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Abstract The “Atama complex”, which consists of
Alexandrium tamarense, A. fundyense, and A. catenella, is
one of the most important groups within the dinoflagellate
genus Alexandrium. Information of the biogeography of the
Atama complex is limited in the Arctic Ocean. In the
present study, we established 55 strains of the Atama
complex by incubating ellipsoidal cysts collected from the
Chukchi Sea. The vegetative cells are characterized by a
prominent ventral pore, thereby fitting the description of A.
tamarense morphotype. Large subunit (LSU) and/or inter-
nal transcribed spacer (ITS) region sequences of these
strains were examined. Both sequences showed intrage-
nomic polymorphism. The 708 bp of the LSU sequences
from the strains differed from each other at 0—44 sites
(0.0-6.2 %), and the ITS region sequences differed from
one another at 0-28 sites (0.0-5.4 %). Phylogenetic anal-
ysis revealed that the Chukchi Sea strains were nested
within Atama complex (Group I). Assessment of paralytic
shellfish poisoning toxin production by four Chukchi Sea
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strains using high-performance liquid chromatography
showed that total toxin per cell ranged from 9 to 41 fmol
cell”!. The toxin profile of the four strains from the
Chukchi Sea is conserved, with the major toxins being
N-sulfocarbamoyl toxin (C2), saxitoxin, and gonyautoxin-4.
Our results support that dispersal of the Atama complex
(Group I) from the Bering Sea to the Chukchi Sea might
have occurred.

Keywords Alexandrium tamarense - Atama complex -
Chukchi Sea - Morphology - Phylogeny - PSP toxin

Introduction

The “Atama complex”, one of the most important groups
within the dinoflagellate genus Alexandrium, refers to
three morphospecies: A. tamarense (Lebour) Balech, A.
fundyense Balech, and A. catenella (Whedon and Kofoid)
Balech. Presence/absence of a ventral pore in the first
apical plate is the key morphological feature differenti-
ating these species. A. tamarense always has a ventral
pore, whereas A. catenella and A. fundyense lack such a
pore. Another important characteristic that differentiates
these species is the ability to form chains: A. catenella can
form long cell chains, whereas A. fundyense is always
solitary. The Atama complex can produce paralytic
shellfish poisoning (PSP) toxin, and the toxin profile of
the Atama complex has been considered to be regionally
conserved (Cembella 1998). In addition, the Atama
complex forms massive harmful blooms worldwide,
which are responsible for serious ecological and economic
losses (Kim et al. 2002; Weise et al. 2002; Genovesi et al.
2009; Aguilera-Belmonte et al. 2011; Crespo et al. 2011;
Anderson et al. 2012).
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Lilly et al. (2007) recommended that use of the
morphospecies appellations within this complex be dis-
continued as they imply erroneous relationships among
morphological variants. These authors subdivided the
Atama complex into five groups (Group I to V) using large
subunit (LSU) sequence-based phylogeny. Recently,
Miranda et al. (2012) analyzed the small subunit ribosomal
rRNA gene (SSU rDNA) of the Atama complex and
established two well-separated clades: strains with high
intragenomic polymorphism (IRP) sequences were grouped
in Clade I (High-IRP clade = Group I), and strains without
or with low-IRP sequences were grouped in Clade II (No/
Low-IRP clade = Groups II-1V). According to Miranda
et al. (2012), Clade I is likely to constitute a species as
postulated, while Clade II contains other one or more
species, with the several subclades unable to be partitioned
to proper taxonomic units due to insufficiency of data. The
reproductive barrier between Group I and Group III ribo-
types suggests that they are different biological species
(Brosnahan et al. 2010), which is consistent with the SSU-
based conclusion (Miranda et al. 2012).

Some researchers proposed that human-assisted dis-
persal was responsible for the sympatric occurrence of the
Atama complex of various ribotypes (Scholin et al. 1994;
Lilly et al. 2002; Penna et al. 2005; Bolch and De Salas
2007). In contrast, John et al. (2003) suggested that the
distribution of various Atama complex ribotypes repre-
sented a vicariant event. Natural dispersal of Atama com-
plex (Group I) between the Pacific and the North Atlantic
via the Arctic Ocean was hypothesized (Scholin et al.
1995; Medlin et al. 1998). However, this hypothesis
remains to be tested, as genetic information about the
Atama complex in the Arctic Ocean is limited (Baggesen
et al. in press), although both cells and cysts are widely
distributed in the Arctic (e.g., the Beaufort Sea, the East

Fig. 1 Map of sampling 75 !

