and KB5, demonstrated different sizes and band-
ing patterns among the K. brevis clones from Texas and
Florida (Fig. 4). Small size differences at locus KB3 were
noted among the K. brevis clones from the 1999 bloom
(Fig. 4A), and sequencing results confirmed that the msat
varied in number of GTT repeats among clones. Locus KB5
is a complex microsatellite and preliminary results indicate
that this marker may be useful for fingerprinting (Fig. 4B).
The capability to differentiate both between and among in-
dividual K. brevis and K. mikimotoi clones is a valuable tool.
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The correlation between differences in microsatellite geno-
type and physiology (e.g, SP1 vs. SP2) demonstrates the
utility of combining genetic and physiological approaches.

Further study of the extent of diversity in physiological
properties and toxin production among Karenia isolates, to-
gether with genetic profiles, is necessary to develop realistic
predictive models of bloom dynamics and to assess potential
toxicity. By establishing links between allelic profiles and
physiological properties, models can ultimately be em-
ployed to forecast the response of K. brevis at the population
level to changes in environmental variables. With a better
understanding of the responses of different genotypes, we
can better predict variability in both spatial and temporal
bloom dynamics.
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Abstract
A large scale bloom of Karenia brevis was identified on the west Florida continental shelf during the ECOHAB process
cruise conducted September 20-25, 2001. Offshore of the large bloom, a small isolated patch of morphologically dis-
tinct K. brevis-like cells was also found. The inshore and offshore bloom locations were analyzed for algal pigment content.
Results indicate that the offshore patch was distinct in relation to the gyroxanthin-diester to chlorophyll « ratio as well
as the amount of fucoxanthin per cell. Bloom data from previous years have shown the gyroxanthin-diester/chl a ratio
to be constant for Karenia brevis, and studies comparing multiple Karenia species demonstrated a variation in both gy-
roxanthin-diester/chl « and fucoxanthin per cell. The distinct pigment signature coupled with the morphological differences
observed microscopically suggest the offshore patch may have been comprised of a Karenia species other than K. brevis.

Introduction

The algal photopigment gyroxanthin-diester has been
previously shown to be a good marker pigment for the
harmful algal bloom species Karenia brevis (Millie et al.,
1995; unpublished data). Karenia brevis is a dinoflagellate
that also contains fucoxanthin and lacks peridinin. The
unique pigment signature of K. brevis lends itself well to dis-
crimination by chemotaxonomic methods allowing K. brevis
to be distinguished from other algae using High Performance
Liquid Chromatography (HPLC) analyses. The ratio of
gyroxanthin-diester to chlorophyll a (here after referred to
as gyro:chl a) in both natural populations and cultures of
K. brevis has also been shown to be constant (~0.04) (Mil-
lie et al., 1995; Higham et al., 2002; unpublished data),
providing a means to distinguish between various gyrox-
anthin-diester containing dinoflagellates (Kirkpatrick et
al., 2000).

A large bloom of K. brevis was found on the west Florida
continental shelf during the 2001 ECOHAB:Florida Process
cruise (September 20-25, 2001). Within this area, ship-
board analyses identified an isolated patch of K. brevis-like
cells about 100 km offshore. Microscopic evaluation of the
offshore patch qualitatively identified K. brevis-like cells
which appeared morphologically distinct from the inshore
bloom, raising the question as to whether the cells were K.
brevis, a distinct clone of K. brevis or a different species of
Karenia. Since cruise and culture data have consistantly
shown a gyroxanthin-diester:chlorophyll a ratio of ~0.04,
a comparison of the pigment contents for the inshore and
offshore patches should provide information pertaining to
whether the offshore bloom was K. brevis or not.

Materials and Methods

The field portion of this study was conducted during a
cruise on the west Florida continental shelf onboard the R.V.
Suncoaster (September 20-25, 2001). Sampling stations
were established inside and outside of the bloom patches
of K. brevis. At each station, hydrographic profiles of the
water column were measured with a Sea Bird SBE 25 CTD
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profiling system. Niskin bottles, cast to selected depths,
were used to collect water for assessment of phytoplankton.

