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Processes of rapid radiation among unicellular eukaryotes are much less studied than among
multicellular organisms. We have investigated a lineage of cold-water microeukaryotes (protists)
that appear to have diverged recently. This lineage stands in stark contrast to known examples of
phylogenetically closely related protists, in which genetic difference is typically larger than
morphological differences. We found that the group not only consists of the marine-brackish
dinoflagellate species Scrippsiella hangoei and the freshwater species Peridinium aciculiferum as
discovered previously but also of a whole species flock. The additional species include Peridinium
euryceps and Peridinium baicalense, which are restricted to a few lakes, in particular to the ancient
Lake Baikal, Russia, and freshwater S. hangoei from Lake Baikal. These species are characterized by
relatively large conspicuous morphological differences, which have given rise to the different
species descriptions. However, our scanning electron microscopic studies indicate that they belong
to a single genus according to traditional morphological characterization of dinoflagellates (thecal
plate patterns). Moreover, we found that they have identical SSU (small subunit) rDNA fragments and
distinct but very small differences in the DNA markers LSU (large subunit) rDNA, ITS2 (internal
transcribed spacer 2) and COB (cytochrome b) gene, which are used to delineate dinoflagellates
species. As some of the species co-occur, and all four have small but species—specific sequence
differences, we suggest that these taxa are not a case of phenotypic plasticity but originated via
recent adaptive radiation. We propose that this is the first clear example among free-living
microeukaryotes of recent rapid diversification into several species followed by dispersion to
environments with different ecological conditions.
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Introduction

During the past decade, our understanding of
microbial diversity and biogeography has improved
enormously (Martiny et al., 2006). However, the
mechanisms that promote the diversification of free-
living unicellular eukaryotes (protists) have to date
been insufficiently studied. Rapid adaptive radia-
tion could be one of the main mechanisms of
organism diversification (Schluter, 2000). It refers
to the rapid diversification of lineages leading to
evolution of phenotypic diversity followed by
adaptation into various niches (for example, Schén
and Martens, 2004). Our understanding of specia-
tion and population divergence is, however, based
mainly on studies of multicellular organisms
owing to historical reasons. For instance, our
knowledge about adaptive radiation is based on
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such classic systems as cichlids from Lake Tanga-
nyika (Seehausen, 2006) and Darwin’s finches on
the Galapagos islands (Grant and Grant, 2011).
Currently, a very popular model system is the
three-spined stickleback fish complex, an originally
marine species that has colonized freshwaters and
diversified into a flock of partially coexisting fresh-
water species during the past ice age (Jones et al.,
2012). Together these examples exhibit an excep-
tional extent of adaptive diversification to a variety
of ecological niches.

Similar studies are largely lacking among micro-
organisms, except for numerous laboratory studies
on the diversification process in bacterial consortia
(reviewed in MacLean, 2005). In particular, Gémez
and Buckling (2013) suggested that rapid diversifi-
cation is much greater in the absence of an
established natural microbial community based on
their work on the soil bacterium Pseudomonas
fluorescens. Hunt et al. (2008) showed sympatric
differentiation in marine bacteria, which they
attribute to horizontal gene transfer and adaptation.
Speciation theory presently contains different
models of adaptive radiation, including ‘invasion
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of empty niches’, ‘spontaneous clusterization’ and
‘sympatric diversification’ models (Pfennig et al.,
2010). However, Gavrilets and Losos (2009) noted
that ‘how exactly radiation occurs, and how it
differs among taxa and in different settings, as well
as why some lineages radiate and others do not, are
still unclear’. The term ‘rapid adaptive radiation’ is
nevertheless widely discussed and there are no
reliable quantitative criteria. Wilke ef al. (2010)
suggest that a rapid radiation is a monophyletic
group of at least three species that have evolved
during a short time with a few consecutive speciation
events.

Some protists seem to speciate via rapid radiation
as in the symbiotic dinoflagellates (LaJeunesse,
2005) and pathogenic fungi (Kasuga et al., 2003).
However, this phenomenon is still poorly studied,
and there is a lack of examples both in nature and
laboratory experiments. Thus finding and investi-
gating cases of recent rapid radiation among protists
is much needed.

A case of recent diversification following the
transition from marine to freshwater has been
proposed for two species of dinoflagellates, Scripp-
siella hangoei and Peridinium aciculiferum (Logares
et al., 2007a). S. hangoei, known from the Baltic Sea,
can grow in salinities up to 30%., while P. aciculi-
ferum is a freshwater species found in lakes (Logares
et al., 2007a). Moreover, S. hangoei was shown not
to cluster with confirmed Scrippsiella species. The
two species are morphologically distinct but show
no difference in the ribosomal DNA markers
traditionally used for species delimitation (Logares
et al., 2007a, 2008). Later, S. aff. hangoei was
discovered in Antarctic brackish lakes, showing
identical morphology with S. hangoei from the
Baltic Sea but with small differences in the rDNA
markers (Rengefors et al., 2008). Recently, small
subunit (SSU) rDNA fragments similar to the
S. hangoei/P. aciculiferum sequences were discov-
ered in environmental DNA samples from Lake
Baikal (Annenkova and Belikov, 2010; Annenkova
et al., 2011). However, it was not possible to
determine from which species these fragments
originated, as the data were acquired from total
DNA of an environmental sample and not from
the individual organisms. Either the fragments
originated from one or both of these species
or they belonged to yet another closely related
species. Previous studies from Baikal show that a
number of different dinoflagellates, including the
endemic Peridinium baicalense, are present in the
lake although there is no previous reference to
P. aciculiferum or S. hangoei in open Baikal waters
(Tanichev and Bondarenko, 1995).

Lake Baikal is situated in Eastern Siberia, Russia
and is the oldest (>25 million years) and the
deepest (about 1637 m) lake on Earth (Mats et al.,
2011). Lake Baikal contains around 1600 endemic
species (Timoshkin, 1999) and is a hotspot of
adaptive radiation for several groups of multicellular
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taxa (Sherbakov, 1999). Because of its long history, the
lake contains species that belong both to very ancient
lineages and to recent invasions, for example, the neo-
endemic Baikal seal (Harington, 2008).

