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INTRODUCTION

Dinoflagellate species of the genus Dinophysis pro-
duce diarrheic shellfish poisoning (DSP) toxins (oka -
daic acid, dinophysistoxins) and pectenotoxins and
have deleterious effects on shellfish industries world-
wide (Reguera et al. 2014).

Following the pioneer work of Park et al. (2006)
with Dinophysis acuminata, cultures of mixotrophic
species of Dinophysis have been established up to

now using the ciliate Mesodinium rubrum fed with
cryptophytes, mainly from the genus Teleaulax (Park
et al. 2006, Nishitani et al. 2008, Garcia-Cuetos et al.
2010, Kim et al. 2012b, Raho et al. 2014) and to a
lesser extent with Geminigera cryophila (Park et al.
2008, Hackett et al. 2009, Garcia-Cuetos et al. 2010,
Nishitani et al. 2010, Fux et al. 2011). Most mixotro-
phic Dinophysis species have been demonstrated to
contain plastids of cryptophyte origin (Takishita et al.
2002, Hackett et al. 2003, Janson & Graneli 2003,
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ABSTRACT: Photosynthetic species of the dinoflagellate genus Dinophysis retain cryptophyte
plastids from the Teleaulax/Plagioselmis/Geminigera group via their ciliate prey Mesodinium
rubrum, but other cryptophyte and algal sources have occasionally been found. Identifying the
specific prey of ciliates fed upon by mixotrophic Dinophysis species is a requisite to improve pre-
dictive capabilities of their bloom formation. Here we examined the origin of Dinophysis plastids
from Galician waters and their transfer in cross-feeding experiments in the laboratory. Plastid 23S
rDNA sequences were obtained from 60 Dinophysis specimens from the Galician Rías Baixas and
shelf waters. Most sequences in Dinophysis cells were identical to Teleaulax amphioxeia. Galician
shelf samples also yielded T. amphioxeia-type sequences, although one of these was closer to a
freshwater cryptophyte, and a few others were related with other taxa (diatoms, red algae and
proteobacteria). Mesodinium cf. major, an alternative prey to M. rubrum, was identified. Cross-
feeding tests in the laboratory showed that T. amphioxeia, T. minuta, T. gracilis, and Plagioselmis
prolonga sustained growth of M. rubrum. D. acuminata cultivated on a M. rubrum–T. amphioxeia
system was transferred to M. rubrum fed upon T. minuta, T. gracilis and P. prolonga. After >2 mo
of acclimation, T. amphioxeia plastid 23S rDNA and psbA gene sequences from D. acuminata
were replaced by those of secondary cryptophytes. Here we confirm 2 cryptophytes, T. minuta
and P. prolonga, as suitable prey for M. rubrum. Nevertheless, field and laboratory results show
that, at least for D. acuminata, T. amphioxeia represents the main source of plastids.
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Janson 2004, Nagai et al. 2008, Park et al. 2008, Gar-
cia-Cuetos et al. 2010, Nishitani et al. 2010), except
for warm water species, such as D. mitra and D. miles,
which were found to contain plastids from hapto-
phytes and cyanobacteria, the latter presumed to be
ectosymbionts (Koike et al. 2005, Qiu et al. 2011).

Observations from laboratory experiments with
D. caudata (Park et al. 2010) and from Dinophysis
spp. cells isolated from field populations (Nishitani et
al. 2010) revealed the ability of Dinophysis species
to simultaneously maintain plastids from different
crypto phyte species. A more recent survey in South
Korean waters showed that Dinophysis spp. con-
tained plastids from multiple algal groups, including
raphidophytes and prasinophytes (Kim et al. 2012a).

The active uptake of plastids from cryptophytes
and the fate of plastids from different sources in
Dinophysis have been described using feeding/
starvation and cross-feeding experiments (Park et al.
2010, Minnhagen et al. 2011, Raho et al. 2014). These
studies revealed that Dinophysis is unable to repli-
cate its ‘second hand’ plastids and they become pro-
gressively diluted in the growing population (Minn -
hagen et al. 2011). Nevertheless, Dinophysis cultures
can survive up to 3 mo in the absence of prey (Park et
al. 2008).

In addition, Dinophysis may retain plastids from
several cryptophyte prey simultaneously, and cross-
feeding experiments showed different turnover times
for different kinds of plastids (Park et al. 2010). Ex pe -
riments of this kind with D. caudata cultures showed
that this species maintained the original Teleaulax
amphioxeia plastids, but was able to incorporate new
plastids from T. acuta that were lost earlier during
starvation (Park et al. 2010). The replacement of
T. amphioxeia plastids by those of T. gracilis in
D. acuta cultures has been recently reported (Raho et
al. 2014), suggesting that the original kleptoplastids
can be totally lost.

The existence of permanent plastids in Dinophysis
now appears unlikely, and accumulated evidence
points to the periodical acquisition of new organelles
by Dinophysis as a requisite to maintain its photo -
trophic capacity. Kleptoplastids are ultrastructurally
different in Dinophysis and Mesodinium (Garcia-
Cuetos et al. 2010), but this discrepancy has been
explained by the gradual modification of these plas-
tids after being ingested by Dinophysis cells (Kim et
al. 2012b).

Different cryptophytes have been tested for their
suitability as food for Mesodinium (Park et al. 2007,
Myung et al. 2011, Hansen et al. 2012, Raho et al.
2014). Park et al. (2007) found that the best results

with Korean strains were obtained when using spe-
cies belonging to the PTG (Plagioselmis/Teleaulax/
Geminigera) clade. Likewise, Hansen et al. (2012)
found that cultures of Danish Mesodinium rubrum
strains thrived just with cryptophytes of the genus
Teleaulax (T. acuta and T. amphioxeia). Furthermore,
psbA sequences from Hemiselmis sp. and Falco -
monas sp. plastids could not be retrieved in cross-
feeding experiments with Spanish strains of M. rub -
rum (Raho et al. 2014).

Identifying the specific prey of ciliates fed upon by
mixotrophic Dinophysis species is a requisite to
improve predictive capabilities of their bloom forma-
tion and to obtain optimal growth rates in laboratory
cultures. With this aim we explored the plastidic
diversity in field populations of Dinophysis from
Galician waters and plastids transference from differ-
ent cryptophytes to D. acuminata in culture by means
of partial sequencing of plastidic 23S rDNA and psbA
genes. In our laboratory experiments, 4 different
cryptophytes species (T. minuta CR8EHU, T. amphio -
xeia CR2EHU, T. gracilis CR6EHU and Plagioselmis
prolonga CR10EHU) sustained positive growth of
Mesodinium (AND-0711), and their plastids were
sequestered by D. acuminata cells as demonstrated
by their 23S rDNA and psbA sequences. Results from
23S rDNA sequences from field specimens of Dino-
physis showed that most sequences belonged to
cryptophytes within the Teleaulax/Plagioselmis gen-
era. Almost all of them were the T. amphioxeia/P.
prolonga type, confirming that these species are the
main source of kleptoplastids for Dinophysis via its
ciliate prey, while a few of them were closely related
to T. minuta. The amplification of several 23S rDNA
sequences in Dinophysis specimens from the Gali-
cian shelf belonging to other taxa different to crypto-
phytes is also discussed.