Phytoplankton biomass was enumerated both micro-
scopically and by algal pigments derived using HPLC
(Wright, 1996). For shipboard microscopic enumeration,
sample aliquots were preserved at time of sampling with
Utermohl’s solution and concentrated and enumerated
using an inverted microscope (after Lund et al., 1958). For
photopigment analyses, aliquots of water were drawn under
low vacuum onto GF/F glass-fiber filters and immediately
frozen and stored in liquid nitrogen. HPLC pigment analy-
ses followed the methodology of Wright et al. (1991).
Pigment peaks were identified and quantified at 440 nm by
comparison of retention times and absorption spectra to
those of authentic standards using a Shimadzu SPD-10A
HPLC system. Chlorophyll and carotenoid pigment ra-
tios, based on published chlorophyll a:diagnostic pigment
ratios within the representative phylogenetic groups (Wright
et al., 1996), were used to correct final gyro:chl a ratios for
the presence of dinoflagellates and cyanophytes.

Results
Data were divided into two groups, a group of inshore sta-
tions and a group from the offshore patch. Only inshore
stations with cell abundances over 10° cells liter ' with cel-
lular chlorophyll  contents between 5.0 and 8.0 pg cell™ were
chosen in an attempt to minimize the contribution of other
algae to total pigment values and to normalize for light his-
tory. The offshore patch was represented by data collected
approximately 90 to 100 km offshore. Average values of pig-
ment per cell from both the inshore and offshore patches
are listed in Table 1. Total chlorophyll ¢ at each station was
also corrected for the contribution of other organisms
using ratios of chlorophyll a to zeaxanthin and peridinin.
Although gyroxanthin-diester per cell was not significantly
different between patches, cellular fucoxanthin and the
corrected gyro:chl a ratio were.

A comparison of pigment data from the 2001 cruise
with those from cultures of other gyroxanthin-diester con-
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Table 1 Average pigment content per K. brevis cell (pg L™). Italics indicate significant differences according to the t-test.

Stations >10° cells L™ Std. Dev. Station 27 Std. Dev. T Test
chlorophyll ¢3 0.502 0.186 0.379 0.017 0.169
chlorophyll ¢/+¢2 1.135 0.295 0.870 0.046 0.081
peridinin 0.106 0.043 0.021 0.003 0.004
19'-butanoyloxyfucoxanthin 0.394 0.113 0.559 0.032 0.019
fucoxanthin 1.195 0.263 0.155 0.003 0.000
9'-cis-neoxanthin 0.010 0.011 0.000 0.000 0.080
19'-hexanoyloxyfucoxanthin 0.553 0.157 0.728 0.052 0.057
violaxanthin 0.000 0.000 0.000 0.000
diadinoxanthin 0.874 0.356 1.548 0.096 0.006
antheraxanthin 0.014 0.012 0.014 0.009 0.958
alloxanthin 0.040 0.006 0.024 0.005 0.048
diatoxanthin 0.066 0.028 0.221 0.016 0.001
lutein 0.000 0.000 0.000 0.000
zeaxanthin 0.051 0.030 0.186 0.014 0.001
gyroxanthin-diester 0.253 0.064 0.195 0.015 0.086
chlorophyll b 0.031 0.011 0.029 0.002 0.803
chlorophyll ¢ 6.339 0.932 6.380 0.490 0.941
corrected chlorophyll a 6.098 0.902 5.840 0.455 0.627
corrected gyro:chl a 0.041 0.007 0.033 0.000 0.034

taining dinoflagellates showed that the inshore stations  ture, the gyro:chl a ratios are very similar. The cellular fu-
matched well with pigment contents expected for K. brevis ~ coxanthin, gyroxanthin-diester and gyro:chl a for the
(Table 2). The offshore patch did not. Although the cellu-  offshore patch were all lower than K. brevis and the other
lar gyroxanthin-diester and fucoxanthin contents for the = gyroxanthin-diester containing dinoflagellates.

