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The marine dinoflagellate Amphisolenia bidentata possesses complete intracellular symbionts of
prokaryotic and eukaryotic origin. This was confirmed ultrastructurally little over 20 years ago when
it was showed that the eukaryotic endosymbiont had a nucleus, a chloroplast and mitochondria. We
collected Amphisolenia bidentata cells in the Indian Ocean and the identity of the eukaryotic endosym-
bionts was investigated using both microscopical and molecular methods. Individual specimens of
Amphisolenia bidentata were identified by light microscopy and selected for single-cell PCR. Host
and endosymbiont nuclear-encoded LSU and SSU rDNA sequences were determined by PCR cloning.
Blast searches showed the endosymbiont LSU sequence to have affinity to Pelagophyceae, an algal
class within Chromalveolata that also includes dinoflagellates. Since more SSU rDNA sequences from
pelagophytes are available we performed a SSU based phylogeny of chromalveolates. The eukary-
otic endosymbiont clustered within a clade comprising flagellated and coccoid pelagophytes whereas
Amphisolenia bidentataformed a sister taxon to other dinophysioids. Molecular data therefore resolved
the endosymbiont in A. bidentata being a pelagophyte and thus identified the ninth novel chloroplast
type in dinoflagellates and a new species association. Based on sequence divergence estimates and
phylogenetic inference the endosymbiont in A. bidentata likely represents an undescribed genus of
pelagophytes.

© 2012 Elsevier GmbH. All rights reserved.

Key words: Amphisolenia bidentata; dinophysioid; eukaryotic endosymbiont; new species association; Pelago-
phyceae; tropical dinoflagellate.

Introduction majority is found in marine environments and
approximately half of the species lack chloro-
Unicellular dinoflagellates inhabit all temperature  plasts and consequently are obligate heterotrophs.
regimes from polar to tropical waters. The vast Diverse and complex feeding strategies are dis-
played and include total food uptake (i.e. phagotro-
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feeding tube (i.e. a peduncle) (e.g. Hansen and
Calado 1999). The remaining dinoflagellates pos-
sess chloroplasts and there is growing evidence
that mixotrophy plays an important role in these
photosynthetic species (Burkholder et al. 2008 and
references herein; Hansen 2011). The photosyn-
thetic dinoflagellates comprise a heterogeneous
group harboring a diverse assemblage of chloro-
plasts, which are believed to originate from at least
eight independent endosymbiotic events (Moestrup
and Daugbjerg 2007). Some of these have led to the
establishment of permanent chloroplasts controlled
by the host nucleus. Others are transient in being
functional only for a certain period of time and even-
tually digested by the host, i.e. kleptochloroplasts
(Gast et al. 2007; Schnepf and Elbrachter 1999).

Intracellular or extracellular symbionts of either
prokaryotic or eukaryotic origin are housed tem-
porarily or permanently by several dinoflagellates.
Especially in tropical, oligotrophic waters various
types of symbioses are relatively frequent and
they have been speculated to be of nutritious
value for the host cell (Lucas 1991). The intrigu-
ing order Dinophysiales includes numerous warm
temperate to tropical species in which several types
of symbioses have been recorded (Hallegraeff
and Jeffrey 1984; Hallegraeff and Lucas 1988;
Kofoid and Skogsberg 1928; Lucas 1991; Taylor
1976). The accommodation of cyanobacterial cells
in an extracellular cavity observed in Ornitho-
cercus, Histioneis and Citharistes represents the
most characteristic symbiosis (e.g. Hallegraeff and
Jeffrey 1984; Hallegraeff and Lucas 1988; Kofoid
and Skogsberg 1928; Lucas 1991; Schiit 1895;
Taylor 1976). A different kind of symbiosis is
seen in Amphisolenia, another dinophysioid genus,
where the symbiotic cells are intracellular and
displaced along the characteristically elongated
host cell. In earlier studies these were reported
as chloroplasts of different form, size and color
(e.g. Kofoid and Skogsberg 1928). A more recent
ultrastructural examination has shown them as
complete endosymbiotic cells of either prokaryotic
or eukaryotic origin (Lucas 1991). The prokaryotic
and eukaryotic nature was also alluded to by a
molecular phylogenetic study based on 16S rDNA
sequence data (Foster et al. 2006).