Siberia Sea, the Barents Sea, the west coast of Greenland)
(Marret and Zonneveld 2003; Ratkova and Wassmann
2005; Niemi et al. 2011; Poulin et al. 2011) and the sub-
Arctic region (e.g., the Bering Sea, Faeroe Island, the
Icelandic coast, the Norweigian Sea) (Moestrup and
Hansen 1988; Marret and Zonneveld 2003; Orlova et al.
2007; Burrell et al. 2012).

LSU IRP previously was reported in Atama complex
(Group I) (Scholin et al. 1994; Medlin et al. 1998; Kim
et al. 2004; Orr et al. 2011), but it has not been fully
examined yet. Herein, we sequenced partial LSU and
internal transcribed spacer (ITS) region sequences of the
Atama complex collected from the Chukchi Sea. We
compared these sequences with those of the Atama com-
plex from other locales and carried out phylogenetic
analysis based on both LSU and ITS sequences. Toxin
profiles of four selected strains also were determined.

Materials and methods
Sample collection and treatment

Surface sediment samples were collected from the Chukchi
Sea (Fig. 1, geographical coordinates and sample dates of
the sites, see Table 1) using a grab sampler in July 2010.
The samples were stored in the dark at 4 °C until further
treatment. Approximately 2 cm > of wet sediment was
mixed with 20 ml of filtered seawater and sonicated for
2 min (100 W) to dislodge detrital particles. The sample
was then filtered through a 100-pum sieve and subsequently
through a 20-pm sieve. The 20-100 pm fraction was
re-suspended in 1 ml filtered seawater, and single cysts
were isolated from this material by means of drawn-out
Pasteur pipettes and several washing steps through droplets
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Table 1 Location of sampling stations, their collection data, water
depth, and cyst density of Atama complex

Stations Longitude Latitude  Depth Collection Cyst
(W) (N) (m) date density
(ind cm™3)

C02 167°20.15"  69°07.40" 49 July 21, 32
2010

RO6 168°59.00' 69°30.00" 52 July 21, 16.8
2010

RO8 168°58.81"  71°00.19" 44 July 22, 19.2
2010

R0O9 168°56.40'  71°57.80" 51 July 24, 10.0
2010

of sterile seawater. Cultures established by incubating
single cysts were maintained in f/2-Si medium (Guillard
and Ryther 1962) at 15 °C, 90 pmol photons m > s
under a 12:12 h L: D cycle (hereafter called “standard
conditions”). Preliminary results showed that Atama
complex from the Chukchi Sea grew faster at 15 °C than
9 °C. It took approximately 3 weeks for a single cyst to
germinate and grow into a culture with cell concentration
of around 1,000 cells ml~" under standard conditions.

Light microscopy (LM)

Vegetative cells were examined under a Zeiss Axio Imager
microscope (Carl Zeiss, Gottingen, Germany) equipped
with epifluorescence. Light micrographs were obtained
using a Zeiss Axiocam HRc digital camera. Calcofluor
white was used to discern plates in vegetative cells fol-
lowing the method previously described (Fritz and Triemer
1985).

Molecular analysis

Single cells were isolated and lysed by freezing in liquid
N, overnight before PCR amplification. Partial D1-D2 of
LSU rDNA and ITS regions of the 5.8S rDNA gene were
amplified using primers D1R and D2C (Scholin et al. 1994)
and primers ITSA and ITSB (Adachi et al. 1996).