The aim of the current study was to explore the
patterns of genetic and morphological diversity in
the species complex comprising the dinoflagellates
P. aciculiferum/S. hangoei to gain understanding on
how these species have evolved and to determine
whether their divergence is recent or ancient. Our
approach was to analyze dinoflagellates from Lake
Baikal and other lakes in Europe and Sibieria and to
compare those with other dinoflagellate lineages. To
this end, we performed single-cell PCR on a set of
molecular markers in combination with detailed
scanning electron microscopy (SEM) of the mor-
phology. An advantage of this method is that
molecular genetic variation can be observed without
introducing artifacts from culturing.

Methods

Collection sites

All samples were collected during March—May 2011
from ice-covered freshwater lakes in the Baikal
region, Russia (Figure 1) and in Lake Erken, located
15 km from the Baltic Sea in Sweden (see Table 1 for
lake descriptions). The samples were collected by
towing surface water using a plankton net (10-pm
mesh size) after drilling of holes in the ice. In Lake
Baikal, samples were also taken by a scubadiver,
who collected visible dinoflagellate patches using a
syringe. Unicellular cultures of S. hangoei (Lake
Baikal), P. baicalense (Lake Baikal) and P. aciculi-
ferum (Lake Tovel) were cultured in modified
Woods Hole medium (salinity, 0) based on Milli-Q

Figure 1 Collecting sites in the Baikal region: 1—Lake Baikal,
west coast of the south basin, 2—Lake Baikal, east coast of the
central basin, 3—Lake Zavernyaikha, which is located 7 km from
the east coast of Lake Baikal in the Selenga delta, 4—Lake
Kotokel, which is connected to Lake Baikal (water flows both
ways), but separated by a low mountain chain (5 m above Baikal
level).



Table 1 Description of the studied lakes
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Name of the water Coordinates of the Time of the sampling Trophic level Average depth
reservoir sampling of the lake
Lake Baikal (1) N-51°33’" E-105°6/, (1) Each week from 3 March till 27 April Oligotrophic 744 m

west coast, south basin
(2) N-52°56" E-108°12/,
east coast, central basin

Lake Zavernyaikha N-52°25" E-106°35’ 5 March 2011

2011 (50, 250 and 1050 m from the coast)
(2) Littoral zone on 1-2 May 2011

Hypertrophic in winter, Not exceeding

mesotrophic in other time 4m
Lake Kotokel N-52°48" E-108°7’ 1 May 2011 Eutrophic 3.5m
Lake Erken N-59°25" E-18°15' The end of April 2012 and 2013 Eutrophic 9m
water (Millipore Corp., Bedford, MA, USA). including the variable D1-D3 domains) were ampli-

Cultures were kept in an incubator at 4+1°C,
20 pumol photonsm~?s~', and 12:12h light—dark
cycle.

Single-cell PCR and sequencing

Volumes of 30pul field sample preserved in 70%
ethanol or 1% Lugol’s iodine were transferred to a
drop of deionized water on an autoclaved glass
slide. Individual intact dinoflagellate cells were
isolated and photographed using a Nikon Eclipse
TS100 microscope (Nikon Corporation, Tokyo,
Japan) at x 100 magnification. Each cell was washed
in 6-8 droplets of deionized MilliQ water using a
sterile micropipette to prevent contamination with
foreign DNA. Negative PCR controls were done
using the last droplet as a template, which might
contain non-target dinoflagellate DNA (see agarose
gel in Supplementary Figure S1). After the washing
procedure, individual cells were transferred to a 4-pl
deionized water droplet and broken with a fine glass
needle. The entire ruptured cell was transferred to a
tube and placed at — 80 °C overnight.

Dinoflagellate-specific =~ PCR  primers  were
designed or retrieved from our previous studies for
partial SSU and large subunit (LSU) rDNA, internal
transcribed spacer 2 (ITS2) and partial cytochrome b
(COB) gene (Supplementary Table S1). The specifi-
city of the primers was checked against known
dinoflagellate sequences using the Primer Blast
program (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/). The relatively conservative SSU rDNA frag-
ment is the most studied molecular marker among
dinoflagellates. LSU rDNA has been successfully used
for dinoflagellate species separation (Daugbjerg et al.,
2000). The mitochondrial COB gene has been sug-
gested for dinoflagellate barcoding (Lin et al., 2009).
ITS2 sequences are highly variable and useful to
delineate closely related species of dinoflagellates
(Montresor et al., 2003; Litaker et al., 2007).

SSU rDNA fragments (1179bp, including the
variable V4 domain) were amplified and sequenced
for five replicate cells of P. baicalense (Baikal), four
replicates of Peridinium euryceps (Baikal and Erken)
and two replicates of P. aciculiferum (Kotokel and
Erken). DNA fragments containing partial 5.8S
rDNA and ITS2 (250bp) and LSU rDNA (1045 bp,

fied and sequenced from seven replicate cells of
P. baicalense (Baikal), six replicates of P. euryceps
(three from Baikal and three from Erken), three
replicates of P. aciculiferum (Kotokel and Erken) and
two replicates of S. hangoei (Lake Baikal) (see details in
Figure 2 and Supplementary Table S2). Mitochondrial
COB DNA fragments (590bp) were sequenced from
three cells of P, baicalense, two cells of P, euryceps from
Lake Baikal and one cell of P euryceps from Lake
Erken. Cells of S. hangoei were rare in our lake
samples, thus we cultivated it and sequenced the
COB mtDNA fragment from this culture.