MATERIALS AND METHODS

Field sampling

Dinophysis cells were isolated from surface sam-
ples collected during weekly cruises (March 2010 to
May 2012) from the Galician Monitoring Programme
on board RV ‘J. M. Navaz’, at Stns P2 (42° 21.40’ N,
8° 46.42’ W), and PA (42° 23.14’ N, 8° 55.36’ W) from
Ría de Pontevedra and Stns E15 (42° 13.3’ N, 8° 47.7’ W)
and D13A (42° 8.5’ N, 8° 57.5’ W) from Ría de Vigo
(Galician Rías Baixas, NW Spain). Additionally, dur-
ing the DINVER (DINophysis INViERno = winter
Dinophysis) cruise on board RV ‘Ramón Margalef’ in
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February 2013, samples were obtained at 20 m depth
from the shelf adjacent to the rías (Stn ST8; 41°
52.89’ N, 9° 12.22’ W) and from Ría de Pontevedra
(Stn ST28; 42° 22.24’ N, 8° 45.66’ W) (Fig. 1). Taxo-
nomic identification of the isolated Dino physis cells
(alive or from Lugol’s fixed samples in the case of
DINVER cruise) was done under a light microscope
prior to further molecular analyses (Table 1).

Culture experiments

The following Dinophysis strains were isolated
from the Galician Rías: D. acuminata (VGO1063)
from Stn B1, Ría de Vigo (42° 8.22’ N, 8° 51.36’ W);
D. caudata (VGO1064), from Stn P2 (42° 21.40’ N,
8° 46.42’ W). D. sacculus (VGO1132) was isolated
from a sample of opportunity collected in the Gali-
cian Northern Rías (location not shown). Mesodinium
cf. major was isolated from Stn B1. The ciliate Meso-
dinium rubrum (AND-A0711) and the cryptophyte
Teleaulax amphioxeia (AND-A0710) were isolated in
2007 from samples collected off Huelva (SW Spain) in
the course of weekly samplings of the An dalusian
Monitoring Programme. The cryptophyte strains Fal-
comonas sp. (CRY1V) and Hemiselmis sp. (CRY6V)
were isolated from Stn P2 and all other cryptophytes
from the outer Nervión-Ibaizabal river estuary, Bay
of Biscay (43° 20’ N, 3° 01-06’ W), in northern Spain,

and from Tunisia (Teleaulax cf. merimbula Cr59EHU)
(Table 2).

Feeding experiments 

M. rubrum (AND-0711) fed with T. amphioxeia
was grown with diluted L1-Si medium (1/20) at 15°C,
32 psu, and a 12:12 h light/dark cycle with 150 µmol
photons m2 s−1 irradiance. Well-fed M. rubrum was
starved for 2 mo after confirming the absence of cryp-
tophytes under the light microscope. Ciliate cultures
were divided in four 100 ml aliquots and grown with
different cryptophyte prey: T. gracilis, T. amphioxeia
again, T. minuta, and P. prolonga. Five months later
Dinophysis cells isolated from Ría de Pontevedra, Stn
P2, were fed with the different M. rubrum/crypto-
phyte combinations mentioned above. Specific
growth rates (μ) were calculated from cell counts as
μ = (ln N2 − ln N1 / t2 − t1), where N1 and N2 denote
cell numbers (cell m–1) recorded at time t1 and t2

(days), respectively. Samples included in the molecu-
lar analyses are detailed in Table 2.

DNA extraction, PCR amplification 
and sequencing

Single Dinophysis cells were picked manually with
a capillary pipette under a Zeiss Invertoscop D mi -
cro scope, washed in 3 drops of sterile distilled water,
transferred to 200 µl PCR tubes and kept at −20°C
for 24 h before direct amplification. Species identifi-
cation was based on morphological characteristics
observed by light microscopy. One ml cultures of the
cryptophyte species, M. rubrum (AND-0711) and
M. cf. major were centrifuged for 5 min at 12 000 g in
a benchtop Eppendorf centrifuge, pellets rinsed in
milliQ water, centrifuged again and DNA extracted
using Chelex® 100 (Bio-Rad) following the extraction
procedure of Richlen & Barber (2005).

For amplification of plastid 23S rDNA universal
primers p23Sr_f1 (5’-GGA CAG AAA GAC CCT
ATG AA-3’) and 23Sr_r1 (5’-TCA GCC TGT TAT
CCC TAG AG-3’) (Sherwood & Presting 2007) were
used; for amplification of 18S rDNA (only for M. cf.
major), SSUD01 (5’-ACC TGG TTG ATC CGC CAG-
3’) and SSUR01 (5’-TGA TCC TTC YGC AGG TTC
AC-3’) (Moon-van der Staay et al. 2000); and for
amplification of psbA plastidial gene, psbAF (5’-ATG
ACT GGT ACT TTA GAA AGA GG-3’) and psbAR2
(5’-TCA TGC ATW ACT TCC ATA CCT-3’) (Hackett
et al. 2003). The PCR reactions were performed using
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the Galician Rías, Spain, and from the adjacent oceanic shelf
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a thermo-cycler (Eppendorf), following the condi-
tions detailed by the authors previously mentioned.
PCR reaction mixtures (25 µl) contained 1 to 3 Dino-
physis cells each, 1 mM MgCl2, 2.5 µl 10× PCR buffer,
125 nM of each primer, 25 nM dNTPs and 0.65 units
Taq DNA polymerase (Bioline). The PCR products
were analyzed by electrophoresis in 1.5% aga rose
gel and visualized by SyBR safe DNA gel staining
(Invitrogen) and UV transillumination.

The amplified products were purified using an
ExoSAP-IT (USB Corporation). Positive PCR products
were cloned into pGEM-T Easy Vector System
(Promega) and transformed to Escherichia coli strain
DH5α according to the manufacturer’s protocol. Pos-
itive white clones were selected for colony PCR and
amplified using the pGEM-T specific primers T7
(TAA TAC GAC TCA CTA TAG GG) and SP6 (TAT
TTA GGT GAC ACT ATA G). Correct length ampli-

cons were selected for sequencing. Finally, the ob -
tained PCR products were sequenced using the ABI
PRISM BigDye Terminator Cycle Sequencing Ready
Reaction Kit and an Applied Biosystems ABI 310
automated sequencer.

Phylogenetic analysis

The partial sequences of plastid 23SrDNA (378 bp)
and psbA (896 bp) were aligned using CLUSTAL X
(Thompson et al. 1997) in Bioedit (Hall 1999). Phylo-
genetic analyses of 23S rDNA were performed using
a K2+G model (Kimura-2 parameter model, with
gamma shape parameter 0.33) and a general time-
reversible (GTR) model for psbA. Maximum likeli-
hood (ML) phylogenetic analyses were conducted
in PhyML 3.0 (Guindon et al. 2010) on the South
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Sample Closest match 
Date Stn Species Acc. no.