The PCR protocol was as follows: initial denaturation
for 3.5 min at 94 °C, followed by 35 cycles of 50 s
denaturation at 94 °C, 50 s annealing at 45 °C, and 80 s
extension at 72 °C, plus a final extension of 10 min at
72 °C. PCR products were purified using a purification kit
(Lulong, Xiamen, China) and cloned into a pUCm-T vector
and sequenced (1-14 clones for each strain) using the ABI
Big-Dye dye-terminator technique (Applied Biosystems,
Foster city, USA), according to the manufacturer’s rec-
ommendation. 33 LSU sequences from 14 strains and 16
ITS sequences from six strains of Atama complex of the
Chukchi Sea were selected for phylogenetic analyses

(Table S1). They were aligned with LSU rDNA and ITS
sequences of the Atama complex and that of outgroup taxa
available in GenBank (Tables S2, S3) using ‘MUSCLE’
(Edgar 2004) (http://www.ebi.ac.uk/Tools/msa/muscle/)
with the default settings.

Phylogenetic analysis

For maximum-likelihood (ML) analysis, we used the
program JModeltest (Posada 2008) to select the most
appropriate model of molecular evolution with Akaike
information criterion (AIC). This test chose the general
time-reversible (GTR) model of substitution (Rodriguez
et al. 1990) following a gamma distribution shape param-
eter (GTR+G). ML trees were constructed in MEGA 5.05
(Tamura et al. 2011). The robustness of tree topology was
conducted using bootstrap with 1,000 replications.

A Bayesian reconstruction of the data matrix was per-
formed with MrBayes 3.1.2 (Ronquist and Huelsenbeck
2003) using the best-fitting substitution model (GTR+G).
Four Markov chain Monte Carlo (MCMC) chains ran for
ten million generations, sampling every 10,000 genera-
tions. A majority rule consensus tree was created in order
to examine the posterior probabilities of each clade.

Toxicity

For PSP toxin, aliquots of 100 ml culture at mid-exponential
growth phase were collected by centrifugation at 2,500g for
5 min, followed by subsequent re-suspension in 0.5 ml of
50 mM acetic acid, and then followed by homogenization
(13 W) with three successive sonication cycles (1.5
min/cycle) on ice. Approximately 20 ml of the supernatant
obtained after centrifugation at 10,000g for 30 min was
subjected to toxin analysis using HPLC, following the
method described previously (Wang and Hsieh 2001).

Results
Morphology

Atama complex cysts are dominant in surface sediments
from the Chukchi Sea. The cysts are ellipsoid, 45-60 pm
long, and 28-35 pm wide, and they have a bright accu-
mulation body inside (Fig. 2a). Cyst density at the four
sampling stations ranged from 3.2 to 19.2 ind cm >
(Table 1). A total of 120 cysts were isolated and incubated
under standard conditions. Excystment generally took
3-5 days, and the germination rate was 65.8 %.

Fifty-five strains of Atama complex were established and
their morphology was examined under light microscopy
(LM). Solitary cells and chains of 2—4 cells were observed in
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Fig. 2 Light microscopy of vegetative cells and cysts of Atama
complex. A living cyst of Atama complex collected from the Chukchi
Sea showing a bright accumulation body (a); Calcofluor-stained cell
in apical view (strain ATBJ41) showing the apical pore complex with
a wide dorsal portion (b); Calcofluor-stained cell in apical view
(strain ATBJ41) showing the apical pore complex with an irregular
oval shape (c); Calcofluor-stained cell in ventral view (strain

all strains. The single cells were 3040 um long and
30-38 pum wide and from round to ovoid. Cells showed the
plate formula of po, 4, 6/, 6C, 8S, 5", 2"""". The apical pore
plate (po) varied from a wide dorsal portion to an irregularly
oval shape (Fig. 2b, c). The first apical plate (1’) was sym-
metrically rhomboidal and was directly connected with the
po. A ventral pore at the suture between the 1’ and 4’ was
always present (Fig. 2d). The anterior sulcal plate (Sa) was
narrow, slightly longer than wide, and had a deep posterior
sinus (Fig. 2e). The posterior sulcal plate (Sp) was rhomb-
oidal and slightly longer than wide. A round or oval pos-
terior attachment pore (pap) was dislocated toward the right
anterior margin of the Sp plate (Fig. 2f). The posterior
attachment pore was not observed in some cells (Fig. 2g).