PCR reactions using the entire ruptured dinofla-
gellate cells were performed using a 2 x PCR Master
Mix with high-fidelity DNA polymerase (Phusion,
Finnzyme, Espoo, Finland) and 0.4um of each
primer. To amplify SSU rDNA and ITS2-LSU rDNA
fragments from one cell, multiplex PCR was per-
formed with L1 and Dino1662R and 5L and R28Lo
primers simultaneously. Thermocycling was as
follows: initially 98°C for 1min, followed by 33
cycles of 98°C (10s), 68°C (30s), 72°C (45s), and
then finally 72 °C (5 min). The second PCR was done
with each of the primer pairs separately, with 0.6 ul
of the first PCR reaction used as a template. For the
PCR of the COB mtDNA fragment, cycling condi-
tions were the same as for TDNA markers but the
annealing temperature was 66 °C. The total volume
of each PCR reaction was analyzed by electrophor-
esis on a 1.5% agarose gel stained with GelRed
Nucleic Acid Gel Stain (Biotium Inc., Hayward, CA,
USA) in 0.5 x TBE (Tris-Borate-EDTA) buffer. PCR
products were excised from the gel and sequenced
from both sides wusing the BigDye system
(Perkin Elmer, Waltham, MA, USA), followed by
electrophoresis using an Automated Sequencer
(BaseStation, MJ Research, Waltham, MA, USA).

Single-cell PCRs of the ITS2 fragment were also
repeated using the live cells of P baicalense
and P. euryceps in Russia. These sequences were
deposited to GenBank under Accession Numbers
KJ450981—K]J450992 and KF446621—KF446624.

Alignment and phylogenetic analyses
The obtained sequences were edited manually and
assembled using BioEdit v7.1.3 (Hall, 1999). DNA
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Figure 2 Some of the dinoflagellates cells used for single-cell PCR analysis and sequencing. A1-A4—Peridinium baicalense from Baikal
east coast, B1-B2—P. baicalense from Baikal west coast, C1-C4—P. baicalense from Zavernyaikha; D1-E1—Peridinium euryceps from
Baikal west and east coasts, F1—P. euryceps from Erken; G1 and H1—Scrippsiella hangoei from Baikal west and east coasts, 11—
Peridinium aciculiferum from Kotokel, J1 and J2—P. aciculiferum from Erken.
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sequences of both S. hangoei from the Baltic Sea,
Arctic Ocean and Antarctic lakes and P. aciculiferum
from European lakes were obtained previously
(from Logares et al., 2008) and used for comparison
with the newly obtained sequences. Separate
alignments were constructed for ITS2-LSU rDNA
and COB DNA fragments using BioEdit v7.1.3
(Hall, 1999). Analysis of the genetic differences
between the sequences was performed with MEGA
v.5.1 (Tamura et al., 2011). ITS2 secondary struc-
tures were predicted by homology modeling using
the ITS2 Database (http://its2.bioapps.biozentrum.
uni-wuerzburg.de/), with the secondary structure of
Baltic S. hangoei ITS2 as a template. CBCAnalyzer
(Wolf et al., 2005) was used to detect compensatory
base changes and build the ITS2 phylogram.

A BLAST search was performed to find related
sequences of other dinoflagellates in GenBank.
A SSU-LSU rDNA alignment was constructed using
Mafft v6.952 based on the G-INS-I model with
default parameters (Katoh and Toh, 2010). The
alignment was manually edited. Due to ambiguous
alignment of the highly divergent domain D2 in LSU
rDNA, this domain was excluded, thus leaving 1791
sites (without gaps) in 59 sequences for phyloge-
netic inference.

The Bayesian information criterion implemented
in jModelTest 2.1.1 (Darriba et al., 2012) indicated
that the General Time Reversible model of nucleo-
tide substitution, with Gamma (G) distributed rates
across sites and a proportion of invariable sites (I),
was the most appropriate evolutionary model for the
SSU-LSU rDNA alignment. Phylogenies of these
sequences were constructed based on this model
using the Bayesian inference (BI) and Maximum
Likelihood (ML) analyses.

BI analysis was conducted with MrBayes-3.1.2
(Ronquist and Huelsenbeck, 2003) and was run with
seven Markov chains (six heated chains, one cold)
for two 10° generations and two independent runs in
each analysis. Trees were sampled every hundredth
generation, the first 25% samples were discarded as
‘burn-in’. The average s.d. of split frequencies,
convergence diagnostics for the posterior probabil-
ities of bipartitions (Stdev(s)) and branch lengths
(potential scale reduction factor of Gelman and
Rubin (1992) were used to check for convergence.

ML analysis was conducted using the morePhyMI
and PhyMlI (http://mobyle.pasteur.fr) as well as the
RaxML (http://www.phylo.org/) online programs.
The best likelihood score was obtained with mor-
ePhyMl, and this tree was used further. Its script
performs ratchet-based ML tree searches, which is
an efficient way to avoid local optima (Criscuolo,
2011). A subtree-pruning-regrafting first tree swap-
ping algorithm was used. A non-parametric branch
support test based on a Shimodaira—Hasegawa-like
procedure (SH test) (Anisimova and Gascuel, 2006)
was performed to test the statistical significance of
specific topological relationship. To test the statis-
tical difference between marine and freshwater
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Thoracosphaeraceae-like species, a Unifrac test
was used (Lozupone et al., 2006). Each sequence
was treated as marine, brackish or freshwater.
Additional analyses were carried out with two
groups: marine-brackish and freshwater sequences.
The statistical support values were drawn on the
best scoring ML tree visualized in FigTree v1.4.0
(http://tree.bio.ed.ac.uk/).

Microscopy and morphological measurements

Cell length and width were determined from
measurements of 20 cells of each species fixed in
Lugol’s iodine, by using a Nikon Eclipse light
microscope at x 400 magnification. Spines were
not taken into account. A one-way analysis of
variance was performed using Microsoft Excel
2007 (Redmond, WA, USA) to determine statistical
significance among mean length/width ratios of the
different species.

Baikal net samples with numerous dinoflagellate
cells were used for SEM. In addition, photographs
from a culture of P. aciculiferum strain SCCAP
K-0099 was included for comparison. Cells from the
Lake Baikal were either fixed in 1% Lugol’s iodine
or 70% ethanol and stored at 4°C until further
processing for SEM. The culture from Lake Tovel
was fixed for 50min in a mixture of OsO, and
saturated HgCl, at a final concentration of 0.6% and
10%, respectively. Fixed material was prepared as
described elsewhere (Hansen and Flaim, 2007) and
examined using a JEOL JSM-6335F field emission
SEM (JEOL Ltd, Tokyo, Japan).