31.05.10 P2 D. acuminata (KP142616)
31.05.10 P2 D. caudata (KP142641)
28.06.10 P2 D. caudata (KP142637)
28.06.10 P2 D. caudata (KP142638)
28.06.10 P2 D. tripos (KP142639)
28.06.10 P2 D. tripos (KP142640)
11.10.10 P2 D. caudata (KP142635)
11.10.10 P2 D. caudata (KP142636)
15.02.11 E15 D. caudata (KP142634)
16.03.11 P2 D. acuminata (KP142630)
16.03.11 P2 D. acuminata (KP142631)
16.03.11 P2 D. acuminata (KP142632)
16.03.11 P2 D. acuminata (KP142633)
17.03.11 D13A D. caudata (KP142627)
17.03.11 D13A D. caudata (KP142628)
17.03.11 D13A D. caudata (KP142629)
21.03.11 P2 D. acuminata (KP142625)
21.03.11 P2 D. caudata (KP142626)
09.04.11 PA D. caudata (KP142615)
26.05.11 PA D. acuminata (KP142614)
13.06.11 P2 D. acuminata (KP142608)
13.06.11 P2 D. acuminata (KP142609)
13.06.11 P2 D. acuminata (KP142613)
11.07.11 P2 D. caudata (KP142617)
11.07.11 P2 D. caudata (KP142618)
11.07.11 P2 D. acuminata (KP142619)
11.07.11 P2 D. acuminata (KP142620)
11.07.11 P2 D. acuminata (KP142621)
11.07.11 P2 D. acuminata (KP142622)
11.07.11 P2 D. acuminata (KP142623)
11.07.11 P2 D. acuminata (KP142624)
08.08.11 P2 D. acuminata (KP142606)
08.08.11 P2 D. acuminata (KP142607)
08.08.11 P2 D. acuminata (KP142610)

Sample Closest match
Date Stn Species Acc. no.

08.08.11 P2 D. acuminata (KP142611)
08.08.11 P2 D. acuminata (KP142612)
22.08.11 P2 D. acuminata (KP142684)
05.09.11 P2 D. acuminata (KP142602)
05.09.11 P2 D. acuminata (KP142603)
05.09.11 P2 D. caudata (KP142604)
05.09.11 P2 D. acuminata (KP142605)
26.09.11 P2 D. caudata (KP142597)
26.09.11 P2 D. acuminata (KP142598)
26.09.11 P2 D. acuminata (KP142599)
26.09.11 P2 D. acuminata (KP142600)
26.09.11 P2 D. acuminata (KP142601)
26.09.11 P2 D. acuminata (KP142683)
10.10.11 P2 D. acuminata (KP142589-91)
10.10.11 P2 D. caudata (KP142592-93)
10.10.11 P2 D. acuminata (KP142594-96)
21.11.11 P2 D. caudata (KP142573-75)
21.11.11 P2 D. caudata (KP142576-78)
21.11.11 P2 D. caudata (KP142579-80)
21.11.11 P2 D. caudata (KP142581-83)
21.11.11 P2 D. caudata (KP142584-86)
21.11.11 P2 D. acuta (KP142587)
21.11.11 P2 D. acuta (KP142588)
28.05.12 P2 D. acuminata (KP142570)
28.05.12 P2 D. acuminata (KP142571)
28.05.12 P2 D. acuminata (KP142572)
07.03.13 ST28 D. acuminata (KP721496-99)
07.03.13 ST28 D. acuminata (KP721500-01)
07.03.13 ST28 D. acuminata (KP721502-05)
07.03.13 ST8 D. acuta (KP826902-05)
07.03.13 ST8 D. acuta (KP721506)
07.03.13 ST8 D. acuminata (KP826906-08)
07.03.13 ST8 D. fortii (KP721507-10)

(KP826909)

Table 1. List of Dinophysis cells isolated in field samples and the plastidial 23S rDNA sequences retrieved. Sampling dates are 
shown as dd.mm.yy. See Fig. 1 for location of sampling stations. GenBank accession numbers
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of France bioinformatics platform (www.atgc-mont
pellier.fr /phyml). Bootstrap values were estimated
from 1000 replicates. The number of sites without
polymorphism was 301 (79.4%) in 23S rDNA and 782
(87.4%) in psbA analyses. The phylogenetic relation-
ships were also determined using Bayesian phyloge-
netic inference, and in this case, the substitution
models were obtained by sampling across the entire
GTR model space. Bayesian trees were performed
with MrBayes v3.2.4 (Huelsenbeck & Ronquist 2001).
The phylogenetic analyses involved 2 parallel analy-
ses, each with 4 chains. Starting trees for each chain
were selected randomly using the default values for
the MrBayes program. The number of generations
used in these analyses was 1 000 000. Posterior prob-
abilities were calculated from every 200th tree
 sampled after log-likelihood stabilization (‘burn-in’
phase). All final split frequencies were <0.02. Overall
topologies by ML and Bayesian inference methods
were very similar. The phylogenetic tree was repre-
sented using the ML method with bootstrap values

from ML and posterior probabilities from the Bayesian
inference. Phylogenetic trees were represented using
FigTree v1.3.1 software.

RESULTS

Mesodinium spp. and Dinophysis acuminata
feeding experiments

The suitability of 6 cryptophyte species belonging
to the genera Teleaulax (T. gracilis, T. amphioxeia,
T. mi nuta), Plagioselmis (P. prolonga), Hemiselmis
and Falcomonas as prey for M. rubrum (AND-A0711)
was tested. The only cryptophytes that sustained posi-
tive growth rates for M. rubrum were the 3 Teleaulax
species (maximum specific growth rates of 0.27, 0.33
and 0.24 d–1 with T. gracilis, T. minuta and T. am-
phioxeia, respectively) and P. prolonga (0.29 d−1), as
shown in Fig. 2. Cultures of M. rubrum fed on T. gra-
cilis, T. amphioxeia, T. mi nuta and P. prolonga were
given as prey to D. acuminata (Table 2). After 2 mo ac-
climation, D. acuminata plastid 23S rDNA and psbA
sequences were ob tained to find out if the original T.
amphioxeia-like plastids had been replaced by the
new plastids via M. rub rum. As expected, we found
that the psbA gene sequences from D. acuminata fed
with M. rub rum matched the sequences of the 4 cryp-
tophytes (T. am phioxeia, T. minuta, T. gracilis and P.
prolonga) with high bootstrap support (Fig. 3). The
nucleotide differences between cryptophytes repre-
sentative of each group are specified in Table 3.

Analyses of plastid 23S rDNA from 
field samples

The plastid 23S rDNA phylogeny shown in Fig. 4
includes all Dinophysis, Mesodinium and cryptophyte
sequences obtained from field samples and culture
experiments (see details in ‘Materials and methods’).

