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INTRODUCTION

The dinoflagellate genus Dinophysis includes species
known to produce lipophilic shellfish toxins (Yasumoto et
al. 1985) and cause diarrhetic shellfish poisoning (DSP).
The genus includes both photosynthetic and non-photo-
synthetic (heterotrophic) species. The former are known
to possess a peculiar phycoerythrin-containing plastid
with a double membrane and a 2-layered thylakoid
(Schnepf & Elbrächter 1988, Lucas & Vesk 1990, Berland
et al. 1995, Carpenter et al. 1995), which is a characteris-
tic of cryptophytes but not of plastids from typical peri-
dinin-containing dinoflagellates. Therefore, the Dinoph-
ysis plastid is thought to originate from a cryptophyte.
Because there are no other organelles that could origi-
nate from cryptophytes in Dinophysis cells, establish-
ment of the partnership is considered to be an ancient
evolutionary event (Lucas & Vesk 1990, Schnepf & El-
brächter 1999). Recently, however, analysis of plastid-

encoded genes from Dinophysis spp. have supported the
opposite view — that the the enosymbiosis is not ancient,
but plastids are, instead, transiently acquired from
certain cryptophyte species occurring in the surrounding
environment (Takishita et al. 2002, Janson 2004, Taka-
hashi et al. 2005, Minnhagen & Janson 2006). Despite
this finding, there remain arguments for an as yet
unidentified mechanism for plastid incorporation. If the
plastids are transiently acquired from cryptophytes as
hypothesized, the occurrence of cryptophytes in the en-
vironment should be critical for the growth of Dinophysis
spp., because Dinophysis cells tend to be filled with plas-
tids during bloom events (Koike 2002). Furthermore, this
would mean that monitoring the relevant cryptophytes
would be useful for predicting DSP outbreaks.

In our previous study, we analyzed nucleotide se-
quences of the plastid-encoded small subunit ribo-
somal RNA (SSU rRNA) gene (Takishita et al. 2002)
and a gene encoding the large subunit of ribulose-1,5-
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bisphosphate carboxylase/oxygenase (rbcL) from 4
species of Dinophysis (D. acuminata, D. fortii, D.
norvegica, and D. tripos) (Takahashi et al. 2005). We
found these sequences to be completely identical
among the species, and positioned within the crypto-
phyte lineage. This indicates that the plastids of these
species are probably derived from certain cryptophyte
species. We then developed fluorochrome-labeled
oligonucleotide probes specific to the plastid of Dino-
physis spp. (Takahashi et al. 2005) to detect the plastid
origin. In a preliminary trial of fluorescent in situ
hybridization (FISH) using one of the probes (targeting
plastid SSU rRNA) on nano-sized (<20 µm) plankton
collected from the field, the probe bound to plastids in
cryptophyte-like cells (Takahashi et al. 2005). This
suggested that Dinophysis spp. plastids originate from
certain types of cryptophytes occurring in seawater.

This finding encouraged us to monitor the density of
both FISH-probed cryptophyte-like cells and Dino-
physis spp. over an extended period. We report here
the results of 3 yr of monitoring in Okkirai Bay, north-
ern Japan, and we compare the abundances of FISH-
probed cryptophytes and of Dinophysis fortii, which
causes toxin contamination of scallops cultivated in
this area.

MATERIALS AND METHODS

Since 1996, we have conducted weekly sampling at
a station in Okkirai Bay (39° 05’ 57’’ N, 141° 51’ 21’’ E;
depth 26 m) in Iwate Prefecture. The samples from the
routine monitoring are described in our previous
report (Koike et al. 2001). Briefly, the report gives ver-
tical profiles of water temperature, salinity, inorganic
nutrient concentrations (N: NO3

–+NO2
–, NH4

+; P: PO4
3–;

Si: SiO4
4–), and Dinophysis spp. densities. 