inshore K. brevis bloom were lower than those found in cul-

Table 2 Comparison of cellular pigment content (pg cell') for the gyroxanthin-diester containing dinoflagellates Kare-
nia mikimotoi (NZ), K. mikimotoi (Japan), K. brevis (USA), Karlodinium micrum, Karenia selliformis, K. bidigitata and
K. papilionacea. Data are from laboratory cultures (table presented at the IX annual HAB conference in Tasmania, cour-
tesy of Dr. Allison Haywood and Dr. Gary Kirkpatrick).

mikimotoi mikimotoi  brevis  micrum  selliformis  bidigitata  papilionacea

Pigment (NZ) (Japan) (USA)

chlorophyll ¢3 0.35 0.38 0.65 0.16 0.31 0.24 1.18
chlorophyll ¢/&c2 0.74 1.03 1.34 0.44 0.66 0.62 2.64
peridinin 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19'-butanoyloxyfucoxanthin 0.39 0.79 1.20 0.24 0.43 0.79 1.17
fucoxanthin 1.53 0.91 2.06 0.20 0.02 0.02 3.58
9'-cis-neoxanthin 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19'-hexanoyloxyfucoxanthin 0.85 1.60 1.29 0.88 1.27 1.61 3.89
violaxanthin 0.02 0.11 0.04 0.00 0.00 0.02 0.05
diadinoxanthin 0.22 0.24 1.18 0.13 0.24 0.24 0.85
antheraxanthin 0.00 0.01 0.02 0.01 0.00 0.00 0.03
alloxanthin 0.01 0.03 0.00 0.02 0.01 0.00 0.03
diatoxanthin 0.14 0.27 0.22 0.31 0.02 0.10 0.18
lutein 0.00 0.00 0.00 0.00 0.00 0.00 0.00
zeaxanthin 0.03 0.01 0.02 0.01 0.03 0.02 0.09
gyroxanthin-diester 0.17 0.31 0.32 0.12 0.20 0.14 0.67
chlorophyll b 0.00 0.00 0.00 0.00 0.00 0.00 0.00
chlorophyll a 3.08 3.72 7.26 1.26 3.29 2.66 12.04
gyro:chlorophyll a 0.055 0.083 0.044 0.095 0.061 0.053 0.056
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Discussion

The pigment signature of the offshore patch indicates it was
not Karenia brevis. The ratio of gyro:chl a for K. brevis is
consistantly 0.04 (£0.007, for these data, £0.00 from cul-
ture data of Higham et al., 2002), and the offshore patch
was distinct in relation to fucoxanthin per cell as well as the
gyro:chl a ratio. These values do not seem to match any of
the gyroxanthin-diester containing dinoflagellates listed in
Table 2.

The differences in pigment content between the inshore
and offshore blooms seem to be related to light acclimation.
Based on the fucoxanthin and diadinoxanthin/diatoxanthin
content, the inshore patch appeared to be shade-adapted
while the offshore patch was acclimated to higher light
conditions. Values of the accessory pigment fucoxanthin
were higher inshore while the photoprotective pigments, di-
adinoxanthin and diatoxanthin, were lower. Relative
fluorescence values were also an order of magnitude higher
inshore (~4.3 ug L' inshore, ~0.6 ug L' offshore). The pig-
ment content per cell coupled with the presence of more
in-situ chlorophyll a suggests light levels were lower within
the inshore patch. Photo-acclimation may account for the
differences in pigment contents per cell but not the differ-
ence in the gyro:chl a ratio, since it is constant regardless
of light history.

The gyro:chl «a ratio for the offshore patch was signifi-
cantly lower than that of the inshore K. brevis bloom.

Coupled with the subtle qualitative morphologic differ-
ences observed onboard ship and the consistant gyro:chl a
ratio of 0.04 for K. brevis, it seems likely that the offshore
patch was a Karenia species other than K. brevis.
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Molecular Analysis of Pfiesteria piscicida Life Cycle Stages Using Nuclear Staining
Techniques and Whole Cell in Situ Hybridization with Peptide Nucleic Acid Probes

Mark W. Vandersea, R. Wayne Litaker, Steven R. Kibler, and Patricia A. Tester
Center for Coastal Fisheries and Habitat Research, National Ocean Service, NOAA,
101 Pivers Island Road, Beaufort, NC 28516-9722, USA