The objective of this study was to use molecular
data (viz. ribosomal gene sequences) to unravel
the identity of the eukaryotic endosymbiont in
Amphisolenia bidentata. Light and epifluoresce-
nce microscopy was performed to examine the
gross morphology of the endosymbionts including
its chloroplast. Nuclear-encoded ribosomal gene
sequences (LSU and SSU rDNA) were determined

from the host and its eukaryotic endosymbionts
by PCR amplification and subsequent cloning of
PCR products into E. coli. This was performed in
order to separate the co-occurring ribosomal PCR
products originating from the host and its endosym-
bionts. The LSU rDNA sequences were compared
using a nucleotide Blast search in GenBank and the
SSU rDNA sequences were added to a data matrix
comprising a diverse assemblage of Chromalveo-
lates for phylogeny inference. Since A. bidentata
could not be cultured in the laboratory, all investiga-
tions were performed on single cells isolated from
Lugol-fixed material. The cells used for sequence
determinations were photo documented and shown
here for reasons of identification.

Results

Light Microscopy

Lugol-fixed cells of Amphisolenia bidentata were
identified in the light microscope by cell shape and
the two small spinules in the antapical end (Fig. 1A).
Thus, they were identical to previously described
material by Kofoid and Skogsberg (1928) and Taylor
(1976). Numerous small sized endosymbiotic cells
were present both above and below the large
nucleus, which was located ca. 1/3 from the apex
(Fig. 1A). In fixed material these endosymbiont cells
were more or less circular in outline (Fig. 1B) and
with a cell diameter measuring 1.6-2.6 um (n=15).
Lugol-fixation can cause a considerable increase
in volume, and the morphometric measurements
may therefore be biased compared to measure-
ments of live material (Menden-Deuer et al. 2001).
Contrary to previous studies (Nishino 1986) we
were able to perform epifluorescence microscopy
on cells stored at 4 °C in the dark for more than two
years in acid Lugol’s iodine. Even though the epi-
fluorescence signal was weak the endosymbiotic
cells clearly revealed the presence of chloroplasts
(Fig. 1C). In each cell the single arc-shaped chloro-
plast was positioned at the cell perimeter (Fig. 1B).
Chloroplasts in live cells observed during our
cruise across the Indian Ocean were yellow-green
(Daugbjerg, pers. observation). In three examined
cells of Amphisolenia bidentata the number of
endosymbionts varied between 91 and 101. The
endosymbionts were always observed as complete
and variation in the epifluorescence intensity of
symbiotic cells within the same host cell was never
observed. Food vacuoles were not observed in A.
bidentata. Neither did we notice prokaryotic cells
inside A. bidentata.
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Cloning of PCR Products

The isolated Amphisolenia bidentata cells used as
template in single-cell PCR amplifications and sub-
sequent cloning of ribosomal genes into E. coli are
illustrated in Figure 2A-B. Specifically the cell in
Figure 2A was used to obtain LSU rDNA sequences
and the cell in Figure 2B was used to obtain SSU
rDNA sequences from the host and its endosym-
biont, respectively. However, to obtain visible PCR
products when run on an agarose gel semi-nested
PCR amplifications for both the LSU and SSU rDNA
genes had to be performed (Fig. 3). For this we used
the primer combinations shown in Table 1. PCR
cloning followed by sequence determination of the
LSU rDNA products using the same primer combi-
nations resulted in 981 base pair long fragments for
the dinoflagellate host (Fig. 3, Lane 2) whereas the
LSU rDNA fragments from the eukaryotic endosym-
biont were only 875 base pairs long (Fig. 3, Lane
3). The variation in fragment length is also vis-
ible in Figure 3. The dinoflagellate LSU rDNA
sequence was identical to a previously reported
sequence of A. bidentata also collected from the
Indian Ocean and given GenBank accession num-
ber FJ808682 in Jensen and Daugbjerg (2009).
We used this independently obtained sequence as
a quality control for the species identification and
as a duplicate check for the sequence determina-
tion based on single cells. SSU rDNA sequences
from the host and its eukaryotic endosymbiont were
determined twice but we only show one of the cells
used for this purpose (Fig. 2B). The two host SSU
rDNA sequences were identical as were the two
eukaryotic endosymbiont SSU rDNA sequences.
The resulting DNA fragments based on cloning of
PCR products followed by sequence determina-
tion resulted in equally long fragments, i.e. 1484