In 2003, 2004, and 2005, we performed FISH using a
fluorescein isothiocyanate (FITC)-labeled oligonucleo-
tide probe (D16P-1) that is designed to bind specifically
to SSU rRNA in the Dinophysis plastid (Takahashi et al.
2005). The samples were taken between April or May
and July, when >20 cells l–1 (threshold density that may
activate a ban on shellfish harvesting in this area) of D.
fortii are present in the bay. Waters from depths of 0, 10,
and 20 m were collected with a Van Dorn bottle and im-
mediately sieved through a plankton net with a 20 µm
mesh. Five ml aliquots of the filtrates were fixed with 45
ml of fixative (a mixture of 37.5 ml 90% ethanol, 3 ml
H2O, and 4.5 ml of 25× SET buffer [3.75 M NaCl, 25 mM
EDTA, 0.5 M Tris-HCl, pH 7.8]) and stored at –25°C.
Further preparation of the specimens is described in
detail in our previous report (Takahashi et al. 2005).
Briefly, 25 ml of the fixed samples were vacuumfiltered,
and the plankton was trapped with a polycarbonate fil-

ter (K080A013A; Advantec). The plankton on the filter
was then hybridized with the D16P-1 probe. Finally, a
solution of DNA stain (4’,6-diamidino-2-phenylindole
[DAPI]) was applied to the filter to determine whether
the FISH-probed particles were eukaryotic cells. As a
positive control, we performed FISH using another
probe (G16P-1; Takahashi et al. 2005) targeting the
same region of SSU rRNA of the cryptophyte Geminig-
era cryophila, along with a similarly prepared sample of
G. cryophila culture (Marine Biotechnology Institute
culture collection; MBIC10567).

We compared the amount of FISH-probed crypto-
phytes and the total amount of cryptophytes for the
period between April 2004 and March 2005. For total
cryptophyte counting, filtrates from samples collected
from depths of 0, 10, and 20 m were passed through a
20 µm mesh and fixed with glutaraldehyde (final con-
centration = 1%). A 5 ml aliquot was vacuum-filtered
through a 0.20 µm polycarbonate filter (K020A013A;
Advantec) to collect the plankton, and the filter was
mounted on a glass slide with a drop of microscope
immersion oil (Olympus). Using an epi-fluorescence
microscope (BX-40 RFA; Olympus) with green light
excitation (510 to 550 nm), we counted the total num-
ber of cryptophytes for the whole area of the filter,
based on the characteristic orange fluorescence emit-
ted by phycobilin pigment and the sizes of the fluores-
cent particles (Koike et al. 2001).

To obtain an index of plastid volume in Dinophysis
fortii, we monitored the in vivo fluorescence intensity
of phycobilin pigment in the cells. For all samples, a
plankton net (30 cm opening; 20 µm mesh) was hauled
vertically from a depth of 20 m to the surface. D. fortii
cells in the sample were isolated with a capillary pipet
and transferred to several wells of 6-well plates (35 mm
inner diameter, 16 mm deep; Greiner Bio-One) each
containing 5 m of filtered seawater. Within 24 h of iso-
lation, the plate was observed under an inverted
microscope (IX 71; Olympus), and the in vivo fluores-
cent spectrum (495 to 700 nm) emitted from single cells
under blue light excitation (460 to 495 nm) was col-
lected one cell at a time (total of 10 to 20 cells) using a
micro-photonic spectrometer (PMA-11; Hamamatsu
Photonics) connected to the eyepiece port of the micro-
scope. Each cell occupied almost 90% of the detection
area when using a 40 × objective lens. From the spectra
obtained from each cell, we estimated the height of the
emission peak at approximately 580 to 600 nm, which
is characteristic for phycoerythrin.

RESULTS

Using the FISH procedure, we found cells showing
FITC (green) fluorescence on the plastid and DAPI
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(blue) fluorescence on the nucleus (Fig. 1). Based on
the characteristic V-shape of the plastid, the position of
the nucleus at the hollow of the plastid bend, and the
binding specificity of the probe (Takahashi et al. 2005),
these cells appeared to be cryptophytes. These could
be discerned amongst the miscellaneous plankters
(Fig. 1c,d).