@ Springer

ATBJ41) showing a ventral pore at the junction of 1’ and 4’ (d);
Calcofluor-stained cell in ventral view (strain ATBJ50) showing the
sulcal plates (E); Calcofluor-stained posterior sulcal plate (Sp) (strain
ATBIJ54) showing an oval posterior attachment pore (pap) dislocated
toward the right anterior margin of the Sp plate (f); Calcofluor-stained
cell in ventral view (strain ATBJ54) showing the posterior sulcal plate
(Sp) lacking a pap (g). Scale bars: a 10 pm; b—e, g 5 um; f 1 pm

Molecular analysis

Fifty-five strains of Atama complex from the Chukchi Sea
were analyzed for LSU and/or ITS sequences. Sequences
were deposited in the GenBank with accession numbers
from KC019250 to KC019298 and KC113502 (Table S1).
PCR amplification always yielded a single band that was
approximately 700 (LSU) or 600 (ITS) bp long. IRP of LSU
and ITS is generally formed by substitutions and located at
random. The 708 bp of the LSU sequences differed from one
another at 044 sites (0.0-6.2 %), and the ITS region
sequences differed with one another at 0-28 sites (0.0-5.4 %).
Two distinct genes (A and B gene) could be identified for most
strains through sequencing of a few clones.
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ATBIJ2S that were sequenced differed from each other at
41 positions in LSU sequences. The ATBJ25 clone D
(A gene, GenBank accession number: KC019253) differs
from Danish strain K-0055 (GenBank accession number:
AF200668) at only one position out of 708 bp, from
Japanese strain HAT4 and North American strain
CCMP1719 (GenBank accession numbers: AB088279,
JF521624) at two positions, and from Chilean strain SDO1,
South African strain CTCCS at three positions (GenBank
accession numbers: HQ997921, AY311594). The ATBJ25
clone B (B gene, GenBank accession number: KC019251)
differs from English strain UW4-1, Norwegian strain
IMR_S_182008, and North American strain CCMP1719
(GenBank accession numbers: AJ303447, JF521647,
JF521642) at 9, 30, and 34 positions, respectively.

Eleven ITS clones of strain ATBJ25 were sequenced
and they differ from each other at 22 positions. The
ATBJ25 clone A (A gene, GenBank accession number:
KC019283) differs from Japanese strain FK-788 (GenBank
accession number: AB006993) at only one position, and
from Argentine strain MDQI1096, Norwegian strain
IMR_S_182008, North American strain CCMP1719, Eng-
lish strain 04-197-A1, and Chilean strain PFB38 (GenBank
accession numbers: AM?292306, JF521629, JF521624,
FJ042687, HM641245) at only two positions; Strain
ATBIJ25 clone B (B gene, GenBank accession number:
KC019284) differs from Japanese strain FK-788 (GenBank
accession numbers: AB006994) at only one position and
from Norwegian strain IMR_S_182008 and North Ameri-
can strain CCMP1719 (GenBank accession numbers:
JF521647, JF521642) at four and five positions,
respectively.

Phylogeny

The ML and BI analyses based on LSU sequences gener-
ated two similar phylogenetic trees, differing from each
other only at a few topologies (Fig. 3). The Atama complex
was subdivided into five well-resolved groups, i.e., Group
I, II, II1, IV, and V. Strains from the Chukchi Sea were all
nested within the Atama complex Group I, which also
incorporate strains from USA, Canada, Norway, UK,
Korea, Japan, Chile, and South Africa. The polymorphic
sequences from the same strain did not cluster together;
they were generally distributed in several different clusters
throughout the group. For instance, IRP copies from strain
G25 were distributed in 4 different clusters. Two rDNA
gene copies, i.e., the A gene and B gene were identified in
six strains from the Chukchi Sea (Orr et al. 2011).

The ML and BI analyses based on ITS sequences gen-
erated two similar phylogenetic trees, differing from each
other only at a few topologies (Fig. 4). The Atama complex
was also subdivided into five well-resolved groups,

corresponding to those based on LSU sequences. Strains
from the Chukchi Sea were all nested within the Atama
complex Group I. The polymorphic sequences from the
same strain intermingle with other strains. Two rDNA gene
copies, i.e., the A gene and B gene were identified in five
strains from the Chukchi Sea. A possible A-B chimera was
detected in one sequence of strain ATBJ61.