Figure 1. Light micrographs (Nomarski interference
contrast) of Amphisolenia bidentata fixed in Lugol’s
iodine. (A) Amphisolenia bidentata with a minute
epitheca (*) and a strikingly elongated hypotheca
that ends with a foot-like appearance possessing two
antapical spinules (arrows). Note a large nucleus (N)
in the midbody. The endosymbiotic cells are pos-
itioned throughout the majority of the hypotheca and
two are marked by arrowheads. The cell shown in A
is a composite of 7 images taken of the same cell.
Individual images marked by separating white lines;
(B) Large magnification of eukaryotic endosymbionts
in Amphisolenia bidentata; (C) Same area of the cell
as in B but in epifluorescence microscopy, revealing
chloroplast auto-fluorescence in two-year old mate-
rial. Note the arc-shaped chloroplasts (*).
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A

base pairs for both the host and its endosymbiont
(Fig. 3A, Lanes 5-6).

Endosymbiont Identity Based on LSU
rDNA

A nucleotide Blast search of the endosymbiont LSU
rRNA sequence showed it to be most similar to
four species assigned to the Pelagophyceae (i.e.
Pelagomonas calceolata, Aureococcus anophagef-
ferens, Pelagococcus subviridis and Ankylochrysis
lutea). The two next most similar species based
on the lowest E-values were the heterotrophic
flagellate Developayella elegans and the brown
alga Chorda filum, respectively. To further eluci-
date the identity of the eukaryotic endosymbiont
of Amphisolenia bidentata sequence divergence
estimates for the 6 most similar species were
calculated (Table 2). Based on this the endosym-
biont had a sequence divergence of ca. 10%
to Pelagomonas, Pelagococcus and Aureococ-
cus whereas it was slightly more divergent to
Ankylochrysis (sequence divergence 14 to 16%
depending on the method used to calculate the esti-
mate; Table 2). The sequence divergence between
the endosymbiont and Developayella and Chorda
was significantly higher (21 to 27.5%). The lowest
sequence divergence for any of the pelagophytes
was between the flagellated species Pelagomonas
calceolata and the coccoid species Pelagococcus
subviridis as they diverged by ca. 5% (Table 2).

Molecular Phylogeny

Compared to nuclear-encoded LSU rDNA the
SSU rDNA gene has been determined from many
more protists, including relevant species of the
Pelagophyceae. Therefore we also determined this
gene from the endosymbiont and its dinoflag-
ellate host allowing us to further elucidate the

Figure 2. Light micrographs (Nomarski interference
contrast) of two Lugol-fixed specimens of Amphisole-
nia bidentata containing ca. 100 eukaryotic endosym-
bionts. The cells were used as template in single-cell
PCR. (A) Specimen used for sequence determina-
tion of nuclear-encoded LSU rDNA in the host and
its endosymbiont. Note the large nucleus (arrow) and
individual eukaryotic endosymbionts (arrowheads);
(B) Specimen used for sequence determination of
nuclear-encoded SSU rDNA in the host and its
endosymbiont. A is a composite of 4 images taken
of the same cell and B is a composite of 3 images
taken of the same cell. Individual images marked by
separating white lines.
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Figure 3. Diagram revealing separation of genes encoding LSU and SSU rDNA in Amphisolenia bidentata using
PCR and cloning of PCR products into E. coli. (A) Agarose gel. Lane 1-3: LSU rDNA. Lane 4-6: SSU rDNA.
Lane M: DNA marker X174 DNA/BsuRI (Haelll) (Fermentas). Lane 1 and 4: PCR products prior to cloning,
Lane 2 and 5 cloned PCR products of Amphisolenia, Lane 3 and 6 cloned PCR products of endosymbionts.
(B) Drawing of Amphisolenia bidentata with a reduced set of endosymbionts. (C) Magnification of B (boxed in
area) showing dinokaryon and three endosymbionts with their nuclei. B and C are not drawn to scale.

