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Summary

Here, we have identified a protist (dinoflagellate)
lineage that has diversified recently in evolutionary
terms. The species members of this lineage inhabit
cold-water marine and lacustrine habitats, which are
distributed along a broad range of salinities (0–32)
and geographic distances (0–18 000 km). Moreover,
the species present different degrees of morphologi-
cal and sometimes physiological variability. Alto-
gether, we analysed 30 strains, generating 55 new
DNA sequences. The nuclear ribosomal DNA (nrDNA)
sequences (including rapidly evolving introns) were
very similar or identical among all the analysed iso-
lates. This very low nrDNA differentiation was con-
trasted by a relatively high cytochrome b (COB)
mitochondrial DNA (mtDNA) polymorphism, even
though the COB evolves very slowly in dinoflagel-
lates. The 16 Maximum Likelihood and Bayesian phy-
logenies constructed using nr/mtDNA indicated that
the studied cold-water dinoflagellates constitute a
monophyletic group (supported also by the morpho-
logical analyses), which appears to be evolutionary
related to marine-brackish and sometimes toxic
Pfiesteria species. We conclude that the studied
dinoflagellates belong to a lineage which has diver-
sified recently and spread, sometimes over long

distances, across low-temperature environments
which differ markedly in ecology (marine versus
lacustrine communities) and salinity. Probably, this
evolutionary diversification was promoted by the
variety of natural selection regimes encountered in
the different environments.

Introduction

The diversity and geographic distribution of many micro-
bial lineages are poorly known, as well as the mecha-
nisms which promote their evolutionary diversification
and determine their spatial distributions. In multicellular
organisms, the mechanisms which promote diversifica-
tion and the formation of biogeographic patterns have
been widely studied (e.g. local adaptation, geographic
isolation, etc.; see, e.g. Futuyma, 1998; Coyne and Orr,
2004). The same mechanisms are probably promoting
the diversification and formation of geographic patterns
in microbes. However, in contrast to multicellular organ-
isms, microbes normally have huge effective population
sizes, high reproductive rates, as well as small sizes,
which allegedly leads to long-distance dispersal capabili-
ties (see Finlay, 2002; Lynch and Conery, 2003; Snoke
et al., 2006). These characteristics most probably affect
the tempo and mode of diversification and formation of
spatial-distribution patterns in microbes. For instance,
the huge population sizes as well as the apparent
absence of barriers for microbial dispersal have been
used to support a view indicating that the global micro-
biota is composed of relatively few cosmopolitan species
(see Finlay, 2002; 2004; Finlay et al., 2006; see Logares,
2006 for a review). This pattern would be generated by
an unrestricted gene flow which would restrain the
opportunities for microbial diversification. Furthermore,
the relative importance of natural selection and genetic
drift in the diversification of microbes needs to be inves-
tigated. For example, large microbial populations most
probably have a greater tolerance to the random fixation
of mutations (i.e. genetic drift) than relatively smaller
populations of multicellular counterparts. Thus, it is likely
that the relative importance of natural selection and
genetic drift in promoting the diversification and forma-
tion of spatial-distribution patterns in microbes and in
multicellular organisms is not equivalent.

During the last 15 years, molecular studies have
revealed new data and patterns, which have improved
our understanding on microbial diversity and biogeogra-
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phy. For example, several molecular studies indicate that
the microbial diversity is much higher than previously
estimated (e.g. Huber et al., 2007), that evolutionary
diversification can occur without geographic isolation,
that there are geographically restricted microbial taxa,
that not all microbes are long-distance dispersers, and
that not all dispersers are able to colonize all environ-
ments available to them (see Hughes Martiny et al.,
2006).

Investigating microbial lineages which have diversified
recently can shed some light on the process of diversifi-
cation as well as the distribution of microbial diversity over
space. Our previous work suggested the existence of a
group of closely related dinoflagellate (protists) species
composed by Scrippsiella hangoei, Peridinium acicu-
liferum and Scrippsiella aff. hangoei (Logares et al.,
2007a; Rengefors et al., 2008). However, the number of
strains and markers were not sufficient for achieving con-
clusive results. Here, after including several new strains
and more genetic markers we have confirmed that the
analysed dinoflagellate lineage represents a case of
recent evolutionary diversification. Moreover, we have
investigated the evolutionary relationships among the
strains/species within this dinoflagellate lineage, which
are present in low-temperature marine and lacustrine
habitats along wide ranges of salinity (0–32) and geo-
graphical distance (0–18 000 km).

Dinoflagellates are ubiquitous unicellular eukaryotes
with important ecological roles in marine and freshwater
ecosystems. Dinoflagellates have a high diversity of life
strategies, with symbionts, parasites, photosynthesizers,
heterotrophs and mixotrophs (Hackett et al., 2004).
Free swimming dinoflagellates are normally haploid
(Von Stosch, 1973) and reproduce asexually. Sexuality
can, however, be induced by endo- and exogenous
stimuli, resulting in many cases in a diploid resting cyst
with environmental resistance and dispersal functions
(Pfiester and Anderson, 1987). Some dinoflagellate
species can produce potent toxins during red tides, thus
representing an important concern for human and eco-
system health as well as local economies (Hallegraeff,
1993). In this study, we analysed the patterns of ribo-
somal and mitochondrial DNA (mtDNA) variation among
30 cold-water dinoflagellate strains (55 new sequences),
as well as their evolutionary relationships with other
dinoflagellates. We conclude that the studied cold-water
dinoflagellates belong to a lineage (i.e. common evolu-
tionary origin) which has diversified recently and spread
widely in geographic terms, colonizing environments
which differ markedly in ecology (marine versus lacustrine
communities) and salinity. Probably, the diversification of
this group of dinoflagellates was promoted by the variety
of natural selection regimes that populations encountered
in the different environments.

Results

Morphological analyses

The optical microscopy analyses confirmed the mor-
phospecies identity of all the P. aciculiferum isolates.
However, the isolates from Stora Pildammen (PASP) and
Brodammen (PABR) did not present the typical antapical
spines. The plate pattern of the bipolar S. aff. hangoei
was virtually identical to the plate pattern of S. hangoei
as originally described by Schiller and subsequently
redescribed by Larsen and colleagues (1995) (Fig. 1 and
Fig. S1; see also Rengefors et al., 2008). Moreover, the
general cell morphology of the bipolar S. aff. hangoei was
very similar to S. hangoei (Fig. 1). Even though the
Scrippsiella populations/species shared a very similar
plate pattern with P. aciculiferum, the general morphology
between them was different (Fig. 1 and Logares et al.,
2007a).