Abstract
Elucidating dinoflagellate life cycles can be difficult. We describe the application of nuclear staining techniques and pep-
tide nucleic acid (PNA) probes to investigate life cycle stages of Pfiesteria piscicida. PNAs are synthetic molecules that
mimic DNA, but have a neutral peptide backbone rather than the charged sugar-phosphate backbone found in DNA.
The neutral charge allows PNAs to penetrate cells more easily and to hybridize with DNA or RNA target sequences more
strongly than conventional oligonucleotide DNA probes. In this study, samples from P. piscicida cultures raised on
Rhodomonas sp. and from aquaria containing a diverse population of eukaryotic species were processed for nuclear stain-
ing with DAPI and in situ hybridization with species-specific PNA probes. Comparative analysis of individual cells with
epifluorescent and brightfield optics allowed cellular morphologies and nuclear characteristics to be associated with spe-
cific life cycle stages. The nuclear staining and PNA probe technologies we describe represent an excellent set of “molecular
tools” that may be useful for identifying life cycle stages of other phytoplankton species even in complex natural

assemblages.

Introduction

Free-living, marine dinoflagellates are typified by a well-de-
fined, haplontic life cycle with relatively few stages. The most
unusual departure from this life cycle is one reported for the
heterotrophic dinoflagellate Pfiesteria piscicida Steidinger
et Burkholder. We established clonal cultures of P, piscicida
(Litaker et al,, 1999) and failed to observe any life cycle stage
that was atypical of a free-living, marine dinoflagellate.
This prompted a rigorous study to resolve the life cycle of
P, piscicida using a number of techniques including nuclear
staining combined with traditional light microscopy, and
in situ hybridization with fluorescently labeled species-spe-
cific peptide nucleic acid (PNA) probes. Nuclear staining
enabled us to document mitotic and meiotic events during
P. piscicida’s cell cycle. Fluorescent in situ hybridization
techniques facilitated unambiguous identification of life
cycle stage transitions. This paper describes methods we em-
ployed to elucidate the life cycle of P, piscicida.

Materials and Methods
Nuclear Staining and Visualization Pfiesteria piscicida
cells were fixed and permeabilized by mixing 50% glu-
taraldehyde and Triton X-100™ to make a solution with the
final concentration of 1% for both reagents. Hoechst 33258
or DAPI (Sigma) was added to the fixed samples to attain
a final dye concentration of 100 to 500 ng - mL". These two
fluorochromes were utilized interchangeably, as they have
similar excitation and emission spectra (Green 1990). After
addition of the stain, cell samples were microwaved at a full
power setting (1100 W) for 0.5 sec - mL"' of cell sample to
achieve greater dye penetration. Concentrated 20 puL aliquots
of labeled cells were allowed to bind to glass slides coated
with 0.01% poly-L-lysine (Sigma) and then viewed with
brightfield and epifluorescent microscopy.

The extreme impermeability of hypnocysts required a dif-
ferent staining procedure. Fixed hypnocysts were transferred
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to poly-L-lysine-coated slides and allowed to dry com-
pletely. The slides were alternately rinsed with 95% ethanol
and de-ionized water to permeabilize the cysts and remove
precipitated salt. DAPI or Hoechst 33258 was then added
directly to the samples on the slides (300-500 ng - mL"" final
conc.) before a cover slip was placed on the slide and sam-
ples were examined with brightfield and epifluorescent
microscopy (A,=350 nm, A.,=480 nm). The Metamorph™
software package was used to overlay epifluorescent mi-
crographs with brightfield images. This allowed specific
morphological changes and cellular characteristics to be as-
sociated with the nuclear changes occurring in the cells.