identity of the eukaryotic endosymbiont. The two
ribosomal SSU sequences (one from the host,
the other from the eukaryotic endosymbiont) were
added to a data matrix comprising a diverse
assemblage of protists representing the chro-
malveolates (98 taxa), red algae (2 taxa) and
green algae (3 taxa). Two glaucophytes rooted the

tree. The phylogeny illustrated in Figure 4 was
inferred from Bayesian analysis and revealed six
highly supported clades representing the Chloro-
phyta (support: PP=1.0, BS=100), Rhodophyta
(support: PP=0.96, BS=65), Heterokontophyta
(support: PP=1.0, BS=100), Dinophyta (support:
PP =1.0,BS=100), Haptophyta (support: PP =1.0,

Table 1. LSU and SSU rRNA primer sequences and the combinations used to obtain host and endosymbiont

sequences, respectively.

Primary PCR

Semi-nested PCR

LSU primer combination

SSU primer combination

D1R! and ND28-1483R?

ND1F® and ND6R®

D1R and D3B*;
D3A3 and ND28-1483R
ND2F” and ND6R

'D1R 5'-ACCCGCTGAATTTAAGCATA-3'; 2ND28-1483R 5'-GCTACTACCACCAAGATCTGC-3'; °D3A 5'-GA-
CCCGTCTTGAAACACGGA-3'; *D3B 5-TCGGAGGGAACCAGCTACTA-3'; SND1F 5-AACCTGGTTGAT-
CCTGCCAG- 3’; °ND6R 5'-GATCCTTCTGCAGGTTCACC-3'; “ND2F 5'-GATTCCGGAGAGGGAGCCTG 3.
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Table 2. LSU rDNA sequence difference in percent of the eukaryotic endosymbiont in Amphisolenia bidentata
and the six most similar taxa based on the lowest E-value in a Genbank nucleotide blast search. The comparison
was based on 1035 base pairs (including introduced gaps). Uncorrected distances (p values in PAUP*) are given
above the diagonal and Kimura 2-parameter model distance values are given below the diagonal.

1 2 3 4 5 6 7

Eukaryotic endosymbiont (1) — 9.92 10.05 9.96 14.39 21.1 22.91
Pelagomonas calceolata (2) 10.66 — 4.43 12.35 16.8 22.42 24.89
Pelagococcus subviridis (3) 10.8 4.57 — 11.76 17.52 22.23 25.14
Aureococcus anaphagefferens (4) 10.72 13.56 12.84 — 14.23 20.27 23.25
Ankylochrysis lutea (5) 16.15 19.14 20.09 15.83 — 23.04 25.0
Developayella elegans (6) 24.94 26.81 26.58 23.75 27.81 — 21.68
Chorda fillum (7) 27.5 30.34 30.75 27.93 30.65 25.74 —

BS=100) and Cryptophyta (support: PP=1.0,
BS =100). According to this single gene analysis
the super group Chromalveolata was not mono-
phyletic as the rhodophytes were placed in between
the cryptophytes and the remaining chromalve-
olates. The relationship within the dinoflagellate
clade was not well resolved as most of the lin-
eages formed a basal polytomy. However, these
were supported by moderately high posterior prob-
abilities and many of them also by bootstrap
support from maximum likelihood analyses. The
dinoflagellate of interest in this study Amphisole-
nia bidentata formed the earliest branching taxon
within the Dinophysiales. This topology was mod-
erately supported by posterior probabilities (0.88)
but hardly by bootstrap analyses (55%). Within the
phylum Heterokontophyta (= chromists), the class
Pelagophyceae formed a sister group to Picoph-
agus flagellatus, a picoplanktonic, heterotrophic
flagellate tentatively included in Chrysophyceae
by Guillou et al. (1999). Similarly to the results
of the LSU rDNA nucleotide Blast Search the
endosymbiont of Amphisolenia bidentata clus-
tered within the 12 pelagophytes included. Here
it formed a basal branch among the pelago-
phytes belonging to the order Pelagomonadales
(Fig. 4). The other pelagophytes included clustered
in the order Sarcinochrysidales. Though Aureo-
coccus anophagefferens is considered a member
of the Pelagomonadales (Bailey and Andersen
1999) its phylogeny was unresolved in our analysis.

The uncultured Aureococcus-like isolate from Long
Island Sound (USA) given GenBank accession
number AY248745 formed the most basal branch
within the Pelagophyceae. Pelagophytes with coc-
coid and flagellated thallus types were positioned
in both Pelagomonadales and Sarcinochrysidales.