In the field, the FISH-probed cryptophytes (FPCs) al-
ways appeared suddenly. They increased between the
end of May and the beginning of June. In 2003, FPCs
occurred in low numbers at 10 m depth on May 31,
peaked on June 4 at a density of 3200 cells l–1, and then
disappeared (Fig. 2). This sudden appearance was
most notable in 2004; FPCs surged at 20 m depth on
May 26 at peak density of 109 200 cells l–1, and almost
disappeared thereafter (Fig. 3). Also, in 2005, FPCs
suddenly peaked at 10 m depth on May 24 at density of

29 600 cells l–1, decreased, and peaked again on June
15 and 21 at all depths (Fig. 4); however, the decreases
were gradual compared to previous years. Among the
layers, FPCs were most sparse at the surface (0 m). In
the survey between April 2004 and March 2005, FPCs
were suddenly detected in the bay during a particular
period in May or June, whereas cryptophytes were
detected throughout the year (Fig. 5).

There was an apparent relationship between the
peaks of FPC and Dinophysis fortii occurrences. In
both 2003 (Fig. 2) and 2005 (Fig. 4), the occurrence of
D. fortii began to increase after several days of FPC
peaks, and in 2004 (Fig. 3), D. fortii showed a sudden
increase on the same day as the FPC peak. Also, the
occurrence of D. fortii showed multiple peaks in 2005
when FPCs were present for a prolonged period
(Fig. 4). Nevertheless, the densities of FPCs did not
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Fig. 1. Fluorescence micrographs of cryptophytes. Left column, UV-excited fluorescence microscopy after staining DNA with
DAPI; right column, blue-excited fluorescence microscopy after in situ hybridization using an FITC-labeled oligonucleotide
probe (D16P-1). (a, b) A cryptophyte-like cell showing clear probe binding to the plastid. A DAPI-stained nucleus is located in the
hollow of the plastid vent, which is characteristic of cryptophytes. (c, d) Even among the DAPI-stained particles, the FITC-labeled 

cryptophyte can be recognized. The arrow in (c) indicates the cryptophyte nucleus. Scale bars = 10 µm
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always correlate with those of D. fortii. The maximum
density of D. fortii (200 cells l–1) was recorded in 2003,
when FPCs occurred in low numbers, whereas, in
2004, the density of D. fortii was almost the same when
the density of FPCs was 30-fold higher than in 2003. In
addition, the density of D. fortii was at most 20 cells l–1

in 2005, despite the fact that the density of FPCs was
10-fold higher than in 2003. Also, there seemed to be
no apparent relationship between the occurrence of
FPCs and the intensities of in vivo phycoerythrin fluo-
rescence in D. fortii cells. Although it seemed that the
fluorescence intensity almost doubled for the week
between 20 and 26 May 2004, when there was an
extremely high density of FPCs (Fig. 3), such a rela-
tionship was not observed in either 2003 or 2005
(Figs. 2 & 4). 

DISCUSSION

Whether the plastids of Dinophysis spp. result from a
permanent symbiosis with a cryptophyte or transient
acquisition from cryptophytes in the environment has
been long discussed; however, the issue remains con-
troversial. The plastid of Dinophysis spp. is surrounded
by 2 layers of plastid membranes (Schnepf &
Elbrächter 1988) and differs from that of cryptophytes,
which are surrounded by an additional 2 layers of plas-
tid endoplasmic reticulum. There are also no remnants
from cryptophytes in the Dinophysis cytoplasm other
than the plastids. Therefore, the acquisition of the plas-
tid from cryptophytes has been considered an ancient
evolutionary event (Lucas & Vesk 1990, Schnepf &
Elbrächter 1999). However, a heterotrophic species (D.
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Fig. 2. (a) Temporal changes in the abundance of FISH-
probed cryptophytes, as measured with D16P-1 probe, and
(b) Dinophysis fortii in Okkirai Bay in 2003. Samples were col-
lected from depths of 10 m (s, n) and 20 m (d, m). (c) The rel-
ative in vivo fluorescence value of phycoerythrin pigment 