Firstly, 84 sequences (378 bases) of plastid 23S
rDNA were retrieved from Dinophysis spp. cells from
the Galician Rías. Secondly, a group of cryptophyte
sequences from GenBank database and those from
cryptophytes isolated from the Nervión-Ibaizabal
River estuary and from Galician waters were also
included, in addition to M. rubrum AND-0711 and its
prey T. amphioxeia AND-0710 (the prey items used
for Dinophysis cultures in our laboratory). Thirdly,
sequence data generated from culture experiments
(described in ‘Materials and methods’) were used for
phylogenetic analysis.
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Species                                                               Acc. no.

Cryptophyte culture samples 23S rDNA
Teleaulax amphioxeia AND-A0710              (KP142646)
T. amphioxeia CR2EHU                                  KP142644)
T. minuta CR8EHU                                         (KP142642)
T. acuta CR3EHU                                           (KP142645)
T. gracilis CR6EHU                                        (KP142643)
T. cf. merimbula CR59EHU                           (KP721511)
Plagioselmis prolonga CR10EHU                  (KP142657)
Plagioselmis sp. CR11EHU                            (KP142648)
Hemiselmis sp. CCVIEO CRY6V                   KP142649)
Falcomonas sp. CCVIEO CRY1V                  (KP142650)
Rhodomona lens                                             (KP142647)

Dinophysis sp. (psbA)
Mesodinium rubrum AND-A071                   (KP142651)
Dinophysis acuminata VGO1064               (KP142662-63)
(+ Teleaulax amphioxeia AND-A070)

D. acuminata VGO1064                              (KP142674-82)
(+ T. amphioxeia AND-A070)

D. caudata VGO1063                                     (KP142653)
(+ T. minuta CR8EHU)

D. acuminata VGO1064                              (KP142654-56)
(+ T. minuta CR8EHU)

D. acuminata VGO1064                              (KP142664-73)
(+ T. gracilis CR6EHU)

D. acuminata VGO1064                              (KP142658-60)
(+ Plagioselmis prolonga CR10EHU)

D. sacculus VGO1132                                  (KP142566-69)
(+ P. prolonga CR10EHU)

Table 2. List of cryptophyte strains and their plastidial 23S
rDNA and psbA sequences Dinophysis species fed with
Mesodinium rubrum (the latter fed with cryptophyte micro-

algae). GenBank accession numbers
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The molecular phylogeny based on this alignment
and inferred from the ML method, yielded the tree
topology shown in Fig. 4. The results revealed 4
Teleaulax groups. A major Teleaulax group in cluded
84 sequences of most Dinophysis spp. samples col-
lected in Ría de Vigo and Ría de Pontevedra. Eight
of these sequences were identical to T. am phioxeia
AND-0710 and P. prolonga CR10EHU, one differed
in 3 nucleotides and 75 differed in the same single
nucleotide. We termed this a ‘T. amphioxeia group’
(Group 1). A second ‘T. minuta group’ (Group 2) in -
cluded: T. minuta, Dinophysis cultures grown upon
M. rubrum fed with T. minuta, 3 clones of D. acu -
minata grown with M. rubrum fed with T. am -
phioxeia and 3 D. caudata from field samples.
Unfortunately, the molecular information used to

construct the phylogeny did not allow resolving
the polytomies ob ser ved in the T. amphioxeia and
T. minuta groups.

A third group included T. gracilis and D. acuminata
cultured with M. rubrum and T. gracilis. Finally,
T. acuta and Plagioselmis sp. formed a fourth group.
The nucleotide differences between cryptophytes
representative for each of the enumerated Teleaulax
groups are specified in Table 4.

Some 23S rDNA sequences not corresponding to
cryptophytes were found in 3 Dinophysis cells
(D. acuta, D. acuminata and D. fortii) isolated from a
shelf station (Stn ST8) visited during the DINVER
cruise. Amplicons from a single D. acuta cell yielded
4 different plastid types: (1) 98% match with an un -
cultured eukaryote (clone CG1, GenBank acc. no.
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Fig. 2. Growth curves (cells ml−1) of Mesodinium rubrum and its prey species in feeding experiments with different crypto-
phyte preys: (A) Teleaulax amphioxeia; (B) T. minuta; (C) Plagioselmis prolonga; (D) T. gracilis. Error bars are ±SD
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GU317429) of diatom origin (Gao et al. 2011), (2) 98%
similarity (393/400 bases) with a cryptophyte closely
related with Plagioselmis nannoplanctica (GenBank
acc. no. JX 470950) and (3) 82% match with red algal
(florideophyceae) sequences. In addition, 2 se quences
from bacterial origin (proteobacteria) were found in
the aforementioned D. acuta and in a D. fortii cell. In
the latter, 4 sequences of cryptophyte origin (T. am phi -
oxeia Group 1) were also found.

In the D. acuminata cell from Stn ST8, 3 cloned
sequences showed 98% similarity with uncultured
eu ka ryote clones (CH2 and CA12, GenBank acc. nos.
GU 317440 and GU317379) of dia tom origin (Gao et
al. 2011). A summary of the plastid types found in the
present study is shown in Table 5.

Mesodinium cf. major

Mesodinium ciliates with morphological features
(larger size, medusa-like forms, bright red coloured
cells) matching that of M. major and different from
M. cf. rubrum from southern Spain were often
found in the rías during our field sampling. We were
able to maintain several thousands of cells of M. cf.
major for up to 3 mo in 6-well plates and to amplify
their 18S rDNA (GenBank acc. no. KP721512). The
results obtained showed a single nucleotide sub -
stitution (within an alignment of 1495 base length)
in comparison with the equivalent sequence from
a Danish strain of M. major (GenBank acc. no.
JN412737; García-Cuetos et al. (2012) and 3 differ-
ent bases regarding 2 M. rubrum strains from Japan
(GenBank acc. nos. AB364286 and EF 195734; Park
et al. 2007, Nishitani et al. 2008). We confirmed
under the light microscope that D. tripos ingested
M. cf. major. However, we did not succeed in estab-
lishing long-lived cultures of M. cf. major with any
cryptophyte prey tested (T. amphioxeia, T. gracilis,
T. minuta or P. prolonga).
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P. prolonga CR10EHU 

D. acuminata VGO1063 (+ P. prolonga CR10EHU) 

D. acuta (HQ681264)

D. acuminata VGO1063 (+ T. amphioxeia AND-A070) 

T. amphioxeia AND-A070 

66/65

99/99

66/78

T. gracilis CR6EHU 

D. acuminata VGO1063 (+ T. gracilis CR6EHU) 

D. acuminata VGO1063 (+ T. minuta CR8EHU) 

T. minuta (1) CR8EHU

T. minuta (2) CR8EHU

Guillardia theta AF041468 

99/100

100/100

0.01

Fig. 3. Maximum-likelihood (ML) tree in -
ferred from plastidic psbA of Dinophysis
acuminata and D. acuta acclimated with dif-
ferent Mesodinium systems (M. rubrum +
Teleaulax gracilis, M. rubrum + T. amphiox-
eia, M. rub rum + Plagioselmis prolonga and
M. rubrum + T. minuta). Support at internal
nodes is based on bootstrap values of ML/NJ
(neighbour joining) methods with 1000 re-
samplings. Guillardia theta was added as out-
group to root the tree. Scale bar indicates 

number of substitutions per site

Tam Pp Tm Tg

Teleaulax amphioxea (Tam) – 1 29 15
Plagioselmis prolonga (Pp) – 30 16
T. minuta (Tm) – 26
T. gracilis (Tg) –