Toxicity

Six PSP toxins were identified among the four strains of
Atama complex (Group I) from the Chukchi Sea: saxitoxin
(STX), neosaxitoxin (neoSTX), gonyautoxin (GTX2,
GTX3, GTX4), and N-sulfocarbamoyl toxin (C2). Cl,
GTX1, and GTXS5 (B1) also were examined but appeared
not detected. C2 was the dominant toxin, representing
31-52 % of the total toxin content on an average mole
percentage basis. STX was the second most dominant toxin
(13-34 %), followed by GTX3 (10-20 %) (Fig. 5). The
total amount of toxin per cell ranged from 9 to 41 fmol
cell ™.

Discussion
Cyst distribution

Atama complex cyst density in the four sediment samples
collected from the Chukchi Sea was relatively low (maxi-
mum: 19 ind cm ™) compared with that in the Gulf of
Maine (maximum: 2 x 10’ ind cm ™) (Anderson et al.
2005). More sediment samples from deeper stations need to
be examined, as a patchy distribution of these cysts has
been reported (Anderson et al. 2005). The germination rate
of Atama complex cysts in the Chukchi Sea (~66 %) is
comparable to that of Atama complex (as A. fundyense)
from Gulf of Maine (>70 %) (Anderson et al. 2005).

Molecular analysis and phylogeny

Typically, several hundred copies of the ribosomal RNA
locus are present in tandem in the nuclear genome (Cole-
man 2007). Sequence variability among these copies can be
homogenized through “concerted evolution” (Ganley and
Kobayashi 2007). However, IRP is still common in some
dinoflagellate species (Gribble and Anderson 2007,
Thornhill et al. 2007), and diatoms as well (Alverson and
Kolnick 2005). SSU IRP has been reported extensively in
Atama complex (Group I) (Scholin et al. 1993; Kim et al.
2004; Miranda et al. 2012). However, not until recently
(Miranda et al. 2012) has IRP information be used in
concert with phylogeny to unify some of the observed
variable sequences to a coherent taxonomic group
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<« Fig. 3 Phylogeny of the Atama complex inferred from partial LSU

rDNA sequences based on maximum-likelihood (ML) and Bayesian
inference (BI) analyses. Alexandrium tamiyavanichi was used as an
outgroup. Branch lengths are drawn to scale, with the scale bar
indicating the number of nt substitutions per site. Numbers on
branches are statistical support values for the clusters to the right of
them (left ML bootstrap support values; right Bayesian posterior
probabilities). Bootstrap values <50 % and posterior probabilities
<0.7 are not shown

(species). Our results demonstrated that the size of LSU
rDNA IRP can reach 6.5 %, which is even greater than that
of SSU rDNA IRP (Miranda et al. 2012). Unlike in Atama
complex (Group I) strains from the Northern Hemisphere,
IRP was not reported in strains from Chile, Brazil, and
South Africa (Sebastian et al. 2005; Persich et al. 2006;
Varela et al. 2012). IRP in these strains might have been
neglected as the Chilean strain ACCO1 did show SSU IRP
(Miranda et al. 2012).

Distribution and dispersal

The Atama complex (Group I) is restricted to areas of high
latitude (above 30°) in both hemispheres (Persich et al.
2006; Lilly et al. 2007; Collins et al. 2009; Varela et al.
2012). The presence of Atama complex (Group I) strains in
the Chukchi Sea supports that they are cold water species.
These cells grew slowly at low temperature (4 °C), and the
growth rate increased when temperature rose to 9 °C (Gu
unpublished results). The sea surface temperature at our
sampling stations can reach around 8-10 °C in summer
(Tang et al. 2001; Woodgate et al. 2005) and thus permit
their fast growth.

To date, Atama complex (Group I) strains from North
Asia and Europe inevitably have a ventral pore (Medlin
et al. 1998; Kim et al. 2004; Lilly et al. 2007; Collins et al.
2009), whereas those in South Africa and Chile always lack
such a pore (Sebastian et al. 2005; Varela et al. 2012).
Atama complex (Group I) strains from the two hemispheres
might originate from the same ancestor (John et al. 2003)
and evolved into a morphologically different species.