Results

Species occurrence

P, baicalense (Figure 2, A1-B2), P, euryceps (Figure 2,
D1-E1) and S. hangoei (Figure 2, G1, H1) were all
found concurrently in the Lake Baikal open waters.
Cells of P. baicalense were also found in Lake
Zavernyaikha (Figure 2, C1-C4), which is hydro-
logically connected to the west coast of Lake Baikal.
Cells of P. euryceps were also found in Lake Erken
(Sweden) (Figure 2, F1) where it was first described
(Rengefors and Meyer, 1998).

P aciculiferum, which is common in many cold
freshwater lakes (for example, Logares et al., 2008),
was observed in the lakes near Lake Baikal, in
particular in Lake Kotokel (Figure 2, I1). Lake
Kotokel’s phytoplankton community is typical of
the Siberian region but differs from that of Lake
Baikal open waters (Popovskaya, 1991). We did not
find P. aciculiferum in the samples collected in Lake
Baikal open waters nor in Lake Zavernyaikha.
However, P. aciculiferum has been previously
observed in shallow Baikal bays (regions of the lake
inhabited by various cosmopolitan organisms;
Kozhova and Izmest’eva, 1998). All the confirmed
occurrences of dinoflagellates of the aciculiferum/
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hangoei complex included in this study are listed in
Table 2.

Morphological diversity

Based on 20 cells from each species, we determined
general morphology of the studied species and
measured their size (length and width) and calcu-
lated the relative length (Table 3). Detailed descrip-
tions of the species were done based on SEM data.

All studied morphospecies (P. baicalense,
P. euryceps, P. aciculiferum, S. hangoei) have
identical plate formulas (used to delineate thecate
dinoflagellates microscopically): po, x, 4’, 7, 3a, 6c¢,
?s, 5’7, 2 (Figures 3-5). Detailed observations of P.
baicalense was made here for the first time and
showed that the number of thecal plates was
misinterpreted when it was first described
(Kisselew and Zwetkow, 1935). This is most likely
caused by the very wide intercalary growth bands
and distinct lists or flanges on the plates.

There are evident differences in the general
morphology of all four species (Figures 2—5) despite
their identical plate formulas. The cells differ both
in size and relative length (Table 3), in the shape of
the thecal plates and in the general cell shape. P.
baicalense is the biggest and the most elongated
morphospecies, though its variants from Lake
Zavernyaikha and from the east coast of the Baikal
South Basin (Figure 2, A1-A4) are rounder. There
are no spines on S. hangoei cells, while cells of P,
aciculiferum have 3-4 small antapical spines
(Figure 5). Cells of P. euryceps have two pronounced
antapical spines (Figure 4). Each of the two
antapical plates of P. baicalense cells is furnished

Table 2 Confirmed occurrence of morphospecies

with two prominent horns, which are sometimes
bifurcated and may even fuse with each other
(Figure 3a). Additionally, this species has a char-
acteristic more or less pronounced lateral horn on
one side (Figure 3).

Cultures of P. baicalense and S. hangoei from the
Lake Baikal were monitored during 2 years, and no
changes in the morphology were found except that
the spines of P baicalense were shorter in
culture than they usually are in nature. Previous
observations also showed a stable morphology
of P. aciculiferum and Baltic S. hangoei in culture
(Logares et al., 2008).

Nuclear rDNA and mitochondrial COB gene variations
among species variants

All the SSU rDNA fragments of the studied species
were identical to each other, except Antarctic
Scrippsiella aff. Hangoei, which had one substitu-
tion in this fragment.

Very little difference was found within the 5.8
S-ITS2-LSU rDNA fragments among the different
lineages. The ITS2 DNA sequences from all Lake
Baikal dinoflagellates and P. euryceps from Lake
Erken were identical to each other and differed from
freshwater P. aciculiferum (both from Lake Erken
and Lake Kotokel) in one substitution. The partial
LSU rDNA sequences (1045bp) of all the Lake
Baikal dinoflagellates and the P aciculiferum
obtained in this study contained three variable
sites and one single-nucleotide polymorphism.
Comparison of these sequences with sequences of
P aciculiferum and S. hangoei available from
GenBank (224 bp of ITS2 and 548 bp of LSU rDNA)

Morphospecies Lake Baikal —Lake Kotokel Lake Zavernyai-

Lake Erken

Lake Tovel®  Baltic Sea Vereteno and Highway

(freshwater)  (freshwater) kha (freshwater) (freshwater) (freshwater) (brackish)® Antarctic lakes (brackish)®
S. hangoei X X X
P, aciculiferum X X X
P. baicalense X X
P. euryceps X X

“Sites not analyzed in this study.

Table 3 Size of the dinoflagellate cells (based on 20 cells)

Species name

Mean size pm width x length

Mean length/width ratio

Scrippsiella hangoei (Baltic Sea)®
Scrippsiella hangoei (Lake Baikal)
Peridinium aciculiferum ( Lake Erken)*
Peridinium aciculiferum (Lake Kotokel)
Peridinium euryceps (Lake Baikal)
Peridinium baicalense (Lake Zavernyaikha)
Peridinium baicalense (Lake Baikal)

26.77 (s.d. 2.62) x 37.12 (s.d. 2.26)
27.05 (s.d. 1.27) x 43.21 (s.d. 3.18)
34.69 (s.d. 1.96) x 49.62 (s.d. 3.20)
35.12 (s.d. 2.93) x 58.71 (s.d. 4.51)

20.24 x 23.00 1.14
26.96 (s.d. 2.90) x 33.33 (s.d. 3.66) 1.24 (s.d. 0.06)
28.63 x 38.41 1.35

1.39 (s.d. 0.12)
1.59 (s.d. 0.11)
1.43 (s.d. 0.06)
1.68 (s.d. 0.10)

According to analysis of variance test, the difference between mean length/width ratio among S. hangoei, P. aciculiferum and P. baicalense from
Baikal (pairwise comparison) reliable statistical significance (P-value <0.05).
Data from Logares et al., 2007a (based on 20 cells, s.d. was not indicated).
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Figure 3 Peridinium baicalense. (a) Cell seen in ventral view. Lateral flanges (arrows) may be mistaken for plate margins. Notice
bifurcating antapical horns connected by prominent plate margins and the extremely wide growth bands (double arrow). (b) Cell with
lateral horn on plate 4’ (arrow), dorsal view.