Table 3. Number of different bases in the partial psbA align-
ment between cryptophytes species included in the cross-

feeding experiments

Tm Pp Tm Tg Tac

T. amphioxea (Tam) – – 7 9 12
P. prolonga (Pp) – 7 9 12
T. minuta (Tm) – 12 17
T. gracilis (Tg) – 11
T. acuta (Tac) –

Table 4. Number of different bases in the partial 23S rDNA
alignment between various cryptophytes species represen-
tative of the 4 Teleaulax groups defined in our study and 

Plagioselmis prolonga
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DISCUSSION

Plastid transfer and acquisition

Available studies on M. rubrum showed that this
ciliate species only harbours plastids from crypto-
phytes belonging to the PTG clade and exhibits dif-
ferent growth rates depending on the cryptophyte
prey (Park et al. 2007, Myung et al. 2011, Hansen et
al. 2012). Although different cryptophyte strains
were tested previously, to date only 4 unambigu-
ously identified species, Teleaulax amphioxeia, T.
acuta, T. gracilis and Geminigera cryophila, have
been shown to support Mesodinium growth in labo-
ratory experiments (Hackett et al. 2009, Hansen et
al. 2012, Raho et al. 2014). Results were negative
when using other genera. Hansen et al. (2012)
found no evidence of plastid replacement when M.
rubrum fed on He mi selmis tepida and preyed cells
(often partially di ges ted) were located in food vac-
uoles. In our study, M. rubrum strain AND-0711 did
not survive after a few weeks when fed with either
Hemiselmis sp. or Falcomonas sp. isolated from the
Galician Rías.
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Fig. 4. Plastidial 23S rDNA maximum likelihood (ML) phylo -
geny of field Dinophysis spp. cells and D. acuminata cultures
acclimated to Mesodinium fed with different cryptophytes
(Teleaulax gracilis, T. amphioxeia, Plagioselmis prolonga
and T. minuta). Support level of nodes is based on bootstrap
values of ML methods with 1000 re-samplings and posterior
probabilities from Bayesian inference method.  Hyphens in-
dicate bootstrap values <60 and probabilities <0.60. Scale
bar indicates number of substitutions per site Asterisks de-
note ‘clones’ and refer to sequences obtained from recombi-
nant plasmids after a cloning step of PCR products from sin-
gle cells of Dinophysis. Station-sampling days are shown
next to each isolated cell. Sequences were distributed in 4
main groups: Group 1: sequences slightly different from
(black) or almost identical to (green) T. amphioxeia; Group 2
(red): sequences close to T. minuta; Group 3 (blue): close to 

T. gracilis; and Group 4 (black): close to T. acuta
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Plastid dynamics within Dinophysis cells have
been studied by several authors using the psbA gene
that encodes the PSII reaction centre protein D1
(Park et al. 2010, Minnhagen et al. 2011, Raho et al.
2014). psbA is considered a highly conserved gene
(Morden & Sherwood 2002) and a useful marker to
trace the identity of plastids in the cryptophyte-
Mesodinium-Dinophysis food chain. In the present
study we found 2 new cryptophyte prey, T. minuta
and Plagioselmis prolonga, suitable for sustained
growth of M. rubrum AND-0711, in addition to other
known prey (T. gracilis and T. amphioxeia). Similar
results were found by Raho et al. (2014) after cross-
feeding experiments with D. acuta and the same

M. rubrum fed upon T. amphioxeia and T. gracilis.
Our finding of T. minuta-like plastidal sequences in
Dinophysis isolated from the Rías Baixas was corrob-
orated after feeding Mesodinium on the same species
in laboratory cultures. The feeding on P. prolonga
should not be interpreted as the finding of a new
genus suitable as prey for Mesodinium. Although not
formally synonymized, Teleaulax and Plagioselmis
can be interpreted as alternative morphotypes (cam -
pylomorph and cryptomorph) of the same taxon
(Laza-Martínez et al. 2012). Moreover, the P. prolon -
ga strain used in this study showed sequences nearly
identical to T. amphioxeia, suggesting it could repre-
sent its cryptomorph morphotype.
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Species and No. of Plastid types
source (Stn, clones Teleaulax T. minuta T. gracilis Plagioselmis Florideo- Proteo- Diatoms
date) amphioxeia nannoplanctica phyceae bacteria

Field sampling
D. acuminata 6 6 – – – – – –
(P2, 10.10.11)

D. caudata 2 2 – – – – – –
(P2, 10.10.11)

D. caudata 15 14 1 – – – – –
(P2, 21.11.11)

D. acuta 1 1 – – – – – –
(P2, 21.11.11)

D. caudata –a – 1 – – – – –
(P2, 11.10.11)

D. caudata –a – 1 – – – – –
(P2, 11.10.11)

D. acuminata 4 4 – – – – – –
(ST28, 07.03.13)

D. acuminata 2 2 – – – – – –
(ST28, 07.03.13)

D. acuminata 4 4 – – – – – –
( ST28, 07.03.13)

D. acuta 4 – – – 1 1 1 1
(ST8, 07.03.13)

D. acuminata 3 – – – – – – 3
(ST8 , 07.03.13)

D. fortii 5 4 – – – – 1 –
(ST8, 07.03.13)

Feeding experiment
D. acuminata 10 7 3 – – – – –
(+ T. amphioxeia)

D. acuminata 2 2 – – – – – –
(+ P. prolonga)

D. acuminata 8 1 – 7 – – – –
(+ T. gracilis)

D. acuminata 2 – 2 – – – – –
(+ T. minuta)

aThese sequences arose from direct sequencing, without cloning step

Table 5. List of Dinophysis cell clones and plastid types found within each Dinophysis clone. Sampling dates shown as 
dd.mm.yy
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Origin of plastids in field samples of Dinophysis