Nuclear ribosomal DNA homogeneity versus
cytochrome b mtDNA differentiation

The analysed cold-water dinoflagellate strains showed
three different nuclear ribosomal DNA (nrDNA) ribotypes
(Figs 2 and 3). All the P. aciculiferum isolates from lakes in
Sweden, Finland and Italy, as well as the S. hangoei iso-
lates from the Baltic Sea had identical nrDNA sequences
(Figs 2 and 3). The second ribotype was found among the
S. aff. hangoei isolates from the Antarctic Vereteno and
Highway lakes (Figs 2 and 3). The third ribotype was
found in the Arctic S. aff. hangoei (Figs 2 and 3). Between
the pair P. aciculiferum–S. hangoei and the bipolar
S. aff. hangoei isolates, there was a very low nrDNA
differentiation. The sequences comprising the Internal
Transcribed Spacer 1 and 2 (= ITS) (ITS1/2 are the most
variable areas within nrDNA) differed less than 1.43%
among the 30 analysed strains (Figs 2 and 3). The ITS
differentiation between the bipolar S. aff. hangoei was
~0.90% (Figs 2 and 3). The ITS differentiation was also
~0.90% between P. aciculiferum–S. hangoei and the
Antarctic S. aff. hangoei, while the ITS differentiation
between P. aciculiferum–S. hangoei and the Arctic S. aff.
hangoei was ~1.43% (Figs 2 and 3). A total of 558 ITS
nucleotides were analysed to obtain these percentages.
The D1/D2 Large Subunit (LSU) sequence from the Arctic
S. aff. hangoei differed by ~0.57% from P. aciculiferum–
S. hangoei, and ~0.95% from the Antarctic S. aff. hangoei.
The D1/D2 LSU differentiation between P. aciculiferum–
S. hangoei and the Antarctic S. aff. hangoei was ~0.76%,
based on a total of 541 nucleotides. The Small Subunit
(SSU) differentiation between P. aciculiferum–S. hangoei
and the Antarctic S. aff. hangoei was ~0.16%, calculated
from a total of 1232 nucleotides. The SSU of the Arctic
S. aff. hangoei could not be obtained.
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A total of 13 cytochrome b (COB) mtDNA haplotypes,
with a genetic differentiation ranging between 0.12% and
2.40%, were identified among the 30 analysed strains
(Fig. 3). Within the 21 P. aciculiferum isolates from five
lakes, eight haplotypes with a differentiation ranging
between 0.12% and 1.32% were detected (Fig. 3). The
three haplotypes that were detected within the four
S. hangoei isolates from the Baltic had a differentiation
ranging between 0.12% and 0.30% (Fig. 3). Only one
haplotype was detected within the four S. aff. hangoei
isolates from the two Antarctic lakes. The haplotype of the

Arctic S. aff. hangoei differed by only one nucleotide
(~0.12%) from the haplotype found in the S. hangoei
SHTV-5/6 from the Baltic. All percentages were calculated
using 836 COB nucleotides. There were no shared
haplotypes between P. aciculiferum, S. hangoei and the
bipolar S. aff. hangoei among our samples. In all cases,
a clear chromatogram was obtained from each dinofla-
gellate strain, indicating a lack of mtDNA heteroplasmy.

A total of 23 variable COB sites were identified, out of
836 analysed, among the 13 recognized haplotypes.
These 23 variable sites accounted for 24 mutations, of

Fig. 1. Morphology and geographic source of
the investigated dinoflagellate strains/species.
A. Peridinium aciculiferum: freshwater lakes in
Northern-Central Europe (picture from
Logares et al., 2007a).
B. Scrippsiella hangoei: Marine-brackish,
Baltic Sea (picture from Logares et al.,
2007a).
C. Scrippsiella aff. hangoei: Marine, Arctic
(picture from this study; detailed
morphological description in Fig. S1).
D. Scrippsiella aff. hangoei, brackish Antarctic
lakes (picture from Rengefors et al., 2008).
The scale bar = 1 mm. The numbers over the
cell armour correspond to the dinoflagellate
Kofoidian tabulation. Note the difference in
general morphology between Peridinium (A)
and Scrippsiella (B–D).
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which only six generate amino acid replacements, result-
ing in a total of eight different amino-acid haplotypes
(Table S2).

Phylogenetic relationships

Across the 16 constructed nrDNA and COB mtDNA phy-
logenies using Bayesian Inference (BI) and Maximum
Likelihood (ML), P. aciculiferum from European freshwater
lakes, S. hangoei from the Baltic Sea, S. aff. hangoei from
Antarctic lakes and S. aff. hangoei from the Arctic (Fig. 1)
clustered together (= PASH cluster) with a support
that ranged from moderate to high (0.55 < PPs/BVs
< 0.98; Fig. 2; Table S1) [PPs = Posterior Probabilities;
BVs = Bootstrap Values]. In the nrDNA and COB mtDNA
phylogenies, PASH clustered with Pfiesteria and
Pfiesteria-like species (PFIE cluster) (Fig. 2). Other
species included within PASH + PFIE depending on the
alignment datasets (i.e. alignments included different
species depending on their availability in GenBank) were,
for the nrDNA, Cryptoperidiniopsis spp., Leonella grani-

fera, Thoracosphaera heimii, Amyloodinium ocellatum,
Paulsenella vonstoschii (Fig. 2). In the COB phylogenies,
the sequences Scrippsiella sp. HZ2005 (AY743961) and
Peridinium centenniale CCAC0002 (EF417340) clustered
within PASH + PFIE (Fig. 2, COB). In the nrDNA phylog-
enies, the PFIE + PASH cluster received variable support
by the BI and ML analyses (0.25 < PPs/BVs < 0.99; Fig. 2,
nrDNA; Table S1). The support given by COB BI and ML
phylogenies to PFIE + PASH ranged from low to moderate
(0.51 < PPs/BVs < 0.71; Fig. 2, COB; Table S1).

Discussion

The current study has identified a group of cold-water
protists (dinoflagellates) which share a common ancestor
and has diversified recently. This diversification appears
to have occurred in parallel with transitions between envi-
ronments with very different ecologies (marine versus
lacustrine communities) and salinities, implying in some
cases the dispersal across great geographic distances.
The presence of the studied lineage in such variety of
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environments suggests that natural selection could have
had a major role in promoting diversification.

Recent evolutionary diversification

The low nrDNA differentiation between P. aciculiferum,
S. hangoei and the bipolar S. aff. hangoei indicates a
recent divergence between these strains/species. In par-
ticular, the ITS (= ITS1/2–5.8 s), which harbours two
rapidly evolving introns (ITS1/2) normally used for investi-
gating the differentiation between populations and closely
related dinoflagellate species (Litaker et al., 2007),
showed a remarkably low variation [0–1.43% (P < 0.0143);
P = uncorrected genetic distances]. Significantly higher
levels of ITS variation have been reported within single
dinoflagellate morphospecies that do not present detect-
able morphological variation. For instance, morphologi-
cally identical isolates of the freshwater Peridinium
limbatum, inhabiting neighbouring lakes, had a much
higher level of ITS differentiation (8.50–11.00%;
0.085 < P < 0.11) (Kim et al., 2004). A number of morpho-
logically identical isolates of the marine Scrippsiella tro-
choidea obtained from the same geographical area (Gulf of
Naples, Mediterranean Sea) were found to have a range of
ITS variation (0.18–1.46%; 0.0018 < P < 0.0146; Montre-
sor et al., 2003) which was very similar to the range we
have found among all the cold-water dinoflagellates. Nev-
ertheless, there are also cases where no ITS variation was
observed among populations of morphologically identical
dinoflagellates living in similar environments (e.g. Loret
et al., 2002; Tengs et al., 2003), which would represent
cases of high intraspecific gene flow. Here, the low nrDNA
differentiation among the studied strains/species contrasts

with detectable morphological and physiological variability
(Fig. 1; Logares et al., 2007a; Rengefors et al., 2008),
which do not appear to be product of phenotypic plasticity
(see Logares et al., 2007a; Rengefors et al., 2008). Thus,
the studied cold-water dinoflagellates do not appear to
constitute one global interbreeding population despite their
close evolutionary relationships. Overall, our results con-
trast with several other studies showing considerable
genetic variation among morphologically identical or very
similar microbial strains (e.g. Potter et al., 1997; Montresor
et al., 2003; Kim et al., 2004; Boenigk et al., 2005; Lilly
et al., 2005).