Whole Cell in Situ Hybridization Cy5 conjugated, PNA
probes were utilized in these studies (Boston Probes, Inc.).
Three separate small subunit rRNA (SSU rRNA) anti-
sense PNA probes were designed and synthesized. The first
probe was specific for P, piscicida; the second was a universal
eukaryote-specific probe. The eukaryote probe was used as
a positive control probe to ensure that negative probing re-
sults were not due to a failure of the PNA to enter a
particular cell. The third probe was a universal eubacteria-
specific probe, which served as a negative control probe to
assess non-specific hybridization (Litaker et al., 2002).
Whole-cell probing was performed using reagents, filter
apparati, and methods established by Miller and Scholin
(1998, 2000). Aliquots of live cells from P, piscicida cultures
feeding on either algae or fish were vacuum-filtered onto
13 mm, 0.2 um polycarbonate membrane filters and fixed
with 5 mL of saline ethanol for 1.5 hr at room temperature.
The saline ethanol fixative consisted of 44 mL 95% ethanol,
10 mL de-ionized H,O and 6 mL of 25x SET buffer (3.75
M NaCl, 25 mM EDTA, 0.5 M Tris HCI; pH 7.8). After
fixation, the cells were filtered once more and rinsed for 20
min with 1 mL of hybridization buffer {5x SET, 0.1% (v/v)
IGEPAL-CA630 (Sigma), 25 pg - mL"' polyadenylic acid
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Figure 1 A Pfiesteria piscicida division cyst. B Epifluorescent
image of the DAPI stained nuclei. C The epifluorescent nuclei (false
colored blue) were superimposed on the light micrograph to
show the position of the nuclei within the cell. Scale bar = 10 uM.

(Sigma)}. Next, the ethanol saline solution was removed by
filtration. The cells were then resuspended in 0.5 mL of hy-
bridization buffer containing 0.25 uM of either the P,
piscicida-specific, the universal eukaryote probe, or the
universal eubacteria probe. “No probe” control cells were
resuspended with 0.5 mL of hybridization buffer. All sam-
ples were incubated at 55°C for lhr and then filtered and
rinsed with I mL of pre-warmed (55°C) 5x SET buffer. The
filter membranes were placed cell-side down onto poly-L-
lysine-coated microscope slides. The filter membranes were
then peeled away, leaving a large percentage of the cells ad-
hering to the slide surface. One drop of Slowfade™ Light
Antifade solution (Molecular Probes, OR) was placed on
each cell sample. Samples were then overlain with a cover
slip and analyzed using brightfield and Cy5 epifluores-
cence microscopy (A = 590-650 nm, A., = 662-738 nm,
dichroic LP beamsplitter 660 nm). Camera settings for
each epifluorescent image of the experimental groups were
held constant so that comparative analyses of relative flu-
orescence intensity could be made between probed and
non-probed cells.

Results and Discussion

The microwave staining technique described above enabled
the nuclear stains to penetrate most life cycle stages and
yielded consistent and reproducible fluorescent staining
(Fig.1). The only exception was the thick-walled hypnocyst
stage. Hypnocyst staining was attained by allowing con-
centrated aliquots of cells to completely dry on
poly-L-lysine-coated microscope slides, followed by alter-
nating gentle rinsing with 95% ethanol and de-ionized
water to permeabilize the cysts and remove precipitated salt.
The DAPI or Hoechst stain was added to the cells directly
on the slide. Combining the nuclear staining results with
time-lapse video microscopy observations made it possible
to correlate sexual and asexual life cycle stages with specific
nuclear changes (Litaker et al., 2002). For example, mito-
sis as indicated by typical anaphase and early telophase
nuclear morphologies was only observed in division cysts
(Fig. 1). In contrast, none of more than 1500 DAPI-stained,
free-swimming “mastigote” or “dinospore” cells from a
rapidly dividing population (1 x 10* cells - mL") were bin-
ucleate or contained characteristic anaphase nuclear

Figure 2 A Pfiesteria piscicida dinospore hybridized with a P, pis-
cicida-specific PNA probe. B Epifluorescent image showing where
the probe specifically hybridized with the rRNA in the cell. C The
epifluorescent image (false colored green) was superimposed on
the light micrograph to demonstrate the spatial relationship of the
rRNA within the dinospore. Scale bar = 10 uM.

signatures. This indicated that binary fission of free-swim-
ming cells does not occur in the water column.