On the other hand, the high similarity among ITS rDNA
sequences of Atama complex (Group I) strains worldwide
suggests that this is a recently diverged species. The bio-
geography of this species might be due to human-assisted
dispersal (Bolch and De Salas 2007) or to natural dispersal
between the two hemispheres during a period when the
global oceans were cooler. Natural transport during the last
glacial maximum (LGM) has been proposed as an expla-
nation for the bipolar distribution of the dinoflagellate
Polarella glacialis and the seaweed Acrosiphonia arcta
(Oppen et al. 1994; Montresor et al. 2003). LGM refers to a
period in the Earth’s climate history when ice sheets were
at their maximum extension (between 26,500 and
19,000 years ago) (Clark et al. 2009). It is estimated that

Earth as a whole cooled 3.0 £ 0.6 °C during that period
(Hoffert and Covey 1992). During the LGM, Atama
complex (Group I) strains from the two hemispheres might
have been much closer geographically than at the present
time, which could have facilitated dispersal between the
two hemispheres.

Our finding of Atama complex (Group I) stains in the
Chukchi Sea supports the premise that natural dispersal
between the Atlantic and Pacific via the Arctic Ocean is
feasible (Scholin et al. 1995; Medlin et al. 1998). The
Bering and Chukchi seas connect through Bering Strait,
which is about 85 km wide and 50 m deep. Current
observations from Bering Strait showed that the flow is
always northward (Coachman and Aagaard 1966), sup-
porting that dispersal of Atama complex (Group I) from the
Bering Sea to the Chukchi Sea might have occurred.

A strain of Atama complex (Group I) (as A. fundyense)
was reported in the Norwegian Sea recently (Orr et al.
2011), although whether it was transported through human-
assisted dispersal or natural dispersal remains to be deter-
mined. More strains of Atama complex from the Arctic
Ocean need to be examined in the future.

Toxicity

Atama complex (Group I) strains from the Chukchi Sea
produce STX, neoSTX, GTX2, GTX3, GTX4, and C2,
which is generally consistent with findings in Atama
complex (Group I) strains from USA, UK, and Chile
(Anderson et al. 1994; Collins et al. 2009; Varela et al.
2012). However, our strains differ from those of Chile in
producing higher proportion of STX and absence of GTX5
(Varela et al. 2012), from those of UK by absence of Cl,
GTX1, and GTX5 (Collins et al. 2009). Our strains also
differ from those of the Bering Sea by the absence of
GTXS and relatively high levels of STX (Orlova et al.
2007). Toxin profiles have been used to differentiate pop-
ulations of Atama complex (Group I) strains from the
northeastern United States and Canada (Anderson et al.
1994). However, toxin content and composition can be
variable in culture as a response to nutrient availability
(Macintyre et al. 1997; Murata et al. 2012), and compari-
son between PSP-toxin profiles and genotypic characters
failed to yield close associations (Alpermann et al. 2010).
Whether strains from the Chukchi Sea and Bering Sea are
genetically different remain to be determined.

Conclusions
This study describes the first observations regarding the

presence and identification of Atama complex (Group I)
strains from the Chukchi Sea. More strains of Atama
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Fig. 4 Phylogeny of the Atama complex inferred from ITS sequences statistical support values for the clusters to the right of them (left ML
based on maximum-likelihood (ML) and Bayesian inference (BI) bootstrap support values; right Bayesian posterior probabilities).
analyses. Alexandrium tamiyavanichi was used as an outgroup. Bootstrap values <50 % and posterior probabilities <0.7 are not
Branch lengths are drawn to scale, with the scale bar indicating the shown
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Fig. 5 Histograms showing the PSP toxin composition (% molar) of
four Atama complex (Group I) strains (ATBJ49, ATBJ50, ATBJSS,
ATBJ63) established by incubating resting cysts isolated from
sediments collected from the Chukchi Sea

complex from the Arctic Ocean need to be established and
examined in the future, which could help to explain the
current biogeography of Atama complex around the world.
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