In a recent survey of dinoflagellate ITS sequence varia-
tion, including 81 species from 14 genera, it was indicated
that P � 0.04 delineate most free-living dinoflagellate
species, with the exception of recently evolved ones and
species with slow evolutionary rates (Litaker et al., 2007).
Thus, according to this proposition, the level of ITS
variation among the studied cold-water dinoflagellates
(P < 0.02) would place them into the same species;
unless it is assumed that they have evolved recently or
have slow rates of evolution. The genetic and phenotypic
differences among most of the strains/species studied
here do not suggest that they belong to the same species
(see Logares et al., 2007a; Rengefors et al., 2008).

A fast recent divergence appears to have occurred
between P. aciculiferum and S. hangoei, which share
identical ITS sequences but present clear differences at
the genome level (see Logares et al., 2007a). Such dif-
ferentiation was indicated by Amplified Fragment Length
Polymorphism, a fingerprinting technique that screens the
whole genome (Bensch and Akesson, 2005). Other
organisms which are known to have diversified recently
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Fig. 3. Cytochrome b mtDNA variation versus ITS nrDNA homogeneity. Contrasting Neighbour-Joining phylograms based on uncorrected
genetics distances (P) between COB haplotypes (left) and the corresponding ITS sequences (right). Freshwater lacustrine strains/species
appear in light blue, brackish in green and marine in black. P was calculated using 836 COB and 558 ITS nucleotides. PABR = Peridinium
aciculiferum Brodammen, Sweden. PASP = P. aciculiferum Stora Pildammen, Sweden. PAFI = P. aciculiferum Lake Österträsk, Finland.
PATO = P. aciculiferum, Lake Tovel, Italy. SHTV = Scrippsiella hangoei, Tvärminne, Baltic Sea. K-0399 = Scrippsiella aff. hangoei, Arctic.
High1/4 and VereC/B = S. aff. hangoei from Highway and Vereteno lakes, Antarctica. The scale bar indicates P.

Recent diversification of a protist lineage 1235

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 10, 1231–1243



also present identical or very similar sequences for par-
ticular rapidly evolving neutral markers, but differentiation
in other areas of the genome (see Orr and Smith, 1998;
Muir et al., 2000; 2001). This pattern can occur, for
instance, as a result of strong disruptive natural selection
acting over certain areas of the genome of different
populations. These selected areas can diverge even
faster than rapidly evolving neutral markers, and therefore
the variation of those neutral markers might not reflect the
rapid diversification process (see Orr and Smith, 1998).
Even though the nrDNA similarity between the studied
dinoflagellates does not appear to be due to slow evolu-
tionary rates, we cannot totally dismiss this possibility. It
has been proposed that organisms living at low tempera-
tures will have slower rates of evolution than counterparts
living at higher temperatures (Rohde, 1978; 1992;
Bromham and Cardillo, 2003). However, no clear support-
ing evidence for this hypothesis has been reported so
far for any taxa (Bromham and Cardillo, 2003; Bromham
and Penny, 2003). In addition, if the evolution of
P. aciculiferum and S. hangoei was slow, lower levels of
multilocus differentiation would have been expected
between these strains/species which share identical ITS.
As a comparison, strains of Alexandrium tamarense pre-
senting a range of variability in the ITS were found to have
a lower multilocus differentiation among themselves, than
the differentiation found between P. aciculiferum and
S. hangoei [as measured by AFLP; Fst < 0.64 among
A. tamarense (John et al., 2004), Fst ~ 0.75 between
P. aciculiferum–S. hangoei (Logares et al., 2007a)].

The ITS divergence could potentially be used to
estimate the divergence times among the cold-water
dinoflagellates. However, no consensus calibration has
been proposed so far for this marker in dinoflagellates.
Nevertheless, for the ITS2 of symbiotic Symbiodinium
dinoflagellates, LaJeunesse (2005) estimated a range of
clock rates between 0.75 and 1.3 million years per change
and/or difference. Using this estimation, the ITS2 differ-
entiation between the northern hemisphere S. hangoei
and the Antarctic S. aff. hangoei indicate that their diver-
gence could have occurred between four and two million
years ago (MYA). On the other hand, the divergence
between the bipolar S. aff. hangoei could have occurred
between 1.5 and 0.5 MYA (these divergence dates were
calculated using 204 ITS2 nucleotides and are used as
rough estimations).

Distribution across ecologically and physicochemically
diverse low-temperature habitats

Altogether, the variety of environments that the studied
cold-water dinoflagellates inhabit could probably explain
part of their diversification, because differential natural
selection regimes can be a strong motor of divergence

(e.g. Orr and Smith, 1998). Such diversification appears to
have occurred in parallel with transitions between environ-
ments with different salinity (freshwater, brackish, marine)
and ecologies (marine versus lacustrine communities),
which sometimes are separated by large distances. This
suggests a high capacity for dispersal and adaptability to
new environments in the studied lineage. Resting cysts
have been identified in the strains/species S. hangoei,
S. aff. hangoei and P. aciculiferum (Rengefors et al., 1998;
2008; Kremp and Parrow, 2006). The cysts could allow the
dispersal over long distances, eventually across the equa-
torial warm-water belt in some strains/species. Despite the
presence of the studied dinoflagellates in a variety of
habitats, in all cases these habitats were characterized by
low, permanent or seasonal, temperatures. Neither of the
studied species or close relatives was so far identified
(morphologically or phylogenetically through SSU BLAST

searches) in environments with permanent warm tempera-
tures. In addition, field or laboratory studies/observations
indicate that at least three of the studied species form cysts
when temperature increases (Rengefors et al., 1998;
2008; Kremp and Parrow, 2006). Thus, despite the appar-
ently high adaptability of this lineage to different environ-
ments, it appears that the vegetative stages (i.e. free-
swimming) have been restricted to low-temperature
habitats. Rengefors and colleagues (1998) suggested that
the restriction of P. aciculiferum to cold waters could be
partially related with an ecological strategy to avoid inten-
sive grazing by zooplankton.

The pathways through which the different strains/
species colonized the habitats in which they are currently
present are still unclear. Nevertheless, we can propose a
few scenarios. The presence of S. aff. hangoei in Antarctic
coastal lakes with less than 6000 years is most probably
the outcome of a colonization from the sea (the bipolar
lacustrine and marine strain/species are very closely
related at the ITS level), even though S. aff. hangoei
has not yet been confirmed for marine Antarctic waters
(see Rengefors et al., 2008). Most likely, the divergence
between P. aciculiferum and S. hangoei (and the coloni-
zation of fresh waters by P. aciculiferum) occurred very
recently, because these morphospecies still share identi-
cal ITS nrDNA, despite presenting genetic differentiation
at the genome level (Logares et al., 2007a). Scrippsiella
hangoei is supposed to have been always marine-
brackish and not the product of a marine recolonization by
a freshwater species (see Logares et al., 2007a). The
Baltic Sea used to be a freshwater lake that opened to the
North Sea ~8500 years ago, and the ancestral S. hangoei
probably entered to this sea carried by the influx of marine
water. Little can be said about the origin of the Arctic
Scrippsiella based on the available data. Overall, the
analysis of 30 strains allowed us to identify the cold-water
dinoflagellate lineage and investigate general patterns of
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genetic differentiation among strains/species, as well as
phylogenetic relationships between this lineage and other
dinoflagellates. Future work including more samples is
needed to address more precise questions on strains/
species diversity and phylogeography.