PNA probes were successfully used to identify the life
cycle stages of P, piscicida (fig. 2, Litaker et al., 2002). P,
piscicida cells grown in culture were first tested with the P,
piscicida-specific probe to verify that all cell stages were per-
meable and hybridized with the probe. Next, we attempted
to hybridize the P, piscicida probe with other Pfiesteria like
dinoflagellates to assess the possible cross reactivity of the
probe (fig. 16, Litaker et al., 2002). There was no cross-re-
activity with the dinoflagellates that we tested. A battery of
experimental controls consisting of a universal eukaryote
probe (positive control), a universal eubacteria probe (neg-
ative control), and a “no probe control” (evaluates
autofluorescence) insured that hybridization results ob-
tained from a multi-species sample would be valid. Finally,
samples from P, piscicida cultures raised separately on algae
and fish were hybridized with the suite of PNA probes. All
hybridization positive cells were imaged and recorded and
a census of life cycle stages was constructed. An image of
a hybridization-positive dinospore (Fig. 2) demonstrates the
reticulate rRNA labeling pattern that served as an impor-
tant criterion for assessing a hybridization positive cell.
Direct observations of these probed samples indicated that
only life cycle stages typical of free-living marine dinofla-
gellates were hybridization-positive for the P. piscicida-
specific probe. Detailed results and analyses of our in situ
hybridization studies are illustrated in Litaker et al., 2002.

Correctly using PNA probes requires an understanding
of their strengths and weaknesses. The neutral backbone
of PNA probes allows them to penetrate cells more easily
than DNA oligonucleotide probes, which carry a net neg-
ative charge. PNAs also bind more tightly, and 50,000x faster
to their corresponding DNA or RNA targets than do anal-
ogous DNA probes (Carlsson et al., 1996, Demers et al.,
2001). These properties make PNAs ideal for in situ hy-
bridization studies. However, one limitation of PNA probes
is that they have a higher melting temperature. Conse-
quently, the probes must be shorter (14-18 bp) to stay
within a 50°-60°C hybridization temperature. In contrast,
a typical olignonucleotide probe is 18-20 bp. This means
that there is a greater possibility of non-specific hybridization
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with PNAs than with oligonucleotide probes. Therefore, it
is extremely important to test PNA probes for potential
cross-reactivity problems.

The results of our experiments showed that P, piscicida
has a normal haplontic dinoflagellate life cycle typical of
free-living marine dinoflagellates. The combination of nu-
clear staining techniques, careful observation of cells with
high-resolution microscopy and time-lapse video mi-
croscopy, and whole-cell in situ hybridization identified P,
piscicida life cycle stages and stage transformations. The ex-
perimental design included rigorous positive and negative
controls that are necessary for any life cycle study that em-
ploys these research techniques. Finally, in certain cases,
PNA probes may offer advantages over oligonuleotide
probes and should have potential use in a broad spectrum
of phytoplankton research.
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Morphology of Fibrocapsa japonica Cysts Formed under Laboratory Conditions

M. Karin de Boer, Marion van Rijssel, and Engel G. Vrieling
Department of Marine Biology, Center for Ecological and Evolutionary Studies,
University of Groningen, PO Box 14, 9750 AA Haren, the Netherlands

Abstract

Cysts of Fibrocapsa japonica Toriumi and Takano were reported once in field samples from Japan but were never observed
under laboratory conditions. In this study we followed a similar procedure used for Chattonella sp. to induce cyst for-
mation in recently isolated F. japonica strains from Dutch coastal waters. After 9 months in the dark, a biofilm was formed,
which had an evenly distributed polymer network. In these biofilms, a few cysts were found in cultures incubated at 5.5°C.
Size and form of the cysts appeared to be similar to natural cysts. The cysts in this study had a membrane-like surface
over a smooth scale-like inner layer. Furthermore, a plug -like closure was seen in one of the intact cysts; a statospore-
like empty cyst also was observed. Cyst formation could be the way to survive in temperate areas such as Dutch coastal
waters, where winter temperatures are lethal for vegetative cells.