Figure 4 Peridinium euryceps. (a) Cell seen in ventral view; only two antapical horns are present. (b) Dorsal view; the thecal pores seem
to be arranged in longitudinal rows (arrow).

Figure 5 (a) Ventral view of Peridinum aciculiferum, (b) lateral view of P. aciculiferum, and (c) ventral view of Scrippsiella hangoei.

The ISME Journal



Recent radiation in aquatic dinoflagellates
NV Annenkova et al

1828

Peridinium aciculiferum SCCAP K-00998 lake Tovel, Italy
Peridinium aciculiferum PASP10 pond St. Pildammen, Sweden
Peridinium aciculiferum PAFI1 lake Ostertrask, Finland

Peridinium aciculiferum PABR3 pond Brodammen, Sweden
Peridinium aciculiferum SCCAP K-0986 lake Erken, Sweden
Peridinium aciculiferum lake Kotokel, Siberia, Russia
Peridinium aciculiferum lake Erken, Sweden 1
Scrippsiella hangoei SCCAP K-0977 Baltic sea
Scrippsiella hangoei SHTV6 Baltic sea
Scrippsiella hangoei east and west coast of Baikal, Siberia, Russia
Peridinium euryceps, Lake Erken, Sweden
Peridinium euryceps east and west coast of Baikal, Siberia, Russia
Peridinium baikalense lake Zavernyaikha, Siberia, Russia
Peridinium baikalense east and west coast of Baikal, Siberia, Russia

0.002

Scrippsiella aff. hangoei Vere-C Vereteno lake, Antarctica |

Scrippsiella aff. hangoei High4 Highway lake, Antarctica
Scrippsiella aff. hangoei SCCAP K-0399 | 3
Nunavut, Canada

b Peridinium aciculiferum SCCAP K-00998 lake Tovel, Italy

0.002

Peridinium aciculiferum PASP10 pond St. Pildammen, Sweden
Peridinium aciculiferum PAFI1 lake Ostertrask, Finland
Peridinium aciculiferum PABR3 pond Brodammen, Sweden
Peridinium aciculiferum SCCAP K-0986 lake Erken, Sweden
Peridinium aciculiferum lake Kotokel, Siberia, Russia
Peridinium aciculiferum lake Erken, Sweden
Scrippsiella hangoei SHTV1 Baltic sea
Scrippsiella hangoei SCCAP K-0977 Baltic sea
Scrippsiella hangoei SHTV6 Baltic sea
Peridinium baicalense west and east coast of Baikal, Siberia, Russia
Peridinium baicalense lake Zavernyaikha, Siberia, Russia
Peridinium euryceps west and east coast of Baikal, Russia
_{Peridinium euryceps lake Erken, Sweden
Scrippsiella hangoei west, east coast of Baikal, Russia
Scrippsiella aff. hangoei Highway lake Antarctica
Scrippsiella aff. hangoei SCCAP K-0399 Nunavut, Canada

C Peridinium aciculiferum PASP11 pond St. Pildammen, Sweden

Peridini

Peridinium baicalen.

Peridinium aciculiferum PAFI1 lake Ostertrésk, Finland

Peridinium aciculiferum PABR3 pond Brodammen, Sweden
Peridinium aciculiferum SCCAP K-0985 lake Erken, Sweden
Peridinium aciculiferum SCCAP K-0987 Brodammen, Sweden
Peridinium aciculiferum PABR1 Brodammen, Sweden
Peridinium aciculiferum SCCAP K-00998 lake Tovel, Italy

Peridinium euryceps west coast of Baikal, Siberia, Russia
euryceps lake Erken, Sweden

se east coast of Baikal, Siberia, Russia
Peridinium baicalense lake Zavernyaikha, Siberia, Russia
Scrippsiella hangoei east coast of Baikal, Siberia, Russia
Scrippsiella aff. hangoei VereC Vereteno lake, Antarctica
Scrippsiella aff. hangoei Highl Highway lake, Antarctica

|Scripp5ieh'a hangoei strain SCCAP K-0977 Baltic sea

Scrippsiella aff. hangoei SCCAP K-0399 Nunavut, Canada

—]
0.002

Scrippsiella hangoei strain SHTV1 Baltic sea
\—@ieﬂa_ hangoei strain SHTV6 Baltic sea

Figure 6 Midpoint rooted Neighbor-Joining phylograms between: (a) Secondary structure of ITS2 tDNA sequences, based on hemi-CBC
distance matrices. Groups 1, 2 and 3 correspond to different ITS2 rDNA secondary structures (see Supplementary Figure S1); (b) ITS2-
LSU rDNA sequences, based on p-distances; and (c) Partial COB gene sequences, based on p-distances. Sequences obtained using single-
cell PCR in this study are in bold (red from Lake Baikal, blue from other studied lakes). A full color version of this figure is available at the

ISME Journal journal online.

showed that the difference in the entire ITS2-LSU
rDNA fragment (772bp) ranged from 0% to 0.9%.
(Figures 6a and b). The secondary structure of the
ITS2 rDNA in S. aff. hangoei from the Antarctic
lakes and from the Arctic Ocean, differed from the
corresponding structure of the Baltic S. hangoei by
3.2% and 6.5% in Transfer helix 3 and by 0.8% and
1.6% in Transfer helix @, respectively. These
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differences are explained by hemi-one-sided com-
pensatory base changes (hemi-CBC), that is, an
altered pairing in a helix of the secondary structure
of the ITS2 RNA. The ITS2 regions of the other
studied species had the same secondary structure as
the Baltic S. hangoei (Supplementary Figure S2).