Phylogenetic relationships

Altogether, our nrDNA and COB mtDNA phylogenetic
results support a common evolutionary origin for the
studied cold-water dinoflagellates (PASH clade; see
Fig. 2). These results are the summary of a total of 16
constructed phylogenies using three nuclear and one
mitochondrial marker from 30 analysed strains. The ML
BVs and BI PPs for the PASH clade using the SSU, LSU,
ITS and COB ranged from moderate (~0.60) to high
(> 0.90) (see Table S1). PPs were normally higher than
BVs for the PASH clade using the nrDNA and COB
markers, and this most likely reflects the fact that BVs are
normally more conservative than PPs (see Cummings
et al., 2003; Simmons et al., 2004). The common evolu-
tionary origin of the cold-water dinoflagellates was also
supported by morphological analyses. All the studied
strains/species shared virtually the same armour plate-
pattern (a phylogenetically informative character in
dinoflagellates) (see Fig. 1). In addition, the external mor-
phology among the Scrippsiella strains/species was very
similar [Fig. 1 (more detailed morphological description of
S. aff. hangoei in Fig. S1); see also Rengefors et al.,
2008].

The clustering of the cold-water dinoflagellates
(PASH clade) with Pfiesteria and Pfiesteria-like species
(PFIE + PASH cluster) received variable support across
the 16 nrDNA and COB phylogenies (Table S1). Pfiesteria
and Pfiesteria-like dinoflagellates are marine-brackish
and in several cases toxin producers (e.g. Steidinger
et al., 1996; 2001; Marshall et al., 2000; Burkholder et al.,
2005). The ITS nrDNA gave significant (> 0.76) BV and
PP support for the clustering of PFIE + PASH, a result
which agrees with other works (e.g. Gottschling et al.,
2005; Marshall et al., 2006). In the ML and BI phylogenies
using LSU, SSU and COB, the clade PASH + PFIE nor-
mally obtained significant PPs (> 0.70) and non-significant
BVs (< 0.70). The reason of this incongruence is unclear.
Altogether, our phylogenetic results indicate that the
studied cold-water dinoflagellate lineage is evolutionary
related to Pfiesteria and Pfiesteria-like species, which
agrees with previous findings (Gottschling et al., 2005;
Marshall et al., 2006).

Does mitochondrial COB diversification predate
nrDNA divergence?

Unexpectedly, the high nrDNA similarity among the
studied cold-water dinoflagellates was contrasted by a

relatively high COB mtDNA differentiation (see Fig. 3). As
the COB mtDNA is a much more conserved marker than
the ITS nrDNA in dinoflagellates (Zhang et al., 2005;
Litaker et al., 2007), we initially expected a very low COB
polymorphism. Even though all the examined isolates of
the Antarctic S. aff. hangoei had the same COB haplo-
type, the amount of haplotype differentiation ranged from
low to relatively high within S. hangoei (0.12–0.36%) and
P. aciculiferum (0.12–1.32%). The opposite and expected
situation (ITS differentiation versus COB similarity) was
only observed between the strains/species S. aff. hangoei
K-0399 from the Arctic and S. hangoei SHTV-5/6 from the
Baltic (Fig. 3). This could be the product of introgression
or simply an ancient shared polymorphisms; more
samples are needed to ascertain the relationships
between these two particular COB haplotypes.

A number of other studies, involving multicellular organ-
isms mostly, have also reported high mitochondrial hap-
lotypic diversities contrasting with low or null ITS nrDNA
differentiation (e.g. Navajas et al., 1998; Mukabayire
et al., 1999; Navajas and Boursot, 2003). However, in
some cases (e.g. Mukabayire et al., 1999), this pattern
seems to be simply the outcome of higher evolutionary
rates for the mtDNA in comparison with the ITS nrDNA,
which is not the case in dinoflagellates (Zhang et al.,
2005; Litaker et al., 2007). Within the studied cold-water
dinoflagellates, the observed COB polymorphism could
be the outcome of a COB diversification which started
before the diversification of the nrDNA. The retention of
this putative ancestral COB polymorphism could be a
consequence of the massive effective population sizes
that dinoflagellates normally have, which would allow
several selectively neutral COB haplotypes to persist
during long periods of time within lineages, due to a mild
genetic drift (see Avise, 2000). In the cold-water
dinoflagellates investigated in this study, ~75% of the
detected COB DNA polymorphism does not generate
amino acid replacements (described in Table S2) and
therefore, that polymorphism could potentially persist in
the large populations for long periods of time, as a con-
sequence of a reduced action of selection and genetic
drift. Nevertheless, Ho and Larson (2006) pointed out that
in lineages that have diverged recently, the observed poly-
morphisms can give the false impression of an ancient
divergence, because short-term mutation rates are inter-
preted as long-term substitution rates. The given expla-
nation is that part of these polymorphisms will not persist
during long evolutionary times due to their removal by
purifying selection and genetic drift (Ho and Larson,
2006). However, genetic drift most probably does not
have substantial effects in large microbial populations,
and therefore, some of the neutral polymorphisms in the
cold-water dinoflagellates could be product of a relatively
old divergence.
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Concluding remarks

The presence of the studied dinoflagellate lineage across
different environments suggests that natural selection
might have had an important role in promoting
diversification. In particular, the different salinities of the
environments where members of this lineage are present
have probably exerted a strong disruptive selection over
different populations (see Lee and Bell, 1999; Logares
et al., 2007b). The role of genetic drift during this diversi-
fication is unclear, although the huge population sizes that
dinoflagellates normally have indicated that it has prob-
ably been negligible. The presence of several COB hap-
lotypes which appear to have diverged before the nrDNA
divergence suggests that a considerable amount of
ancestral mtDNA polymorphisms could be maintained
within large microbial populations.

Experimental procedures

Dinoflagellate cultures and morphospecies identification

All dinoflagellate clonal cultures were obtained by isolating
single cells from plankton samples, except when specified
otherwise. Peridinium aciculiferum Lemmermann isolate
PATO was obtained from Lake Tovel, which is located at
1178 m above sea level (a.s.l.) in the Italian Alps and was
formed after the last glaciations (~15 000 years ago) (Kulbe
et al., 2005; Table 1). Peridinium aciculiferum isolates PASP
were obtained during March 2006 from Stora Pildammen, an
approximately 100-year-old artificial pond located in South-
ern Sweden (Table 1). Peridinium aciculiferum isolates PABR
were obtained during March 2006 from Brodammen, a small
artificial pond ~10 years old located in Southern Sweden
(Table 1). Both Stora Pildammen and Brodammen are
located ~20 m a.s.l. and remain ice-covered from December
to March approximately. Peridinium aciculiferum isolates
PAER were obtained from Lake Erken, Eastern-Central
Sweden (Table 1), which is located ~10 km from the Baltic
Sea. Lake Erken was formed by isostatic rebound, and
emerged from the sea ~3000 years ago (Ekman and Fries,
1970). The isolate PAER-1 was obtained from a cyst in 1995,
while the other isolates were obtained as vegetative cells
from an under-ice bloom during the winter of 2004. Peri-
dinium aciculiferum PAFI was isolated during March 2006
from Lake Österträsk, Åland, Finland (Table 1). As many
other lakes in Scandinavia, Lake Österträsk originated within
the last 10 000 years, after the last glaciations (Bjorck, 1995).
Scrippsiella hangoei isolates from the Baltic Sea were
obtained from germinated resting cysts. Sediment samples
containing cysts of S. hangoei were collected from the
Tvärminne area in the South-west coast of Finland (Table 1)
during 2002. The Baltic Sea is a semi-enclosed brackish Sea
with a salinity gradient ranging from 1 to 25 (see Voipio,
1981). The post-glacial history of the Baltic Sea started about
8500 years ago when the preceding freshwater lake opened
to the North Sea and the inflow of marine waters caused a
rise in salinity. The northern parts of the Baltic are ice covered
for approximately 2 months per year. The S. aff. hangoei

isolates High and Vere were obtained from Highway Lake
(8 m a.s.l.) and Vereteno Lake (sea level), respectively,
during the summer of 2004/2005 (Table 1). Both lakes are in
the Vestfold Hills, an ice-free coastal area in Princess Eliza-
beth Land, Antarctica, that was formed by isostatic uplift after
the last glaciations ~6000 years ago (Zwartz et al., 1998).
Highway and Vereteno lakes are brackish and are usually
ice-free for around 4 weeks each year. Plankton samples
were collected through holes in the ice-cover. The Arctic
isolate of S. aff. hangoei was obtained from a plankton
sample collected through a lead in the sea ice in the vicinity
of Igloolik Island, northern Foxe Basin, Canadian Arctic
(Table 1) during June 1989. The salinity in the upper 30 m
water column ranged from 0 to 32.