Introduction

The marine raphidophyte microalga Fibrocapsa japonica is
a yellow-brown to golden-brown naked flagellate of 25-40
um long and 15-20 pm wide (Hara and Chihara, 1985).
Blooms of F. japonica are known to be associated with mas-
sive fish mortality events (Iwasaki, 1971; Okaichi, 1972;
Toriumi and Takano, 1973). During the past decades, F.
Jjaponica has been observed world-wide. An anthropogeni-
cally aided distribution has been suggested because of the
lack of genotypic variation between strains isolated world-
wide and the presence of lethal temperature boundaries
between their habitats (Kooistra et al., 2001; de Boer et al.,
2002). F. japonica in Dutch coastal waters may survive
cold winters or may be transported in ballast water of ships
due to cyst formation enabling (re)inoculation under fa-
vorable conditions.

Information on the life cycle of F. japonica is limited; a
cyst stage was reported only once in field samples using light
microscopy (Yoshimatsu, 1987). These cysts were spherical,
15-20 pm in diameter, brownish, and the cell wall was
smooth (Yoshimatsu, 1987). The cysts were present in sed-
iment from the Seto Inland Sea, Japan, and were frequently
observed adhered to diatom frustules (Yoshimatsu, 1987).
Cysts of F. japonica may produce extracellular products that
attach them to frustules (Imai, 1989). After germination,
an empty cyst remains (Yoshimatsu, 1987).

Until now, cysts of F. japonica were never observed
under laboratory conditions. For other raphidophytes, such
as Chattonella sp., storage temperatures at or below 11°C
for over 4 months were needed for maturation of cysts
under laboratory conditions (Imai, 1990). Also, a combi-
nation of factors was effective for cyst formation in
Chattonella sp.: nutrient depletion (especially N limita-
tion), adherence to solid surfaces (glass beads or glass
slides), and a low irradiance (darkness—15 pmol photons -
m~-s™') (Imai, 1989; 1990; Nakamura and Umemori, 1991).
In this laboratory study, a similar procedure was used to in-
duce cyst formation of F. japonica using strains recently
isolated from Dutch coastal waters.

Methods and Observations

Strains Md0913i and Md0913iii genetically identified as Fi-
brocapsa japonica (Kooistra et al., 2001) and originating
from the Marsdiep, Dutch Wadden Sea, were used. Both
strains were not axenic and pre-cultured in /2 enriched sea-
water (Guillard, 1975). Cultures were maintained at 17°C
+ 1°C, under 16:8 h Light/Dark cycle, at a salinity of 25 prac-
tical salinity units (p.s.u.) and a photon flux density of 35
+ 5 umol photons - m? - s'. After a period of exponential
growth, batch cultures reached their stationary phase due
to nutrient depletion; the cultures had a cell density of at
least 10° cells - mL™". Five duplicates of the pre-cultured
strains, 2 of Md0913i and 3 of Md0913iii were used for cyst
formation. Each culture received 3 cover slides (17.5x 17.5
mm), glued to 30 cm long cotton threads for easy removal,
on the bottom of the flasks for enabling attachment of
cysts. Before use, the slides were cleaned with ethanol. Each
culture was acclimated for 2 days at 16°C £ 0.5°C on half
the amount of light (£20 pumol photons - m? - s), fol-
lowed for 5 days at 12°C £ 0.1°C at dim light conditions
(<10 umol photons - m? - s™). After this incubation period,
one culture of the duplicates was placed in the dark at
12°C and the other at 5.5 + 0.2°C.

After 9 months of incubation, most slides were covered
with a brownish biofilm. These slides were used for cyst ob-
servations. For cryoSEM, the biofilm was put on a grid,
frozen in N-slush at -210°C, and placed on a stub. The stubs
with biofilm were transferred in an Oxford (UK) CT 1500
HF high-resolution cryotransfer system for SEM, etched
at —95°C for 5 minutes, coated with 3 nm gold/palladium
and examined at —120°C in a Cryo-FEG-SEM, type: Jeol
JSM-6301F. Slides of cultures incubated at 5.5°C and 12°C
were analyzed, but no cells or cysts were found. However,
an evenly distributed polymer network was observed (Fig.
1A).

Light microscopic observations of cover slides were neg-
ative at 12°C, but at 5.5°C some cysts were seen. These cysts
were spherical and dark brown as described before (Yoshi-
matsu, 1987).
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Figure 1 Scanning Electron Micrographs of A a fractured cross-section of a biofilm from the cover slides that were submerged in batch
cultures incubated for nine months in the dark, and of Fibrocapsa japonica cysts B-E and a statospore-like empty cyst F; bar length 10
pm.