from a D. fortii cell; mean ± SD, n = 10 to 20 cells

Fig. 3. (a) Temporal changes in the abundance of FISH-
probed cryptophytes, as measured with D16P-1 probe, and
(b) Dinophysis fortii in Okkirai Bay in 2004. Samples were col-
lected at depths of 0 m (d, m), 10 m (s, n), and 20 m (d, m).
(c) The relative in vivo fluorescence value of phycoerythrin 

pigment from a D. fortii cell; mean ± SD, n = 10 to 20 cells

a) a)

b)

c) c)

b)
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mitra) acquires plastids from haptophytes and then
degrades the outer endoplasmic reticulum while selec-
tively retaining the plastid membranes (Koike et al.
2005); hence, the characteristics of the membrane sys-
tem are not always an adequate indicator of whether
the plastids are permanent or transiently acquired. 

Furthermore, analysis of the SSU rRNA gene of plas-
tids from a variety of Dinophysis species shows that
they are: (1) uniform among the species, whereas there
are species-specific base substitutions in the nuclear
sequences (Takishita et al. 2002); and (2) they are iden-
tical to that of the extant cryptophyte species Teleaulax
amphioxeia (Janson 2004). Considering the fact that
the sequences from fully established dinoflagellate
plastids (containing peridinin and fucoxanthin deriva-
tives) have a higher rate of evolution than the nuclear

genes (Zhang et al. 1999, 2000, Barbrook & Howe
2000, Tengs et al. 2000), the plastids in Dinophysis spp.
are more likely kleptoplasts (temporarily ‘stolen’ plas-
tids, also known as kleptoplastids) acquired from spe-
cific species of cryptophytes occurring in the surround-
ing environment.

To prove the acquisition of plastids from crypto-
phytes, we developed molecular probes that specifi-
cally recognize the Dinophysis plastid, and hence the
plastids of specific cryptophyte species (should they be
the source of the Dinophysis plastid). Analyses of the
phylogenetic relationship between plastid-encoded
genes from Dinophysis spp. and cryptophytes (Tak-
ishita et al. 2002, Janson 2004, Takahashi et al. 2005,
Minnhagen & Janson 2006) support the idea that the
plastids originate from clade B (genera Geminigera,
Plagioselmis, and Teleaulax) of the Cryptophyceae
(Deane et al. 2002) and, more specifically, from species
belonging to the genus Teleaulax (Janson 2004, Taka-
hashi et al. 2005, Minnhagen & Janson 2006); however,
these cryptophytes cannot be precisely identified by
their cell shapes. Instead, probes that also bind to the
plastids of Teleaulax spp. can be used to follow their
occurrence and to clarify the in situ relationship be-
tween Dinophysis spp. and Teleaulax spp. Note that
our probe was designed to bind to any Teleaulax spe-
cies, on the basis of what is known from available DNA
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Fig. 4. (a) Temporal changes in the occurrence of FISH-
probed cryptophytes, as measured with D16P-1 probe, and
(b) Dinophysis fortii in Okkirai Bay in 2005. Samples were col-
lected at depths of 0 m (d, m), 10 m (s, n), and 20 m (d, m).
(c) Relative in vivo fluorescence value of phycoerythrin 

pigment from a D. fortii cell; mean ± SD, n = 10 to 20 cells

Fig. 5. (a) Temporal change in the abundance of total crypto-
phytes and (b) FISH-probed cryptophytes at depths of 0 m
(d), 10 m (s), and 20 m (d) in Okkirai Bay between April 2004 

and March 2005

a)

b)

c)

a)

b)
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sequences from Teleaulax sp. (GenBank accession no.
AB164407) and T. amphioxeia (AY453067).