Scrippsiella aff. hangoei isolates from the Antarctic were
cultured in F/2 medium (Guillard and Ryther, 1962) prepared
with sterile filtered water from Highway Lake (~5 salinity).
Peridinium aciculiferum was cultured in modified Woods Hole
medium (Guillard and Lorenzen, 1972; MWC, 0 salinity) pre-
pared with MilliQ water (Millipore Corp., Bedford, USA).
Scrippsiella aff. hangoei from the Arctic was cultured for
6 years in seawater-based Throndsen medium (Throndsen,
1978; salinity 30). This isolate (K-0399) has died due to an
incubator failure. Cultures were kept in an incubator at
3 � 1°C, 20 mmol photons m-2 s-1 and 12:12 h light–dark
cycle.

For morphological taxonomic identification, armour plate
patterns were analysed by light microscopy. The P. aci-
culiferum cultures (PATO, PAFI, PASP, PABR) were fixed in
5% formaldehyde. Dinoflagellate plate detachment between
slide and coverslip was carried out with the aid of diluted
sodium hypochlorite instillation. Squashed empty thecae and
detached plates were observed under a Standard 14 Zeiss
optical microscope with Nomarsky interference contrast
illumination. Live cells of S. aff. hangoei K-0399 were photo-
graphed with differential inference contrast. In order to study
the plate pattern of this isolate, live cells were stained with
CalcoFlour White (Fritz and Triemer, 1985) and viewed with a
filter arrangement for violet excitation (400–410 nm) using
a BH-2 Olympus microscope. Morphological data for the
remaining cultures is presented in Rengefors and Legrand
(2001), Logares and colleagues (2007a) and Rengefors and
colleagues (2008) (see also Fig. 1).

DNA extraction, PCR and sequencing

DNA was extracted following Adachi and colleagues (1994).
For the Arctic S. aff. hangoei K-0399, DNA was extracted
from a 200 ml frozen pellet, obtained from ~10 ml culture,
using a GENERATION Capture Column Kit (Gentra Systems,
Minneapolis).

For this work, we used different areas of the nrDNA mol-
ecule as well as the mitochondrial (mt) gene COB. The ampli-
fied and sequenced nrDNA fragments were: ITS1/2, 5.8S,
SSU and the D1/D2 domains of the LSU. The different rates
of evolution in the different nrDNA regions provide evolution-
ary information at different taxonomic levels (Hillis and Dixon,
1991). The COB mtDNA is a highly conserved marker in
dinoflagellates (Zhang et al., 2005).

Nuclear ribosomal and COB mitochondrial DNA PCR
amplifications were done using 25 ng of template genomic
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DNA, 0.125 mM of each nucleotide, 1.5 (3.0 for SSU) mM of
MgCl2, 1¥ PCR buffer, 0.4 mM of each primer and 0.5 u of Taq
DNA Polymerase (AmpliTaq, Applied Biosystems) in 25 ml
total volume reactions. For the ITS1/2 and 5.8S, the primers
ITS1 (forward) 5′-TCCGTAGGTGAACCTGCGG-3′ and ITS4
(reverse) 5′-TCCTCCGCTTATTGATATGC-3′ (White et al.,
1990) were used. The ITS PCR temperature profile consisted
of an initial denaturing step of 5 min at 95°C, followed by 45
cycles of 30 s at 94°C, 30 s at 45°C, 1 min at 72°C, and
ended with 10 min at 72°C. For the SSU PCR we used the
combination of the universal primers 4616 (forward)
5′-AACCTGGTTGATCCTGCCAG-3′ and 4618 (reverse) 5′-
TGATCCTTCTGCAGGTTCACCTAC-3′ (Medlin et al., 1988).
The SSU PCR started with 5 min at 94°C, followed by 35
cycles of 1 min at 94°C, 1.5 min at 55°C, 2 min at 72°C
and ended with 7 min at 72°C. For the domains D1/D2 of
the LSU nrDNA we used the primers DinFi (forward)
5′-GCATATAAGTAMGYGGWGG-3′ and DinRi (reverse)
5′-CCGTGTTTCAAGACGGGTC-3′ (Logares et al., 2007a).
The LSU temperature profile differed from the SSU in that
it consisted of 30 amplification cycles with a primer anneal-
ing temperature of 50°C and only 1 min at 72°C. For the
COB PCR we used the primers Dinocob1F (forward),
5′-ATGAAATCTCATTTACAWWCATATCCTTGTCC-3′, and
Dinocob1R (reverse), 5′-TCTCTTGAGGKAATTGWKMACC
TATCCA-3′ (Zhang et al., 2005). The COB PCR temperature
profile consisted of 1 min at 95°C, followed by 40 cycles of
20 s at 94°C, 30 s at 55°C, and 40 s at 72°C, finished by
10 min at 72°C.

All PCR amplicons were cleaned using PCR-M™
Clean-Up System (Viogene, Taiwan). ITS, LSU and COB
fragments were directly sequenced from both sides using the
same PCR primers. SSU amplicons were directly sequenced
using the PCR primer 4616, plus the sequencing primers
516F 5′-CACATCTAAGGAAGGCAGCA-3′, 528F 5′-CGG
TAATTCCAGCTCC-3′, 690F 5′-CAGAGGTGAAATTCT-3′
and 1055F 5′-GGTGGTGCATGGCCG-3′ (Edvardsen et al.,
2003). The sequencing reaction was carried out using BigDye
(v1.1, Applied Biosystems) chemistry and the products were
precipitated following the manufacturer instructions and then
loaded into an ABI Prism 3100 sequencer (Applied
Biosystems). The obtained sequences were edited and
assembled by analysing carefully the chromatograms using
Bioedit (v7.0.4.1; Hall, 1999). Sequences were deposited in
GenBank (accession numbers shown in Table 1). The SSU
sequencing of the S. aff. hangoei K-0399 was unsuccessful;
however, the lack of this sequence is not pivotal to this work.

Alignments and phylogenetic analyses

ITS, SSU, LSU nrDNA and COB mtDNA sequences from
several dinoflagellate taxa were downloaded from GenBank
and used for constructing alignments along with our
sequences. In particular, we included all sequences reported
for S. hangoei and P. aciculiferum in Logares and colleagues
(2007a). The sequences were aligned using ClustalX (v1.8;
Thompson et al., 1997). Ambiguously aligned positions and
divergent regions were excluded from the alignment using
the program Gblocks (v0.91b; Castresana, 2000) and visual
examination. The alignment datasets used for this work are
described in Table S1 (alignments available upon request).

The construction of one general nrDNA alignment concat-
enating the SSU, LSU and ITS was precluded by the unavail-
ability, in several cases, of the three markers for the same
strains or species.