Sequence Divergence of SSU rDNA

Sequence divergence estimates between mem-
bers of the Pelagomonadales (including the
eukaryotic endosymbiont of Amphisolenia) var-
ied between 0.6 and 2.1% (Table 3). Interestingly
the SSU rDNA sequences of the flagellated
Pelagomonas and an unidentified coccoid pelago-
phyte CCMP 1145 (both assigned to Pelagomon-
adales) were identical. The divergence estimates
between members of the Sarcinochrysidales varied
between 1.8 and 5.9% (Table 3), thus some-
what higher compared to the Pelagomonadales.
Only slightly higher sequence divergence estimates
were observed across members belonging to the
two different orders (values ranged from 2.3 to
7.1%) compared to the Sarcinochrysidales. The
endosymbiont of Amphisolenia was least diver-
gent to Pelagomonas calceolata (1.7%) and two
unidentified coccoid pelagophytes CCMP 1145 and
1395 (both with a 1.7% sequence divergence) and
most divergent to Pelagococcus subviridis (1.97 or
1.99%) depending on the method used to calculate
the sequence divergence (see Methods). Due to the

Figure 4. Phylogeny of 95 members of the Chromalveolata (sensu Cavalier-Smith 1998) based on 1484 base
pairs of nuclear-encoded SSU rDNA sequences and inferred from Bayesian analysis (MrBayes ver. 3.2). The
Glaucophyta comprised the outgroup. Branch support was obtained from Bayesian posterior probabilities of
39.600 trees and bootstrap with 100 replications in maximum likelihood analyses (PhyML ver. 3.0). At internal
nodes posterior probabilities (< 1) are written first followed by bootstrap values in percentage from maximum
likelihood. Only bootstrap values >50% are shown. A filled black circle indicates the highest possible posterior
probability (1.0) and a bootstrap value of 100%. The SSU rDNA sequences determined in this study are
bold-faced. GenBank accession numbers are given in parentheses.
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Notes on Chloroplast Types in
Dinoflagellates

Molecular identification of the endosymbiont in
Amphisolenia bidentata represents the ninth novel
type of chloroplast association in dinoflagellates.
Most dinoflagellates form stable symbiotic relation-
ships with previously free-living eukaryotic algae.
Such consortia between two eukaryotes have
resulted in stable symbioses for the peridinin-
containing dinoflagellates where the endosymbiont
is considered to be a previously free-living red
alga. The Kareniaceae forms another example
of a permanent symbiosis as the chloroplast is
all that is left of the haptophyte cell originally
engulfed. Less stable symbioses are seen in
Amphidinium poecilochroum (Larsen 1988) and an
Antarctic dinoflagellate (Gast et al. 2007) where
the chloroplasts need to be renewed repeatedly
(kleptoplastidy). A remarkable association is seen
between the green form of the unarmoured marine
dinoflagellate Noctiluca scintillans and its photo-
synthetic symbiont Pedinomonas noctilucae. Here
thousands of free-swimming cells of P noctilucae
are harbored inside the cytoplasm of the host. The
green Noctiluca can only survive a few weeks in the
laboratory without the ingestion of food (Hansen
et al. 2004), suggesting that this symbiotic asso-
ciation as for A. poecilochroum and the Antarctic
dinoflagellate is an early stage in the establish-
ment of a permanent symbiosis. For a complete
description of chloroplast types in dinoflagellates,
see Moestrup and Daugbjerg (2007).