Sequences of Dinophysis plastids from a few scat-
tered field samples have become available in the last
10 yr (Takahashi et al. 2005, Minnhagen & Janson
2006, Nishitani et al. 2010, Kim et al. 2012a, Stern et
al. 2014), and in most cases the dominance of
Teleaulax-like plastids was confirmed. A more com-
prehensive study in Japanese coastal waters (Nishi-
tani et al. 2010) found a certain degree of polymor-
phism in Dinophysis spp. plastids, but all of them
were ascribed to cryptophytes. According to these
authors, T. amphioxeia was the main plastid source,
but 37 plastidic 16S rDNA gene sequences in D. acu -
minata and D. norvegica belonged to an unknown
cryptophyte closer to G. cryophila and T. acuta. Sim-
ilar results were reported from the Baltic Sea and
the North Sea (Minnhagen & Janson 2006), where
T. amphi oxeia was the dominant source, while
G. cryophila was only detected in samples from the
Greenland Sea. Teleaulax-like plastids were repor -
ted from Scottish samples, but also a Rhodomonas/
Storeatula sequence in a single cell of D. cf. acuta
(Stern et al. 2014). The most striking findings came
from the Bay of Biscay, where E. Nézan (unpubl.
data) confirmed the presence of small dinoflagellates
(i.e. Scrippsiella spp.) inside D. acuminata specimens
(Reguera et al. 2010), and from South Korean waters
where, in addition to the dominance of T. amphioxeia
and T. acuta-type plastids, several sequences from
raphidophytes (Heterosigma akashiwo) and prasino-
phytes (Pyramimonas sp.) were retrieved (Kim et al.
2012a). These results from Korean waters suggested
that alternative prey to the classical Mesodinium-
cryptophyte chain could be exploited by Dinophysis.

In our study, sequences of 23S rDNA from Dinoph-
ysis field samples showed plastids identical (or
almost) to those of T. amphioxeia/P. prolonga and
T. minuta. Thus, our molecular results confirmed the
dominance of Teleaulax plastids in field populations
of Dinophysis spp. Nevertheless, the inability to re-
solve polytomies found in the major clade grouping
most plastid sequences from field specimens (Fig. 4)
precluded any conclusions about the relationships
between the 2 groups of sequences including those of
T. amphioxeia and T. minuta (Fig. 4). Taking this into
account, it can be concluded that within the Teleaulax
clade, most plastid sequences were closely related to
T. amphioxeia, and minor portions to T. minuta and
T. gracilis.. These results also suggest that several
Teleaulax species sustain growth of Mesodinium and
Dinophysis in the Rías Baixas, as confirmed in labora-
tory experiments in this and former studies.

Regarding other Teleaulax species, T. merimbula
has never been reported from European waters,
whereas T. gracilis and T. acuta are probably com-
mon (Hill 1991, 1992, Laza-Martínez et al. 2012 and
references therein). On the northeast Iberian coast,
close to the present study area, these species have
been observed to be common and usually abundant
(Laza-Martínez et al. 2012, authors’ unpubl. obs.).
Moreover, in a recent survey performed in 6 Euro-
pean coastal sites, T. gracilis was detected in 12 out
of 13 analysed samples (Massana et al. 2015). In spite
of the fact that both T. gracilis and T. acuta are
known to sustain growth of Mesodimium, their se -
quences were not detected in Dinophysis from Gali-
cian waters.

In addition, as also found by other authors (Hackett
et al. 2003, Kim et al. 2012a), we detected plastid
sequences different from those of cryptophytes in 3
Dinophysis cells from Galician shelf waters (Gen-
Bank acc. nos. KP826902 to KP826909). The florideo-
phyceae-like sequence found in D. acuta cells from
the Galician shelf (Stn ST8) had insufficient similarity
with the ones available in GenBank database (82%)
to draw firm conclusions regarding its origin. Never-
theless, it corroborates a previous report about plas-
tid-encoded psbA and 18S rDNA of florideophyceae
origin in Dinophysis cells from the northwest Atlantic
(Hackett et al. 2003). Other sequences in Dinophysis
in the Galician shelf matched those from eukaryotes
resembling diatoms (96 to 99% similarity to Thalas-
siosira pseudonana) obtained in a former study on
deep-water samples from the northeast Pacific (Gao
et al. 2011).

Moreover, one of the D. acuta cells from the
oceanic Stn ST8 that contained both florideophycean
and diatom sequences also revealed a different cryp-
tophyte sequence (close to a freshwater cryptophyte,
Plagioselmis nannoplanctica), suggesting that other
Teleaulax/Plagioselmis sources different from those
commonly retrieved from the Rías Baixas are also
possible.

In the light of the results described above, the pos-
sibility remains that a more intensive sampling could
have led us to find other algal groups as plastid
sources for Dinophysis in the Rías Baixas. Our find-
ings support the possibility that Dinophysis can feed
on alternative prey to M. rubrum, as suggested by
previous results that proposed different ciliate gen-
era such as Laboea and Strombidium as possible vec-
tors for Dinophysis plastids (Kim et al. 2012a). The
different plastid types eventually found would likely
reflect the mixotrophic behaviour and recently
ingested prey in food vacuoles, rather than tempo-
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rary plastids. In this sense, our study confirmed that
one of such alternative prey is M. cf. major, which
appeared frequently in our field samples and could
be a relevant resource for Dinophysis populations in
the region. Other possible prey from the genus
Mesodinium could be 2 recently described benthic
species (M. chamaeleon and M. coatsi in Moestrup et
al. 2012 and Nam et al. 2015, respectively). M.
chamaeleon appears to graze on flagellates including
cryptomonads and  harbours green or red plastids
temporarily in its food vacuoles (Moestrup et al.
2012). M. coatsi is able to feed upon cryptophytes
from the genus Chroomonas and D. caudata feeds on
such ciliate species but does not retain these second-
hand Chroomonas plastids (Kim et al. 2015). In this
regard, it is already known that the few nuclear-
encoded functional photosynthetic genes identified
in D. acuminata (Wisecaver & Hackett 2010) are
derived from multiple algal sour ces, not just crypto-
phytes. Dinophysis reflects the complex evolutionary
history of the dinoflagellate lineage. However, a pos-
sible role of the phagocytotic feeding behavior in the
lateral gene transfer from other algal groups has
been also hypothesized to explain the mosaic pattern
of photosynthetic genes in other mixo trophic algae,
such as the chloroarachniophyte Bigelowiella natans
(Archibald et al. 2003).

In conclusion, it appears that Dinophysis from Gali-
cian coastal waters maintains primarily a T. amphiox-
eia-type plastid. Other plastid sources appeared un -
common but their occurrence suggests alternative
prey and unknown food chains for Dinophysis. Con-
sidering that T. amphioxeia-type plastids were pre-
dominant in our field samples, it can be expected that
M. cf. major, a common ciliate in Galician waters,
harbours a cryptophyte prey very similar to T. am -
phio xeia. Identification of suitable cryptophyte preys
for M. cf. major in the Galician Rías and characteriza-
tion of Mesodinium species in the region is a priority
in our ongoing studies.

Acknowledgements. We thank the crew of RV ‘J.M. Navaz’ for
their helpful attitude and the kind supply of Mesodinium
rubrum (AND-A0711) and Teleaulax amphioxeia (AND-
A0710) by David Jaén (LCCRRPP, Huelva, Spain). A. L.-M.
was supported by the Basque Government project IT-699-13.
This work was funded by Spanish projects DIGEDINO
(CTM2009-12988-C02-01) and DINOMA (CGL2013-48861-R).