Phylogenies were constructed using ML and BI as imple-
mented in GARLI (serial version, v0.951; Zwickl, 2006) and
MrBayes [v3.1.2 parallel version (MPI); Metropolis-coupled
Markov Chain Monte Carlo model (MCMC) approach for
approximation of Bayesian PPs; Huelsenbeck and Ronquist,
2001; Altekar et al., 2004]. The program ModelTest (v3.7;
Posada and Crandall, 1998) indicated that the General Time
Reversible (GTR) model of nucleotide substitution, with a
Gamma (G) distributed rate of variation across sites and a
proportion of invariable sites (I) was the most appropriate
evolutionary model for our ITS, LSU, SSU nrDNA and COB
mtDNA datasets. In ML and BI analyses, the shape param-
eter (a) of the Gamma distribution and the proportion of
invariable sites (I) were estimated from the datasets using
default options.

All Bayesian MCMC analyses were run with seven Markov
chains (six heated, one cold) for 5 ¥ 106 generations and the
trees were sampled every 100 generations, which resulted in
5 ¥ 104 sampled trees. Each analysis used default (flat) priors
and was repeated at least twice from independent starting
trees. Bayesian analyses with the COB mtDNA were carried
out using the evolutionary model GTR+G+I. The evolutionary
model used in nrDNA Bayesian analyses consisted in the
GTR+G+COV. The Covarion Model (COV) allows substitution
rates to change across positions through time (Miyamoto and
Fitch, 1995; Huelsenbeck, 2002). The covarion model was
used as previous phylogenetic analyses with dinoflagellate
nrDNA (Shalchian-Tabrizi et al., 2006), along with studies in
other taxa (Galtier, 2001; Huelsenbeck, 2002), indicate that
this model gives a better explanation of nrDNA data. The
obtained PP values for the branching pattern as well as the
likelihood scores for the trees were compared to ensure
convergent tree reconstruction. Consensus trees were con-
structed using the 3 ¥ 104 trees after the log-likelihood
stabilization.

Maximum Likelihood analyses in GARLI were run with
1000 bootstrap pseudoreplicates (Felsenstein, 1985). All
parameters were used in default options, except the number
of generations that the program should run with no significant
improvements in the scoring of the topology, which was set to
5000. All analyses in GARLI were run under the GTR+G+I
model, as the covarion model is not implemented. Consen-
sus trees from the bootstrap output were generated using
MrBayes. Phylogenetic analyses with MrBayes and GARLI
were run at the University of Oslo Bioportal (http://www.
bioportal.uio.no/). The trees generated with MrBayes and
GARLI were visualized in TreeView (v1.6.6; Page, 1996).

Genetic differentiation

The software DnaSP (v4.10.9, Rozas et al., 2003) and Mega
MEGA (v 3.1, Kumar et al., 2004) were used to analyse the
genetic polymorphism of the mtDNA sequences. The COB
reading frame was obtained by analysing the sequences at
the ExPASy Proteomics Server (http://www.expasy.org/). The
protozoan mitochondrial genetic code was used to translate
the COB sequences.

1240 R. Logares et al.

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 10, 1231–1243

http://www.bioportal.uio.no
http://www.bioportal.uio.no
http://www.expasy.org


Acknowledgements

Financial support was provided by The Swedish Research
Council to K.R., the SEED project contract, GOCE-CT-
2005-003875 (European Commission Directorate General
Research) to K.R., The Crafoord Foundation to K.R., and The
Australian Antarctic Division (AAD, ASAC 2353) to J.L-P. We
thank G. Cronberg for indicating new lake-populations of
P. aciculiferum, as well as G. Flaim and T. Lindholm for pro-
viding cultures and phytoplankton respectively. We also thank
the AAD staff for all the logistic support provided in Kingston
(A. Davidson and T. Bailey) as well as during our sampling in
Antarctica, in particular to R. Piacenza, L. Hornsby, M. Wool-
drige and A. Pooley as well as the researchers C. Hynes and
E. Bell, for their help during the field sampling. S. Bensch and
three anonymous reviewers kindly provided useful comments
and suggestions that helped to improve this manuscript. All
phylogenetic analyses were carried out at the University of
Oslo Bioportal (http://www.bioportal.uio.no/).

References

Adachi, M., Sako, Y., and Ishida, Y. (1994) Restriction-
Fragment-Length-Polymorphism of ribosomal DNA
Internal Transcribed Spacer and 5.8s-regions in Japanese
Alexandrium species (Dinophyceae). J Phycol 30: 857–
863.

Altekar, G., Dwarkadas, S., Huelsenbeck, J.P., and Ronquist,
F. (2004) Parallel metropolis coupled Markov chain Monte
Carlo for Bayesian phylogenetic inference. Bioinformatics
20: 407–415.

Avise, J.C. (2000) Phylogeography: The History and Forma-
tion of Species. Cambridge, MA, USA: Harvard University
Press.

Bensch, S., and Akesson, M. (2005) Ten years of AFLP in
ecology and evolution: why so few animals? Mol Ecol 14:
2899–2914.

Bjorck, S. (1995) A review of the history of the Baltic Sea,
13.0–8.0 Ka Bp. Quatern Int 27: 19–40.

Boenigk, J., Pfandl, K., Stadler, P., and Chatzinotas, A.
(2005) High diversity of the ‘Spumella-like’ flagellates: an
investigation based on the SSU rRNA gene sequences of
isolates from habitats located in six different geographic
regions. Environ Microbiol 7: 685–697.

Bromham, L., and Cardillo, M. (2003) Testing the link
between the latitudinal gradient in species richness and
rates of molecular evolution. J Evol Biol 16: 200–207.

Bromham, L., and Penny, D. (2003) The modern molecular
clock. Nat Rev Genet 4: 216–224.

Burkholder, J.M., Gordon, A.S., Moeller, P.D., MacLaw, J.,
Coyne, K.J., Lewitus, A.J., et al. (2005) Demonstration of
toxicity to fish and to mammalian cells by Pfiesteria
species: comparison of assay methods and strains. Proc
Natl Acad Sci USA 102: 3471–3476.

Castresana, J. (2000) Selection of conserved blocks from
multiple alignments for their use in phylogenetic analysis.
Mol Biol Evol 17: 540–552.

Coyne, J.A., and Orr, H.A. (2004) Speciation. Sunderland,
MA, USA: Sinauer Associates.

Cummings, M.P., Handley, S.A., Myers, D.S., Reed, D.L.,
Rokas, A., and Winka, K. (2003) Comparing bootstrap and

posterior probability values in the four-taxon case. Syst Biol
52: 477–487.

Edvardsen, B., Shalchian-Tabrizi, K., Jakobsen, K.S., Medlin,
L.K., Dahl, E., Brubak, S., and Paasche, E. (2003) Genetic
variability and molecular phylogeny of Dinophysis species
(Dinophyceae) from Norwegian waters inferred from single
cell analyses of rDNA. J Phycol 39: 395–408.

Ekman, P., and Fries, M. (1970) Studies of sediments from
Lake Erken, eastern central Sweden. GFF 92: 214–224.

Felsenstein, J. (1985) Confidence-limits on phylogenies – an
approach using the bootstrap. Evolution 39: 783–791.

Finlay, B.J. (2002) Global dispersal of free-living microbial
eukaryote species. Science 296: 1061–1063.

Finlay, B.J. (2004) Protist taxonomy: an ecological
perspective. Philos Trans R Soc Lond B 359: 599–610.

Finlay, B.J., Esteban, G.F., Brown, S., Fenchel, T., and Hoef-
Emden, K. (2006) Multiple cosmopolitan ecotypes within a
microbial eukaryote morphospecies. Protist 157: 377–390.