Stability of Symbiosis

Most of our observations were performed on fixed
cells and not on cultured material. Here we may
add that no one has yet successfully established
a viable culture of any species of Amphisolenia.
Therefore we can only add a few remarks on the
stability of the symbiosis between A. bidentata and
the pelagophyte endosymbiont. The three host indi-
viduals for which the number of endosymbionts
were counted, all had a similar gross morphological
outline and number of eukaryotic cells (between 91-
101) in the cytoplasm. The symbionts observed by
us seemed functional (i.e. fluoresced with the same
intensity), and we found no signs of breakdown
of symbionts inside A. bidentata cells. The lack of
symbionts in food vacuoles inside A. bidentata cells
was also noted by Lucas (1991) and Schnepf and
Elbrachter (1999). This seems to indicate a stable
relationship between the symbionts and the host,
and there is no evidence available at this point
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that suggest the continual selective uptake of free-
living pelagophytes from the surrounding waters.
Thus, based on admittedly indirect evidence we
favor the arguments of a stable symbiosis based
on a self-sustaining intracellular population of a
single pelagophyte species in Amphisolenia biden-
fata. Future studies may reveal the presence of
additional endosymbiont diversity. Obviously, this
symbiotic relationship has only reached the initial
step in being fully integrated as they still represent
a complete cell with nucleus, mitochondria and a
single chloroplast as shown in the study by Lucas
(1991). However, the hypothesis of a self-sustaining
symbiont population of a single species in the cyto-
plasm of the host has to be tested. This probably
requires the successful culturing of both A. biden-
tata and its eukaryotic endosymbiont(s).

Ecological Significance of Endosymbionts
in Amphisolenia

Generally, productivity and biomass build-up of
microbial communities in the open oceans is limited
due to low concentrations of major nutrients, trace
metals and minerals. Yet microorganisms seem
to be well adapted to oligotrophic waters. One
way to overcome the deficiency of nutrients and
trace metals has obviously been to establish sym-
biotic associations. There are numerous examples
of heterotrophic organisms harboring complete
plant-like cells in nutrient-poor environments. Prob-
ably the best-known example is the coral reef
forming polyps (colonial cnidarians). Here polyps
harbor zooxanthellae (viz. single-celled dinoflag-
ellates belonging to the genus Symbiodinium).
The zooxanthellae provide a significant proportion
of the polyps energy demand. Individual cells of
Amphisolenia bidentata comprised ca. 100 eukary-
otic endosymbionts that fluoresced even in 2-year
old material fixed in Lugol’s iodine (Fig. 1C).
The physiological significance of the association
between A. bidentata and its pelagophyte sym-
biont has yet to be elucidated in detail but it seems
reasonable that it represents an ecological advan-
tage. All chloroplasts in the endosymbionts seem to
facilitate photosynthesis and thus the production of
organic matter. A proportion of this may be released
as dissolved organic matter by passive leakage
across the cell membrane to the cytoplasm of the
dinoflagellate host. These compounds therefore
likely support the metabolism of the dinoflagellate
host.

Interestingly, in an ultrastructural study
Amphisolenia bidentata and A. thrinax was
also shown to contain either coccoid or short
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rods of bacterial symbionts (Lucas 1991; fig. 3E)
whereas A. globifera possessed cyanobacterial
endosymbionts identified as Synechococcus
carcerarius (Lucas 1991; fig. 3g-f). In a molec-
ular study, Foster et al. (2006) showed that A.
bidentata contained two cyanobacteria; one with
a sequence similar to Prochlorococcus stains and
the other with a sequence similar to heterocystous
Nostoc spp. Since heterocyst-like cells were
never observed in A. bidentata the sequence
determination of this type of cyanobacteria was
explained by engulfment prior to isolation. Still this
adds to the advantage of the dinoflagellate host if
the cyanobacteria can convert N, into ammonia by
nitrogen fixation. Foster et al. (2006) also revealed
a different eukaryotic endosymbiont in the three-
part symbiotic association of another species of
Amphisolenia, viz. A. globifera. This finding means
that the eukaryotic endosymbionts have been
acquired at least twice during the evolutionary
history of the genus Amphisolenia. The functional
biology of Amphisolenia bidentata therefore seems
rather complex. Future studies should aim at
quantifying the energy contribution to the host
from the symbionts living inside Amphisolenia
and establish the taxonomy of the pelagophyte
species.

Methods

Sampling site and collection of material: Samples were col-
lected during a cruise across the Indian Ocean from South
Africa to Western Australia in the period October-November
2006. The cruise was part of the Danish Galathea 3 Expedi-
tion onboard the navy vessel HDMS Vaedderen. Water samples
were collected using a 20-pum plankton net attached toa 130 m
long rope. A small amount (ca. 10 mL) of the collected sample
was immediately fixed with Acid Lugol’s iodine (Merck, Darm-
stadt, Germany) (final concentration ca. 3%) and kept cold and
dark until returning to Copenhagen. Single cells of Amphisole-
nia bidentata with eukaryotic endosymbionts used as template
for PCR amplification and gene cloning in this study were iso-
lated from a fixed sample collected on 16 November, 2006 at
16°01'668S, 119°20'233E.