LITERATURE CITED

Archibald JM, Rogers MB, Toop M, Ishida Ki, Keeling PJ
(2003) Lateral gene transfer and the evolution of plastid-
targeted proteins in the secondary plastid-containing

alga Bigelowiella natans. Proc Natl Acad Sci USA 100: 
7678−7683

Fux E, Smith JL, Tong M, Guzman L, Anderson DM (2011)
Toxin profiles of five geographical isolates of Dinophysis
spp. from North and South America. Toxicon 57: 275−287

Gao W, Shi X, Wu J, Jin Y, Zhang W, Meldrum DR (2011)
Phylogenetic and gene expression analysis of cyanobac-
teria and diatoms in the twilight waters of the temperate
northeast Pacific Ocean. Microb Ecol 62: 765−775

García-Cuetos L, Moestrup O, Hansen PJ, Daugbjerg N
(2010) The toxic dinoflagellate Dinophysis acuminata
harbors permanent chloroplasts of cryptomonad origin,
not kleptochloroplasts. Harmful Algae 9: 25−38

Garcia-Cuetos L, Moestrup O, Hansen PJ (2012) Studies on
the genus Mesodinium II. Ultrastructural and molecular
investigations of five marine species help clarifying the
taxonomy. J Eukaryot Microbiol 59: 374−400

Guindon S, Dufayard J, Lefort V, Anisimova M, Hordijk W,
Gascuel O (2010) New algorithms and methods to esti-
mate maximum-likelihood phylogenies:  assessing the
performance of PhyML 3.0. Syst Biol 59: 307−321

Hackett JD, Maranda L, Yoon HS, Bhattacharya D (2003)
Phylogenetic evidence for the cryptophyte origin of the
plastid of Dinophysis (Dinophysiales, Dinophyceae).
J Phycol 39: 440−448

Hackett JD, Tong M, Kulis DM, Fux E, Hess P, Bire R,
Anderson DM (2009) DSP toxin production de novo in
cultures of Dinophysis acuminata (Dinophyceae) from
North America. Harmful Algae 8: 873−879

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

Hansen PJ, Moldrup M, Tarangkoon W, Garcia-Cuetos L,
Moestrup Ø (2012) Direct evidence for symbiont seques-
tration in the marine red tide ciliate Mesodinium rubrum.
Aquat Microb Ecol 66: 63−75

Hill DRA (1991) A revised circumscription of Cryptomonas
(Cryptophyceae) based on examination of Australian
strains. Phycologia 30:170–188

Hill DRA (1992) Teleaulax acuta (Butcher) Hill (Crypto-
phyceae). Baltic Sea phytoplankton identification sheet
no. 12. Ann Bot Fenn 29:173–174

Huelsenbeck JP, Ronquist F (2001) MRBAYES:  Bayesian
inference of phylogenetic trees. Bioinformatics 17: 
754−755

Janson S (2004) Molecular evidence that plastids in the
toxin-producing dinoflagellate genus Dinophysis origi-
nate from the free-living cryptophyte Teleaulax amphio -
xeia. Environ Microbiol 6: 1102−1106

Janson S, Graneli E (2003) Genetic analysis of the psbA
gene from single cells indicates a cryptomonad origin of
the plastid in Dinophysis (Dinophyceae). Phycologia 42: 
473−477

Kim M, Kim S, Yih W, Park MG (2012a) The marine dinofla-
gellate genus Dinophysis can retain plastids of multiple
algal origins at the same time. Harmful Algae 13: 
105−111

Kim M, Nam SW, Shin W, Coats DW, Park MG (2012b) Dino-
physis caudata (Dinophyceae) sequesters and retains
plastids from the mixotrophic ciliate prey Mesodinium
rubrum. J Phycol 48: 569−579

Kim M, Nam S, Shin W, Coats D, Park M (2015) Fate of
green plastids in Dinophysis caudata following ingestion
of the benthic ciliate Mesodinium coatsi:  ultrastructure
and psbA gene. Harmful Algae 43: 66−73

173

http://dx.doi.org/10.1111/j.1529-8817.2012.01150.x
http://dx.doi.org/10.1016/j.hal.2011.10.010
http://dx.doi.org/10.2216/i0031-8884-42-5-473.1
http://dx.doi.org/10.1111/j.1462-2920.2004.00646.x
http://dx.doi.org/10.1093/bioinformatics/17.8.754
http://dx.doi.org/10.3354/ame01559
http://dx.doi.org/10.1016/j.hal.2009.04.004
http://dx.doi.org/10.1046/j.1529-8817.2003.02100.x
http://dx.doi.org/10.1093/sysbio/syq010
http://dx.doi.org/10.1111/j.1550-7408.2012.00630.x
http://dx.doi.org/10.1016/j.hal.2009.07.002
http://dx.doi.org/10.1007/s00248-011-9891-y
http://dx.doi.org/10.1016/j.toxicon.2010.12.002
http://dx.doi.org/10.1073/pnas.1230951100


Aquat Microb Ecol 76: 163–174, 2015

Koike K, Sekiguchi H, Kobiyama A, Takishita K, Kawachi
M, Ogata T (2005) A novel type of kleptoplastidy in Dino-
physis (Dinophyceae):  presence of haptophyte-type plas-
tid in Dinophysis mitra. Protist 156: 225−237

Laza-Martínez A, Arlucea J, Miguel I, Orive E (2012) Mor-
phological and molecular characterization of Teleaulax
gracilis sp. nov. and T. minuta sp. nov. (Cryptophyceae).
Phycologia 51: 649−661

Massana R, Gobet A, Audic S, Bass D and others (2015) Mar-
ine protist diversity in European coastal waters and sedi-
ments as revealed by high-throughput sequencing.
 Environ Microbiol 17(10):4035–4049

Minnhagen S, Janson S (2006) Genetic analyses of Dino -
physis spp. support kleptoplastidy. FEMS Microbiol Ecol
57: 47−54

Minnhagen S, Kim M, Salomon PS, Yih W, Graneli E, Park
MG (2011) Active uptake of kleptoplastids by Dinophysis
caudata from its ciliate prey Myrionecta rubra. Aquat
Microb Ecol 62: 99−108

Moestrup O, Garcia-Cuetos L, Hansen P, Fenchel T
(2012) Studies on the genus Mesodinium I:  ultrastructure
and description of Mesodinium chamaeleon n. sp., a
 benthic marine species with green or red chloroplasts.
J Eukaryot Microbiol 59: 20−39

Moon-van der Staay SY, van der Staay GWM, Guillou L,
Vaulot D, Claustre H, Medlin LK (2000) Abundance and
diversity of prymnesiophytes in the picoplankton com-
munity from the equatorial Pacific Ocean inferred from
18S rDNA sequences. Limnol Oceanogr 45: 98−109

Morden CW, Sherwood AR (2002) Continued evolutionary
surprises among dinoflagellates. Proc Natl Acad Sci USA
99: 11558−11560