Fritz, L., and Triemer, R.E. (1985) A rapid simple technique
utilizing calcofluor white M2r for the visualization of
dinoflagellate thecal plates. J Phycol 21: 662–664.

Futuyma, D. (1998) Evolutionary Biology. Sunderland, MA,
USA: Sinauer Associates.

Galtier, N. (2001) Maximum-likelihood phylogenetic analysis
under a covarion-like model. Mol Biol Evol 18: 866–873.

Gottschling, M., Keupp, H., Plotner, J., Knop, R., Willems, H.,
and Kirsch, M. (2005) Phylogeny of calcareous dinoflagel-
lates as inferred from ITS and ribosomal sequence data.
Mol Phylogenet Evol 36: 444–455.

Guillard, R.R., and Lorenzen, C.J. (1972) Yellow-green algae
with chlorophyllide C. J Phycol 8: 10–14.

Guillard, R.R., and Ryther, J.H. (1962) Studies of marine
planktonic diatoms. 1. Cyclotella nana Hustedt, and
Detonula confervacea (Cleve) Gran. Can J Microbiol 8:
229–239.

Hackett, J.D., Anderson, D.M., Erdner, D.L., and Bhatta-
charya, D. (2004) Dinoflagellates: a remarkable evolution-
ary experiment. Am J Bot 91: 1523–1534.

Hall, T.A. (1999) BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. Nucleic Acids Symp Ser 41: 95–98.

Hallegraeff, G.M. (1993) A review of harmful algal blooms
and their apparent global increase. Phycologia 32: 79–99.

Hillis, D.M., and Dixon, M.T. (1991) Ribosomal DNA –
molecular evolution and phylogenetic inference. Q Rev Biol
66: 410–453.

Ho, S.Y.W., and Larson, G. (2006) Molecular clocks: when
times are a-changin. Trends Genet 22: 79–83.

Huber, J.A., Welch, D.B., Morrison, H.G., Huse, S.M., Neal,
P.R., Butterfield, D.A., and Sogin, M.L. (2007) Microbial
population structures in the deep marine biosphere.
Science 318: 97–100.

Huelsenbeck, J.P. (2002) Testing a covariotide model of DNA
substitution. Mol Biol Evol 19: 698–707.

Huelsenbeck, J.P., and Ronquist, F. (2001) MRBAYES:
Bayesian inference of phylogenetic trees. Bioinformatics
17: 754–755.

Hughes Martiny, J.B., Bohannan, B.J.M., Brown, J.H.,
Colwell, R.K., Fuhrman, J.A., Green, J.L., et al. (2006)
Microbial biogeography: putting microorganisms on the
map. Nat Rev Microbiol 4: 102–112.

Recent diversification of a protist lineage 1241

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 10, 1231–1243

http://www.bioportal.uio.no


John, U., Groben, R., Beszteri, N., and Medlin, L. (2004)
Utility of amplified fragment length polymorphisms (AFLP)
to analyse genetic structures within the Alexandrium tama-
rense species complex. Protist 155: 169–179.

Kim, E., Wilcox, L., Graham, L., and Graham, J. (2004)
Genetically distinct populations of the dinoflagellate Peri-
dinium limbatum in neighboring Northern Wisconsin lakes.
Microb Ecol 48: 521–527.

Kremp, A., and Parrow, M.W. (2006) Evidence for asexual
resting cysts in the life cycle of the marine peridinoid
dinoflagellate, Scrippsiella hangoei. J Phycol 42: 400–409.

Kulbe, T., Anselmetti, F., Cantonati, M., and Sturm, M. (2005)
Environmental history of Lago di Tovel, Trento, Italy,
revealed by sediment cores and 3.5 kHz seismic mapping.
J Paleolimnol 34: 325–337.

Kumar, S., Tamura, K., and Nei, M. (2004) MEGA3: inte-
grated software for molecular evolutionary genetics analy-
sis and sequence alignment. Brief Bioinform 5: 150–163.

LaJeunesse, T.C. (2005) ‘Species’ radiations of symbiotic
dinoflagellates in the Atlantic and Indo-Pacific since the
miocene-pliocene transition. Mol Biol Evol 22: 570–581.

Larsen, J., Kuosa, H., Ikavalko, J., Kivi, K., and Hallfors, S.
(1995) A redescription of Scrippsiella hangoei (Schiller)
Comb-Nov – a Red Tide dinoflagellate from the Northern
Baltic. Phycologia 34: 135–144.

Lee, C.E., and Bell, M.A. (1999) Causes and consequences
of recent freshwater invasions by saltwater animals. Trends
Ecol Evol 14: 284–288.

Lilly, E.L., Halanych, K.M., and Anderson, D.M. (2005) Phy-
logeny, biogeography, and species boundaries within the
Alexandrium minutum group. Harmful Algae 4: 1004–1020.

Litaker, R.W., Vandersea, M.W., Kibler, S.R., Reece, K.S.,
Stokes, N.A., Lutzoni, F.M., et al. (2007) Recognizing
dinoflagellate species using ITS rDNA sequences. J Phycol
43: 344–355.

Logares, R. (2006) Does the global microbiota consist of a
few cosmopolitan species? Ecología Austral 16: 85–90.

Logares, R., Rengefors, K., Kremp, A., Shalchian-Tabrizi, K.,
Boltovskoy, A., Tengs, T., et al. (2007a) Phenotypically
different microalgal morphospecies with identical riboso-
mal DNA: a case of rapid adaptive evolution? Microb Ecol
53: 549–561.

Logares, R., Shalchian-Tabrizi, K., Boltovskoy, A., and
Rengefors, K. (2007b) Extensive dinoflagellate phylog-
enies indicate infrequent marine-freshwater transitions.
Mol Phylogenet Evol 45: 887–903.

Loret, P., Tengs, T., Villareal, T.A., Singler, H., Richardson,
B., McGuire, P., et al. (2002) No difference found in ribo-
somal DNA sequences from physiologically diverse clones
of Karenia brevis (Dinophyceae) from the Gulf of Mexico.
J Plankton Res 24: 735–739.

Lynch, M., and Conery, J.S. (2003) The origins of genome
complexity. Science 302: 1401–1404.

Marshall, H.G., Gordon, A.S., Seaborn, D.W., Dyer, B.,
Dunstan, W.M., and Seaborn, A.M. (2000) Comparative
culture and toxicity studies between the toxic dinoflagellate
Pfiesteria piscicida and a morphologically similar cryptope-
ridiniopsoid dinoflagellate. J Exp Mar Bio Ecol 255: 51–74.

Marshall, H.G., Hargraves, P.E., Burkholder, J.M., Parrow,
M.W., Elbrachter, M., Allen, E.H., et al. (2006) Taxonomy of
Pfiesteria (Dinophyceae). Harmful Algae 5: 481–496.

Medlin, L., Elwood, H.J., Stickel, S., and Sogin, M.L. (1988)
The characterization of enzymatically amplified eukaryotic
16S-like rRNA-coding regions. Gene 71: 491–499.

Miyamoto, M.M., and Fitch, W.M. (1995) Testing the covarion
hypothesis of molecular evolution. Mol Biol Evol 12: 503–
513.

Montresor, M., Sgrosso, S., Procaccini, G., and Kooistra,
W.H.C.F. (2003) Intraspecific diversity in Scrippsiella tro-
choidea (Dinophyceae): evidence for cryptic species.
Phycologia 42: 56–70.

Muir, G., Fleming, C.C., and Schlotterer, C. (2000) Taxonomy
– species status of hybridizing oaks. Nature 405: 1016–
1016.