P baicalense, P. euryceps and Scrippsiella aff.
hangoei (from the Antarctic lakes) contained



identical COB mtDNA fragments (Figure 6c¢). These
fragments differed from the COB mtDNA sequences
of P. aciculiferum by 0.2-0.3% and from the Baltic
S. hangoei by 1.4-1.7% (Figure 6c). Overall, the
genetic differentiation among all S. hangoei-like
species in the COB mtDNA fragments was low but
higher than in the tDNA sequences, with 19 variable
sites identified out of the 592 analyzed.

The general patterns based on p-distances among
the studied sequences (Figure 6) showed that the
taxa clustered by species affiliation and not by
habitat. The one exception was S. hangoei, which is
a genetically heterogeneous morphospecies and is
found in a range of salinities.

Molecular phylogeny

The deeper phylogenetic analyses based on two
genes (partial SSU and LSU rDNA data) using
different optimality criteria resulted in trees with
identical topologies (Figure 7). Species of the

inophyceae sp.
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aciculiferum/hangoei complex are included in the
Thoracosphaeraceae family, which contains both
calcareous and non-calcareous species, and forms
one clade with high statistical support (100 ML; 100
BI, Figure 7). Within this clade, there are four highly
supported groups: a Scrippsiella trochoidea-like
(not S. hangoeil), Stoeckeria-like, Pfiesteria-like,
and a S. hangoei-like clade (including S. hangoei).
The species Thoracosphaera heimii did not affiliate
with any of these groups. The P. aciculiferum-like
clade formed a clade with the Pfiesteria- and the
Stoeckeria-like clades (95 ML; 100 BI, Figure 7)
rather than with the S. trochoidea-like clade.
Chimonodinium lomnickii also belonged to this
clade but did not group with any group within it
(Figure 7).

Phylogenetic trees based on the ITS2 and COB
fragments confirmed the closeness of the studied
dinoflagellates with Pfiesteria-like species (data not
shown) in agreement with rDNA tree and an earlier
phylogeny by Logares et al. (2007a).
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Figure 7 Phylogenetic analysis based on partial SSU rRNA gene and partial LSU rRNA gene. Branch support was inferred using the
conservative non-parametric SH-like aLRT test (above vertical lines, asterisk (*) means 100%), values <90% were considered as a cutoff
for ‘good’ support and 80-90% was considered ‘moderate’ support) and BI posterior probabilities (below vertical line, * means 100%,
values >99% were considered as ‘good’ support and 95-99% was considered as ‘moderate’ support). Scrippsiella hangoei from Baikal
was not included in the analysis, because we did not sequence its SSU rDNA fragment (its ITS2-LSU rDNA fragment is identical to
Peridinium euryceps). Sequences obtained from Baikal species are in red, sequences of the species from the other studied lakes are in
blue. Freshwater species from Thoracosphaeraceae family are underlined. A full color version of this figure is available at the ISME

Journal journal online.
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Discussion

Here we present an example of a species flock of
free-living protists with an unusual discrepancy
between morphological and molecular genetic char-
acteristics, suggesting a case of recent evolution and,
possibly, adaptive radiation. Originally, a species
flock referred to a monophyletic group of at least
three species that co-occur and are endemic
(Greenwood, 1984), but today the endemicity aspect
has been dropped (Schon and Martens, 2004). In the
current case, all four morphospecies occur in fresh-
water lakes, except S. hangoei, which has a wide
salinity tolerance and is also found in the Baltic Sea
and polar oceans. Previously, Logares et al. (2007a,
2008) described a close relationship between the
marine S. hangoei and the freshwater species
P. aciculiferum, but here we suggest that these two
are part of a bigger story about species radiation.

The studied group of armored dinoflagellate
species have previously been described and identi-
fied as different species and even genera (Kisselew
and Zwetkow, 1935; Larsen et al., 1995; Rengefors
and Anderson, 1998; Rengefors and Meyer, 1998;
Hansen and Flaim, 2007). All species turned out to
have identical SSU rDNA fragments and only very
small differences in the LSU rDNA, ITS2 rDNA and
mitochondrial COB gene markers. Our results are in
stark contrast to the numerous recent studies on
protists showing cases of cryptic genetic diversity,
where genetic divergence is not reflected in mor-
phological differentiation (for example, Coleman,
2001). We have only found one other similar study
in which four marine foraminifera morphospecies
were shown to be virtually identical by SSU rDNA
and ITS-1 DNA markers (André et al., 2013).

Diversity within the S. hangoei/P. aciculiferum group
The studied dinoflagellates belong to a single group,
based on their plate formula, a feature that is used
for species and generic determination in armored
dinoflagellates (Steidinger and Tangen, 1997). The
plate formula is the pattern of the cellulose plates,
which together form the dinoflagellate theca (rigid
outer cell covering) (Fensome et al., 1993). Logares
et al. (2008) previously showed that P. aciculiferum
and S. hangoei have identical plate patterns. Here
we confirm this claim and add P. euryceps and P.
baicalense to the group. However, all four species
differ substantially in morphology, including thecal
plate shape, general cell shape and the presence or
absence of spines (Figures 3-5).