In this study, we examined the relationship between
the abundances of Dinophysis fortii, the most promi-
nent species of Dinophysis spp. in this region, and of
the possible source of the Dinophysis plastid. Most
intriguingly, using FISH, we identified cryptophytes,
possibly Teleaulax spp., in the field, and we found that
the density of D. fortii began to increase just after the
FISH-probed cryptophytes appeared. Because this
held for all 3 yr of the study, it is reasonable to hypoth-
esize that D. fortii takes up Teleaulax spp. and then
grows, due to the acquired photosynthetic ability.
Recently, Park et al. (2006) found that D. acuminata
preyed on an oligotrich ciliate Myrionecta rubra fed
with Teleaulax sp. Therefore, recruiting the plastid via
such ciliates may be plausible. Alternatively, as sug-
gested by Nishitani et al. (2002), Dinophysis spp. may
even take up picophytoplankton directly. Although we
can not conclude yet that this is the incorporation
mechanism, Dinophysis plastids seem to originate ulti-
mately from Teleaulax. Ours is the first evidence show-
ing that the occurrence of Teleaulax coincides well
with that of D. fortii, suggesting that D. fortii takes up
Teleaulax directly or indirectly. 

The abundance of Teleaulax spp. differed each year,
but the cryptophyte always appeared prior to the

appearance of Dinophysis fortii. Therefore, monitoring
Teleaulax may help predict D. fortii growth and subse-
quent outbreaks of DSP. Note that the abundances of
D. fortii within the study period (2003 to 2005) were
rather low, but above 20 cells l–1, which would cause
significant toxin accumulation in bivalves in this area
(Koike et al. 2001). 

To elucidate the environmental conditions that lead
to an increase in Teleaulax abundance, we prepared
a bivariate scatter plot of temperature and salinity
when the peak abundances of Teleaulax spp. were
observed (Fig. 6). The study area (Sanriku Coast) is
greatly influenced by a complicated water system
consisting of the Tsugaru Warm Current water (TW),
Oyashio cold water (OW), a cold lower-layer water
(CL) and a coastal surface-layer water (SW). By pre-
senting the temperature and salinity (TS) data in the
scatter plot designed by Hanawa & Mitsudera (1987),
the dynamics of the water system can be understood
well. Using samples from our regular monitoring
from 1995 to 2005, the TS data coordinates for the
period when Dinophysis fortii peaked are clustered
within a very narrow range. This coordinate range
occurs where there is a mixing of coastal surface-
layer water (SW) and Tsugaru Warm Current water
(TW) (s, in Fig. 6). TS data coordinates for the period
when Teleaulax peaked (data obtained in this study)
also clustered within a similar narrow range, but at
somewhat lower temperatures (d, in Fig. 6). This
indicates that the water mass containing Teleaulax
peak abundances was also formed by a mixing of
SW and TW, but earlier in the season than when D.
fortii peaked. Hence, the factor most likely pro-
moting the occurrence of D. fortii in this specific
water mass is the abundance of Teleaulax earlier in
the season. 

Cell density of Dinophysis fortii did not reflect the
density of Teleaulax. This might be due to a temporal
sampling regime that missed peaks of cryptophyte
abundance (the appearance of Teleaulax spp. was
always very transient), or because we sampled at dis-
crete depths through the water column. The daily ver-
tical migration of Dinophysis (Durand Clement et al.
1988) may also play a role. Alternatively, plastid acqui-
sition may become saturated so that a threshold den-
sity of Teleaulax spp. earlier in the season may be suf-
ficient to cause a subsequent growth of Dinophysis
spp., as indicated above. More intensive and longer
term sampling, preferably in other regions with differ-
ent Dinophysis spp., is needed to explore this further.
In addition, it is always necessary to take into account
heterotrophic growth of photosynthetic Dinophysis
spp., as recently demonstrated by Park et al. (2006),
and especially by Jacobson & Anderson (1994) and
Koike et al. (2000).
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Fig. 6. Temperature–salinity (TS) scatter plot (Hanawa &
Mitsudera 1987) of data collected when Dinophysis fortii
was at peak abundance (data from regular surveys during
1995–2005; s) and of FISH-probed cryptophyte peaks
detected in this study (2003–2005; d). TW = Tsugaru
Warm Current water; OW = Oyashio cold water; CL = cold
lower-layer water; SW = coastal surface-layer water; KW =
Kuroshiro warm water; values on diagonal curves are sea-

water density σt (kg m–3)
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