Muir, G., Fleming, C.C., and Schlotterer, C. (2001) Three
divergent rDNA clusters predate the species divergence in
Quercus petraea (matt.) liebl. and Quercus robur L. Mol
Biol Evol 18: 112–119.

Mukabayire, O., Boccolini, D., Lochouarn, L., Fontenille, D.,
and Besansky, N.J. (1999) Mitochondrial and ribosomal
internal transcribed spacer (ITS2) diversity of the African
malaria vector Anopheles funestus. Mol Ecol 8: 289–297.

Navajas, M., and Boursot, P. (2003) Nuclear ribosomal DNA
monophyly versus mitochondrial DNA polyphyly in two
closely related mite species: the influence of life history
and molecular drive. Philos Trans R Soc Lond B Biol Sci
270: S124–S127.

Navajas, M., Lagnel, J., Gutierrez, J., and Boursot, P. (1998)
Species-wide homogeneity of nuclear ribosomal ITS2
sequences in the spider mite Tetranychus urticae contrasts
with extensive mitochondrial COI polymorphism. Heredity
80: 742–752.

Orr, M.R., and Smith, T.B. (1998) Ecology and speciation.
Trends Ecol Evol 13: 502–506.

Page, R.D.M. (1996) TreeView: an application to display phy-
logenetic trees on personal computers. Comput Appl Biosci
12: 357–358.

Pfiester, L.A., and Anderson, D.M. (1987) Dinoflagellate
reproduction. In The Biology of Dinoflagellates. Taylor,
F.J.R. (ed.). Oxford, UK: Blackwell Science, pp. 611–648.

Posada, D., and Crandall, K.A. (1998) MODELTEST: testing
the model of DNA substitution. Bioinformatics 14: 817–818.

Potter, D., Lajeunesse, T.C., Saunders, G.W., and Anderson,
R.A. (1997) Convergent evolution masks extensive biodi-
versity among marine coccoid picoplankton. Biodivers
Conserv 6: 99–107.

Rengefors, K., and Legrand, C. (2001) Toxicity in Peridinium
aciculiferum – an adaptive strategy to outcompete other
winter phytoplankton? Limnol Oceanogr 46: 1990–1997.

Rengefors, K., Karlsson, I., and Hansson, L.A. (1998) Algal
cyst dormancy: a temporal escape from herbivory. Philos
Trans R Soc Lond B Biol Sci 265: 1353–1358.

Rengefors, K., Laybourn-Parry, J., Logares, R., and Hansen,
G. (2008) Marine-derived dinoflagellates in Antarctic saline
lakes: annual dynamics and community composition.
J Phycol (in press).

Rohde, K. (1978) Latitudinal gradients in species-diversity
and their causes. 1. Review of hypotheses explaining
gradients. Biol Zent Bl 97: 393–403.

Rohde, K. (1992) Latitudinal gradients in species diversity –
The search for the primary cause. Oikos 65: 514–527.

Rozas, J., Sanchez-DeIBarrio, J.C., Messeguer, X., and

1242 R. Logares et al.

© 2008 The Authors
Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 10, 1231–1243



Rozas, R. (2003) DnaSP, DNA polymorphism analyses by
the coalescent and other methods. Bioinformatics 19:
2496–2497.

Shalchian-Tabrizi, K., Minge, M.A., Cavalier-Smith, T.,
Nedreklepp, J.M., Klaveness, D., and Jakobsen, K.S.
(2006) Combined heat shock protein 90 and ribosomal
RNA sequence phylogeny supports multiple replacements
of dinoflagellate plastids. J Eukaryot Microbiol 53: 217–
224.

Simmons, M.P., Pickett, K.M., and Miya, M. (2004) How
meaningful are Bayesian support values? Mol Biol Evol
21: 188–199.

Snoke, M.S., Berendonk, T.U., Barth, D., and Lynch, M.
(2006) Large global effective population sizes in
Paramecium. Mol Biol Evol 23: 2474–2479.

Steidinger, K., Landsberg, J., Richardson, R.W., Truby, E.,
Blakesley, B., Scott, P., et al. (2001) Classification and
identification of Pfiesteria and Pfiesteria-like species.
Environ Health Perspect 109: 661–665.

Steidinger, K.A., Burkholder, J.M., Glasgow, H.B., Hobbs,
C.W., Garrett, J.K., Truby, E.W., et al. (1996) Pfiesteria
piscicida gen et sp nov (Pfiesteriaceae fam nov), a new
toxic dinoflagellate with a complex life cycle and behavior.
J Phycol 32: 157–164.

Tengs, T., Bowers, H.A., Glasgow, H.B., Burkholder, J.M.,
and Oldach, D.W. (2003) Identical ribosomal DNA
sequence data from Pfiesteria piscicida (Dinophyceae) iso-
lates with different toxicity phenotypes. Environ Res 93:
88–91.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F.,
and Higgins, D.G. (1997) The CLUSTAL_X windows inter-
face: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res 25:
4876–4882.

Throndsen, J. (1978) The dilution-culture method. In Phy-
toplankton Manual. Sournia, A. (ed.). Paris, France:
Unesco, pp. 218–224.

Voipio, A. (1981) The Baltic Sea. Elsevier Oceanography
Series 30. Amsterdam, Netherlands: Elsevier.

Von Stosch, H.A. (1973) Observations on vegetative repro-
duction and sexual life cycles of two freshwater dinofla-
gellates Gymnodinium pseudopalustre Schiller and
Woloszynkskia apiculata sp. nov. Br Phycol J 8: 105–
134.

White, T.J., Bruns, T., Lee, S., and Taylor, J. (1990) Amplifi-
cation and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In PCR Protocols. A Guide to
Methods and Applications. Innis, M.A., Gelfand, D.H.,

Sninsky, J.J., and White, T.J. (eds). San Diego, CA, USA:
Academic Press, pp. 315–324.

Zhang, H., Bhattacharya, D., and Lin, S. (2005) Phylogeny of
dinoflagellates based on mitochondrial cytochrome b and
nuclear small subunit rDNA sequence comparisons.
J Phycol 41: 411–420.

Zwartz, D., Bird, M., Stone, J., and Lambeck, K. (1998)
Holocene sea-level change and ice-sheet history in the
Vestfold Hills, East Antarctica. Earth Planet Sci Lett 155:
131–145.

Zwickl, D.J. (2006) Genetic algorithm approaches for the
phylogenetic analysis of large biological sequence
datasets under the maximum likelihood criterion. PhD
Thesis. Austin, TX, USA: University of Texas.

Supplementary material

The following supplementary material is available for this
article online:
Fig. S1. Light micrographs and schematic diagrams of S. aff.
hangoei from the Canadian Arctic, isolate K-0399.
A and B. Differential interference contrast.
C–E. Fluorescence microscopy of CalcoFlour White stained
cells.
F–I. Schematic diagram of the thecal plates deduced from
fluorescence microscopy.
A. Ventral view showing the large posterior nucleus (N).
B. Sausage-shaped chloroplasts (c) located in the cell
perimeter.
C. Ventral view, note the slightly displaced cingulum.
D. Dorsal view.
E. Oblique apical view. The individual thecal plates are
labelled according to the Kofoidian plate formula in C–I. The
plate tabulation for the Arctic S. aff. hangoei is po, x, 4′, 3a,
7′′, 6c (t+5c), 6 s, 5′′′, 2 ¥ 0.
Table S1. The 16 constructed phylogenies and resulting
parameters. Support values for the clades PASH,
PASH + PFIE across the phylogenies are shown.
Table S2. Description of the DNA and Amino Acid polymor-
phisms among the analysed COB haplotypes.

This material is available as part of the online article from
http://www.blackwell-synergy.com
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