In addition to their morphological differences, the
species in question occupy different habitats
(Table 2) and at least S. hangoei differs in physiol-
ogy. Logares et al. (2008) showed that, in the
laboratory, S. hangoei grows equally well at all
salinities ranging from 0 to 30% while P. aciculi-
ferum did not grow at salinities >3%o. S. hangoei
has earlier been found in both brackish (salinity
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~6%o) and marine cold waters (Larsen et al., 1995;
Niels Daugbjerg, personal communication). In the
current study, we also observed S. hangoei in Lake
Baikal for the first time. To our knowledge, this is
the first record of this morphospecies in freshwater.
The other species (P. aciculiferum, P. euryceps,
P baicalense) are known exclusively from fresh-
water (Kisselew and Zwetkow, 1935; Rengefors and
Meyer, 1998; Logares et al., 2008). We confirmed the
presence of P. euryceps (previously reported only
from Lake Erken and Lake Mailaren, Sweden) in
Lake Baikal. P, baicalense, which is known as a Lake
Baikal endemic, was encountered in one lake (Lake
Zavernyaikha), which is hydrologically connected
to Lake Baikal. In some lakes (Lake Erken, Lake
Baikal) several of the morphospecies occurred
together. An earlier report suggested that P. euryceps
is a young form of P. baicalense in Baikal (Kisselew
and Zwetkow, 1935), but our observations do not
support this proposition.

All four morphospecies occasionally produce
winter—spring blooms. Their phenotypes are stable
and reproducible in different years and locations
although we observed some morphological diversity
within P. baicalense. Spines may be more or less
pronounced or divided into two, and cells may be
more or less rounded (for example, Figure 2 A4 and
C2). The reversible difference spine length was
previously described for the marine dinoflagellate
Ceratocorys horrida and Zirbel et al. (2000) asso-
ciated it with variability in the fluid environment.
However, no transitional phenotypes were found
between our studied species. Nor were changes in
morphology observed in the salinity-tolerance
experiments with P aciculiferum and Baltic
S. hangoei (Logares et al., 2007a). Cells from
the cultures of P baicalense, S. hangoei and
P. aciculiferum have the same morphology as they
have in nature (though spines of P. baicalense
become shorter). Thus there is currently no evidence
of phenotypic plasticity yielding different ecotypes
in different environments.

Although the phenotypic data suggest at least four
different morphospecies, the phylogenetic relation-
ship within the P, aciculiferum-like group could not
be resolved as the estimated differentiations among
all DNA markers were smaller than normal inter-
species differentiation (for example, Litaker et al.,
2007). However, the difference exists and is con-
sistent in all replicate sequences within each
species. The trees of the rDNA and mitochondrial
markers of the studied dinoflagellates disagreed to
some extent (Figure 6). In particular, S. aff. hangoei
from the Antarctic lakes had an identical mitochon-
drial COB gene fragment sequence to P. baicalense
and P. euryceps, even though they differed based on
the tDNA markers. This finding may be explained
by the different mutation rates in the gene frag-
ments. According to Zhang et al. (2005), the
evolutionary rate for mtDNA is considered to be
low for dinoflagellates and the COB mtDNA marker



is therefore relatively conservative. Logares et al.
(2008) concluded that ancient COB polymorphism
could persist in the dinoflagellate populations. Thus
COB variations may show the historical origins of
the groups, while rDNA represents how many
substitutions were accumulated after isolation. In
particular, Baikal P. baicalense and P. euryceps, as
well as Antarctic S. aff. hangoei, could have
originated from ancestral strains with the same
COB haplotype. This haplotype has not had enough
time to evolve, while the isolation of S. hangoei in
Antarctica has allowed for accumulation of sub-
stitutions in less conservative parts of its genome
(such as the ITS2 and D1-D3 domains of the LSU
rDNA). Nevertheless, it is also possible that the
‘lineage sorting’ type of differences between the
rDNA and COB trees originated via recombination/
duplication processes in the cells.

According to both the rDNA data (ITS2, LSU,
SSU) and the COB gene fragment, P. euryceps from
Lake Baikal and from Lake Erken are genetically
identical. P. aciculiferum is also genetically identi-
cal both in European lakes and the Asian Lake
Kotokel. These results indicate that the two mor-
phospecies do not form isolated lineages at the
observed locations. Until now, P, baicalense has not
been found outside the Baikal region, where this
morphospecies is homogeneous based on the stu-
died DNA markers. In contrast, the morphospecies
S. hangoei (including S. aff. hangoei) has small
intraspecific genetic differences among the locations
(Figure 6). One explanation could be that cryptic
species occur within the S. hangoei morphospecies
or that it is a single cosmopolitan species with
isolated populations.

Coleman (2009) recently showed that differences
in ITS2 rDNA secondary structure can predict
failure of crossing between organisms and can thus
be used as one criterion to differentiate between
species. We found small differences in the ITS2
secondary structure among arctic Scrippsiella aff.
hangoei, S. aff. hangoei from Antarctic lakes and
Baltic S. hangoei. This suggests that the morphos-
pecies S. hangoei could represent at least two or
three cryptic species. For all freshwater species, the
ITS2 secondary structure is identical to that of the
Baltic S. hangoei. To confirm that we have indepen-
dent species we would need to investigate whether
the different species can interbreed. However, the
biological species concept is problematic, as sexual
reproduction of protists can be difficult to induce in
laboratory experiments. As a whole, we presently
consider the studied dinoflagellates to represent
four closely related morphospecies, because their
morphological difference is not in doubt.

Relationship between the S. hangoei/P. aciculiferum
group and other dinoflagellates

Even though the phylogenetic relationships within
the studied group could not be resolved, it was
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possible to determine its position among other
dinoflagellate groups. Previous phylogenetic studies
of the ‘hangoei—aciculiferum’ complex supported
their evolutionary closeness to Pfiesteria-like spe-
cies, with high Bayesian posterior probabilities but
with low bootstrap support (for example, Logares
et al., 2008). In the current analysis, we obtained a
much higher level of statistical support for this clade
(Figure 7), although more related species need to be
included for a better resolution of the relationships
within the family Thoracosphaeraceae. Neverthe-
less, the stability of the whole clade is shown both
in this and previous studies (for example,
Gottschling et al., 2012). According to both the
morphology (thecal plate pattern) and phylogeny,
the studied group does not belong to neither the
genus Peridinium nor Scrippsiella, and the generic
affiliation needs to be revised.