Light microscopy (LM): Lugol-fixed cells were observed
using an Olympus Provis AX70 microscope (Olympus, Tokyo,
Japan) equipped with Nomarski interference contrast. Digital
micrographs were taken with an Axio Cam (Zeiss, Oberkochen,
Germany). Chloroplasts in the symbiotic cells were visualized
by epifluorescence microscopy using a blue excitation filter.

Single-cell isolation: Lugol-fixed single cells were isolated
using hand drawn Pasteur pipettes under an Olympus stereomi-
croscope SZX 12 (Olympus, Tokyo, Japan). Micrographs were
obtained as described for LM. Following the documentation step
the single cell was washed at least three times in ddH,O under
the stereomicroscope, and finally transferred to a 0.2mL PCR
tube (StarLab, Ahrensburg, Germany) and kept frozen at-20°C
until further processing.

PCR amplification and rDNA sequence determinations:
To ensure cell disruption, physical treatments were applied prior
to PCR. This was conducted using a sterile needle as described
in Moestrup et al. (2006). Using single cells as template, PCR
amplifications were preformed as previously outlined in Hansen
and Daugbjerg (2004). Table 1 provides the combination of
primers used to amplify SSU and LSU rDNA. The amplified PCR
products were examined by 1.5% agarose gel electrophore-
sis (Fig. 3 A). The fresh PCR-amplified rDNA fragments were
cloned following the protocol for chemical transformation with
TOPO TA cloning kit (Part no 45-0641, Lot no. 316690, Invitro-
gen, USA). PCR conditions, purification of PCR products and
rRNA sequence determination were as described in Moestrup
et al. (2008). For determination of SSU rRNA from the dinoflag-
ellate host and its endosymbiont a total of 20 clones were
sequenced. Of these 18 identical sequences were assigned to
the host and 2 clones with identical sequences were assigned
to the endosymbiont.

Alignment and phylogenetic analyses of nuclear-
encoded SSU rDNA: Using BioEdit (Hall 1999) SSU rDNA
sequences from the eukaryotic endosymbiont and Amphisole-
nia bidentata were added to an alignment comprising
sequences retrieved from GenBank of two glaucophytes,
three green algae, two red algae and 95 chromalveolates.
The Chromalveolata included cryptophytes (6 taxa), dinoflag-
ellates (34 taxa), haptophytes (11taxa) and heterokonts
(stramenopiles = chromists, 44 taxa). The sequences were
aligned using ClustalX (Thompson et al. 1997) and comprised
1463 base pairs including introduced gaps. Following major
kingdom level phylogeny of eukaroytes, the Glaucophyta con-
stitute a sister group to the Chromalveolata (Hackett et al.
2007). Hence, Glaucophyta was used as the outgroup. The
data matrix was analyzed by Bayesian analysis (MrBayes;
Ronquist and Huelsenbeck 2003) and maximum likelihood (ML)
as it is implemented in PhyML 3.0 (Guindon and Gascuel
2003). Bayesian analysis was carried out on the freely available
Bioportal (www.bioportal.uio.no) and used two simultaneous
Monte Carlo Markov chains (MCMC; Yang and Rannala 1997)
that were run from random trees for a total of 2 million gen-
erations (metropolis-coupled MCMC). Trees were sampled for
every 50th generation and the “burn-in” was evaluated as
described in Hansen et al. 2007. AWTY (Wilgenbusch et al.
2004) was used to graphically evaluate the extent of the MCMC
analysis. Burn-in occurred after 20.050 generations. Hence, the
first 401 trees were discarded, leaving 39.600 trees for estimat-
ing posterior probabilities (PP). Thus, PP, values were obtained
from a 50% majority rule consensus of the kept trees. In PhyML
we used the parameter settings estimated by Modeltest ver.
3.7 (Posada and Crandall 1998) for the proportion of invariable
sites and the among site rate heterogeneity. PhyML analyses
were run using the online version available on the Montepellier
bioinformatics platform at http://www.atgc-montpellier.fr/phyml.
Evaluation of branch support was by bootstrapping with 100
replications.
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