Myung G, Kim HS, Park JS, Park MG, Yih W (2011) Popula-
tion growth and plastid type of Myrionecta rubra depend
on the kinds of available cryptomonad prey. Harmful
Algae 10: 536−541

Nagai S, Nitshitani G, Tomaru Y, Sakiyama S, Kamiyama T
(2008) Predation by the toxic dinoflagellate Dinophysis
fortii on the ciliate Myrionecta rubra and observation
of sequestration of ciliate chloroplasts. J Phycol 44: 
909−922

Nam SW, Shin W, Kang M, Yih W, Park M (2015) Ultrastruc-
ture and molecular phylogeny of Mesodinium coatsi sp.
nov., a benthic marine ciliate. J Eukaryot Microbiol 62: 
102−120

Nishitani G, Nagai S, Sakiyama S, Kamiyama T (2008) Suc-
cessful cultivation of the toxic dinoflagellate Dinophysis
caudata (Dinophyceae). Plankton Benthos Res 3: 78−85

Nishitani G, Nagai S, Baba K, Kiyokawa S and others (2010)
High-level congruence of Myrionecta rubra Prey and
Dinophysis species plastid identities as revealed by ge -
netic analyses of isolates from Japanese coastal waters.
Appl Environ Microbiol 76: 2791−2798

Park MG, Kim S, Kim HS, Myung G, Kang YG, Yih W (2006)

First successful culture of the marine dinoflagellate Dino-
physis acuminata. Aquat Microb Ecol 45: 101−106

Park MG, Myung G, Kim HS, Cho BC, Yih W (2007) Growth
responses of the marine photosynthetic ciliate Myrio -
necta rubra to different cryptomonad strains. Aquat
Microb Ecol 48: 83−90

Park MG, Park JS, Kim M, Yih W (2008) Plastid dynamics
during survival of Dinophysis caudata without its ciliate
prey. J Phycol 44: 1154−1163

Park MG, Kim M, Kim S, Yih W (2010) Does Dinophysis cau-
data (Dinophyceae) have permanent plastids? J Phycol
46: 236−242

Qiu D, Huang L, Liu S, Lin S (2011) Nuclear, mitochondrial
and plastid gene phylogenies of Dinophysis miles (Dino-
phyceae):  evidence of variable types of chloroplasts.
PLoS ONE 6: e29398

Raho N, Jaén D, Mamán L, Rial P, Marín I (2014) psbA based
molecular analysis of cross-feeding experiments sug-
gests that Dinophysis acuta does not harbour permanent
plastids. Harmful Algae 35: 20−28

Reguera B, Velo-Suárez L, Escalera L, Nézan E, Gentien P
(2010) Some new views on Dinophysis ecology. In:  Ho
K-C, Zhou MJ, Qi YZ (eds) 13th Int Confon Harmful
Algae, Hong Kong, 3−7 November 2008. International
Society for the Study of Harmful Algae, Hong Kong

Reguera B, Riobó P, Rodríguez F, Díaz P and others (2014)
Dinophysis toxins:  causative organisms, distribution and
fate in shellfish. Mar Drugs 12: 394−461

Richlen ML, Barber PH (2005) A technique for the rapid
extraction of microalgal DNA from single live and pre-
served cells. Mol Ecol Notes 5: 688−691

Sherwood AR, Presting GG (2007) Universal primers
amplify a 23S rDNA plastid marker in eukaryotic algae
and cyanobacteria. J Phycol 43: 605−608

Stern R, Amorim A, Bresnan E (2014) Diversity and plastid
types in Dinophysis acuminata complex (Dinophyceae)
in Scottish waters. Harmful Algae 39: 223−231

Takahashi Y, Takishita K, Koike K, Maruyama T, Nakayama
T, Kobiyama A, Ogata T (2005) Development of mole -
cular probes for Dinophysis (Dinophyceae) plastid:  a tool
to predict blooming and explore plastid origin. Mar
Biotechnol (NY) 7: 95−103

Takishita K, Koike K, Maruyama T, Ogata T (2002) Mole -
cular evidence for plastid robbery (kleptoplastidy) in
Dinophysis, a dinoflagellate causing diarrhetic shellfish
poisoning. Protist 153: 293−302

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F,
Higgins DG (1997) The CLUSTAL_X windows interface: 
flexible strategies for multiple sequence alignment aided
by quality analysis tools. Nucleic Acids Res 25: 4876−4882

Wisecaver J, Hackett J (2010) Transcriptome analysis
reveals nuclear-encoded proteins for the maintenance of
temporary plastids in the dinoflagellate Dinophysis acu -
minata. BMC Genomics 11: 366

174

Editorial responsibility: Robert Sanders, 
Philadelphia, Pennsylvania, USA

Submitted: April 4, 2015; Accepted: September 7, 2015
Proofs received from author(s): October 30, 2015

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20537123&dopt=Abstract
http://dx.doi.org/10.1093/nar/25.24.4876
http://dx.doi.org/10.1078/1434-4610-00106
http://dx.doi.org/10.1007/s10126-004-0482-5
http://dx.doi.org/10.1016/j.hal.2014.07.013
http://dx.doi.org/10.1111/j.1471-8286.2005.01032.x
http://dx.doi.org/10.3390/md12010394
http://dx.doi.org/10.1016/j.hal.2014.03.003
http://dx.doi.org/10.1016/j.hal.2008.04.006
http://dx.doi.org/10.1371/journal.pone.0029398
http://dx.doi.org/10.1111/j.1529-8817.2009.00777.x
http://dx.doi.org/10.1111/j.1529-8817.2008.00579.x
http://dx.doi.org/10.3354/ame048083
http://dx.doi.org/10.3354/ame045101
http://dx.doi.org/10.1128/AEM.02566-09
http://dx.doi.org/10.3800/pbr.3.78
http://dx.doi.org/10.1111/jeu.12150
http://dx.doi.org/10.1111/j.1529-8817.2008.00544.x
http://dx.doi.org/10.1016/j.hal.2011.04.005
http://dx.doi.org/10.1073/pnas.192456999
http://dx.doi.org/10.4319/lo.2000.45.1.0098
http://dx.doi.org/10.1111/j.1550-7408.2011.00593.x
http://dx.doi.org/10.3354/ame01459
http://dx.doi.org/10.1111/j.1574-6941.2006.00096.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26119494&dopt=Abstract
http://dx.doi.org/10.2216/11-044.1
http://dx.doi.org/10.1016/j.protis.2005.04.002

	cite43: 
	cite28: 
	cite56: 
	cite14: 
	cite42: 
	cite27: 
	cite13: 
	cite54: 
	cite12: 
	cite40: 
	cite25: 
	cite38: 
	cite11: 
	cite24: 
	cite52: 
	cite37: 
	cite23: 
	cite51: 
	cite6: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite21: 
	cite34: 
	cite19: 
	cite2: 
	cite20: 
	cite33: 
	cite18: 
	cite46: 
	cite59: 
	cite58: 
	cite31: 
	cite16: 
	cite9: 
	cite7: 
	cite30: 