To reveal cysts embedded in the network seen with the
cryoSEM method, we fixed biofilms for 24 h in 2% glu-
taraldehyde (0.2 M cacodylate buffer). After fixation, these
biofilms were critical-point dried, mounted on stubs, coated
with 3 nm gold/palladium, and examined at 20°C with a
FEG-SEM, type: Jeol JSM-6301F. On the slides from the
5.5°C strain Md0913i, cysts were observed (Figs. IB-E) and
one statospore-like empty cyst was found (Fig. 1F), but no
cysts were found in the biofilms from the 12°C cultures.

Discussion

Cysts of F. japonica were formed in the cultures that were
kept at 5.5°C in the dark. The density of F. japonica cysts
on the slides was very low despite the use of high density
cultures, and a combination of nutrient limitation, dark-
ness and low temperatures. The number of our observations
was too limited to conclude that the lack of cysts at 12°C
was due to higher temperatures. Each cyst seemed to have
a membrane-like surface over a smooth scale-like inner
layer (Figs. 1C, E, F). The empty cyst (Fig. 1F) resembled
the statospore cysts of the Chrysophyceans. This class,
closely related to the Raphidophyceae, has characteristic
statospores also known as stomatocysts or siliceous cysts,
where the wall is pierced by a pore, stoppered by a plug of
polysaccharide (van den Hoek e al., 1995; Graham and
Wilcox, 2000). Similar structures were observed for two other
raphidophytes: Olisthodiscus luteus (Hara et al., 1985) and
Chattonella sp. (Imai, 1990), but not for Heterosigma
akashiwo (Han et al., 2002). Statospore-like empty cysts of
O. luteus have a thick wall and a circular opening without
any appendages such as a collar and spine-like protrusions
(Hara et al., 1985). The same morphology was observed for
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empty cysts of Chattonella sp. but next to the opening a lid
was visible, suggesting that opening is a particular structure
for germination (Imai, 1990). Not a lid, but rather a plug-
like closure was seen in one of the intact F. japonica cysts
(Fig. 1E). So far, the chemical composition of the mem-
brane-like surface, the smooth scale-like inner layer and the
plug of F. japonica cysts remains unknown.

Unfortunately, the biofilm on the cover slides was too

thick (>80 um) to observe F. japonica cysts from above
with the cryoSEM method. No cysts were found in the
network either, after the frozen biofilm was fractured and
a small section of the network was investigated. The smooth,
even network on the slides could be composed of the ejected
mucus from dying F. japonica cells, sticking the cysts of F.
Jjaponica to the slides. Production by bacteria, however,
also could be responsible for this network. H. akashiwo cells
excrete copious amounts of mucus surrounding the resting
cells (Imai et al.,, 1993), encapsulate the non-motile cells
(Tomas, 1978), and form pelagic filaments during blooms
(Pratt, 1966). Besides a possible attachment function, an ex-
ternal polysaccharide matrix would protect the wall-less
raphidophytes from disruption in the benthic sediment
(Han et al., 2002).

The size and form of F. japonica cysts formed under lab-
oratory conditions seem to be similar to their natural cysts
(Yoshimatsu, 1987). Experiments with natural cysts have in-
dicated that F. japonica and Chattonella sp. cells require a
period of dormancy of at least a few months (Yoshimatsu,
1987; Imai, 1990). Here we have shown that after a period
of 9 months, F. japonica cysts are still intact, although the
viability is unknown. The ploidy of F. japonica cysts also
remains unknown.



In the Wadden Sea and the southern North Sea, vege-
tative cells were observed only in summer. In the laboratory,
the vegetative cells did not survive a period of 16 days
below 4°C (unpublished results). Presumably F. japonica
spends part of its life cycle as cysts in the sediment. For-
mation and viability of cysts for at least several months may
well be the only way to survive the cold winter period; al-
ternatively, cysts may be (re)inoculated in the Dutch coastal
zone from elsewhere.
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