Based on the scheme by Logares et al. (2009), we
concluded that members of the Thoracosphaeraceae
clade are examples of dinoflagellates that succeeded
to overcome the salinity boundary recently: several
closely related marine, brackish, and freshwater
dinoflagellates are present in different parts of this
clade (Figure 7, underlined species). In addition, the
UniFrac test did not show significant difference
between marine and freshwater species from this
clade. Moreover, the freshwater Tyrannodinium
edax is also known to be a close relative of the
brackish or marine Pfiesteria-like species (Calado
et al., 2009, as Tyrannodinium berolinense). Thus at
least five freshwater species are interspersed among
the marine/brackish species. This is atypical, as
most groups of freshwater dinoflagellates are phy-
logenetically distinct from the marine groups
(Logares et al., 2007b), a pattern which is also true
for many other protists (for example, Alverson et al.,
2007; Brate et al. 2010). Based on the current
phylogenetic trees, it is not possible to determine
whether S. hangoei was originally a marine species
or whether it had a freshwater ancestor that
recolonized the marine environment.

Adaptive radiation?

Here we found that the ‘aciculiferum/hangoer’ group
consists of at least four recently diverged species,
which make up a species flock. This species flock
could be a case of rapid adaptive radiation, in which
an ancestor has rapidly diverged into a multitude of
new forms in response to changes in the environ-
ment (for example, Dolph, 2000). In adaptive
radiation, the new species should show phenotypic
adaptation and display different morphological and
physiological traits. In the current case, the species
have both morphological differences and differences
in tolerance to salinity (not tested for P. baicalense
and P. euryceps) and show both sympatry and
allopatry. Although the evidence to date suggests
recent adaptive radiation, we cannot rule out non-
adaptive radiation (for example, Wilke et al. 2010).
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Changes in regulatory parts of the genome,
switching of ontogenetic programs and changes in
gene expression may all theoretically lead to such
new phenotypes. For example, Jones et al. (2012)
showed that regulatory changes appear to predomi-
nate in the set of loci underlying marine—freshwater
evolution in stickleback fish species flock. However,
accumulation of differences in neutral DNA markers
requires much longer time than changes in gene
regulation. This could explain the absence of
pronounced differences in the variable but neutral
DNA markers among the microorganisms in our
species flock.

The history of the lakes inhabited by the hangoei/
aciculiferum species flock is congruent with its
recent radiation as indicated by the small differ-
ences in the DNA markers. Most (74%) freshwater
lakes in the world were formed by glacial processes
and are thus <20000 years old (Kalff, 2002). Lake
Baikal, in contrast, is >25 million years old
(Mats et al., 2011), making recent colonization of
dinoflagellates appear contradictory. However, dra-
matic changes have occurred during the geological
evolution of Lake Baikal. The most severe change
lasted from 3.5 Ma to about 0.15 Ma years ago, when
the relatively shallow lake became extremely deep
due to various tectonic events (Mats et al., 2011). At
this time mountainous glaciations also developed
(Mats et al., 2011). This led to the extinction of many
species and at the same time to a high level of
speciation. As a result, most of the modern pelagic
community of Baikal is actually young (Karabanov
et al., 2000). In particular, some of the Baikal
multicellular endemics have a relatively recent
origin (<2-5 million years) according to genetic
data (Mats et al.,, 2011). Moreover, the modern
diatom community formed <11000 years ago
(Khursevich et al, 2001). According to
phylogenetic data, the endemic dinoflagellate
Gymnodinium baicalense appeared in Lake Baikal
no earlier than during the Pliocene—Pleistocene
glaciations (Annenkova, 2013). These observations
support the opinion expressed by Dorogostaysky
(1923) that many Baikal endemics are relatively
young and have high rates of speciation (in certain
cases, rapid radiation). During the last cooling
period (1.8-0.15Ma ago), certain ecological niches
in the Baikal plankton may therefore have been
empty. Immigrants such as S. hangoei-like dino-
flagellates could have reached Baikal and been able
to colonize (and later possibly diversify). This
‘ecological factor’ may have helped a S. hangoei-
like ancestor to adapt to the Lake Baikal habitat even
if the salinity was not optimal for it.

What factors could induce the origin of the ‘species
flock’?

Barriers to gene flow between lineages can be
introduced by ecological and/or geographical
factors. Because of the co-occurrence of several
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morphospecies within the hangoei/aciculiferum
species complex, sympatric (ecological) speciation
seems more likely, although allopatric (geographi-
cal) speciation following sympatry cannot be ruled
out. For instance, P. aciculiferum coexists with
P. euryceps in Lake Erken, which was connected to
the brackish Baltic Sea (where S. hangoei occurs) up
until 3000 years ago (Ekman and Fries, 1970).
Moreover, S. hangoei, P. euryceps and P. baicalense
coexist in Lake Baikal.

Logares et al. (2008) suggested differences in
water salinity as the main driver of speciation
between P. aciculiferum and S. hangoei. However,
this hypothesis does not explain the presence of
S. hangoei in freshwater Lake Baikal and its absence
in Lake Erken. Lake Baikal is unique, even though it
is a freshwater lake its other features are closer to a
marine environment (that is, huge water volume that
stabilizes physical and chemical features). This may
be critical for S. hangoei survival. Further, as
mentioned above, ecological factors (for example,
the absence of competitors or grazers because of the
species extinction in the Pleistocene (Mats et al.,
2011)) could have promoted S. hangoei’s initial
success in Baikal. Interestingly, in the saline
environment we only observed a single morphotype,
S. hangoei, which at the same time was genetically
heterogeneous. In contrast, pronounced morpholo-
gical variation was found among the true fresh-
water morphospecies (P. aciculiferum, P. euryceps,
P. baicalense).

Conclusions

Most examples of rapid radiation in nature involve
large animals and plants, and little is known about
this phenomenon in free-living protists. Here we
observed a species flock of protists that has evolved
recently and rapidly. We propose that this is a case
of adaptive radiation as all observed morphologi-
cally distinct taxa are extremely similar in DNA
markers, sometimes co-occur, but have distinct
different phenotypes. Further studies are needed to
investigate whether the different morphospecies
have adapted to different ecological niches.
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