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Nutrition, growth rate and sensibility to grazing
for the dinoflagellates Dinophysis acuminata,
D. acuta and D. norvegica.™'

Edna GRANELI'? D. M. ANDERSON '3, Per CARLSSON ‘% G. FINENKO ",

S. Y. MAESTRINI'®, Maria A. de M. SAMPAYO ®and T. J. SMAYDA "’

Abstract: Growth rates for three Dinophysis species were estimated by incubating whole plank-
ton communities with high levels of "C bicarbonate, followed by transfer of single cells to scin-
tillation vials. Based on “C uptake during light: dark incubations, growth rates (doublings/

day) were 0.52~0.73 for D. acuminata, 0.25-0.38 for D. norvegica and 0.36-0.45 for D. acuta. D.
acuminata, D. norvegica, and D. acuta may be mixotrophic, since they incorporated “C during
dark periods. Dark uptake of carbon was not always observed, however, suggesting that this
nutritional strategy may be sporadic and not continuous through time. D. acuminata showed
better growth in the dark than in light when aspartic acid was added, providing yet another in-
dication of a mixotrophic mode of nutrition. Grazing regulation of D. acuminata in concen-
trated whole phytoplankton communities to which copepods were added, was also
investigated. Centropages typicus and Isias clavipes ingested D. acuminata cells in significant
amounts (3 and 10% respectively, of total ingested carbon), but only after their preferred food
(other phytoplankton species and nauplii) decreased in abundance in the experimental bottles.
Maximum ingestion of D. acuminata cells occurred after 72 h (40-50% and 30% of total ingested
carbon for C. typicus and I. clavipes., respectively). Acartia clausii was the only copepod which
immediately started to ingest D. acuminata cells at levels above 30% of the total ingested car-
bon. However, A. clausii appeared unhealthy after 24 h in the experimental bottles; while C.
typicus and 1. clavipes., started dying only after 48 h of incubation. This suggests that copepods
might be poisoned when D. acuminata constitutes a large percentage of their food in relation to

other phytoplankton species.

1. Introduction

The dinoflagellate genus Dinophysis Ehren-
berg includes several species which cause DSP
(Diarrhetic Shellfish Poisoning). DSP is wide-
spread in Europe, North and South America,
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Australia and Japan (YASUMOTO et al., 1980;
KROGH et al., 1985; HALLEGRAEFF and Lucas,
1988, SAMPAYO et al, 1990; EDLER and
HAGELTORN, 1990; SEDMAK and FaNuko, 1991:
Boxi et al., 1993; LEMBEYE et al., 1993, etc).

Within the genus Dinophysis there are both
photosynthetic and non-photosynthetic species
(Lucas and VESK, 1990; HALLEGRAEFF and
Lucas, 1988). Because of the economic impor-
tance of Dinophysis much effort has been de-
voted to its autecology and bloom formation
(ALvVITO et al, 1990; EDLER and HAGELTORN,
1990; LAssus et al., 1993; MARCAILLOU-LE BauT
and MASSELIN, 1990; MoiTA and SAMPAYO, 1993;
DELMAS et al., 1992, etc.). However, our knowl-
edge of Dinophysis is still scanty due to the dif-
ficulties of maintaining this genus in labora-
tory cultures (SAMPAYO, 1993).
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2. Material and methods

This paper summarizes results of experi-
ments using single-cell “C techniques to deter-
mine D. acuminata, D. norvegica and D. acuta
growth rates as well as the potential of these
species for mixotrophic growth. These data, as
well as the dynamics of copepod grazing on
these species, were obtained through experi-
mental investigations of natural plankton com-
munities from the Skagerrak and Atlantic
waters outside Southern France. This paper is
a summary only; details of these various stud-
ies will be published elsewhere and are referred
to in the text.

3. Results and discussion

Recent research on Dinophysis spp. auto-
ecology
Growth rates

Most attempts to estimate the growth rates
of Dinophysis species have been done by cell
counting (SAMPAYO, 1993; DELMAS et al., 1992),
and recently by the method of cell cycle
analysis (CHANG and CARPENTER, 1991). Both
methods gave daily growth rates of 0.61 and
0.58 divisions+d ™! for D. acuminata and D. acuta,
respectively (SAMPAYO, 1993) and 0.78 and 0.97
divisions=d~' for D. acuminata (CHANG and
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Based on RIVKIN and SELIGER’s (1981) single-
cell “C technique, with modifications of the
post-incubation washing procedure, individua]
cells of D. acuminata, D. norvegica and D. acuta
were isolated at various time periods (up to 42
h) after the addition of high levels of “C bicar-
bonate (1 ¢ Cieml~') to the whole plankton
communities. During the 42 h incubation pe-
riod phytoplankton were subjected to se-
quences of light and dark (Fig. 1). All three
species incorporated “C during the light peri-
ods, with maximum uptake rates of 41 pg C-
cell™" *h~! for D. acuminata and D. norvegica
and 68 pg Cecell™! *h~! for D. acuta.

Based on "C uptake and using the same
method as BERLAND et al. (1994) estimated
growth rates (as doublings/day) were 0.52-0.73
for D. acuminata, 0.25-0.38 for D. norvegica and
0.36-0.45 for D. acuta. We are aware that algae
release and / or exudate organic carbon
(SAKSHAUG, 1993) might give a bias on our
growth rates estimations. Hitherto, however,
no measurement of carbon release has been ob-
tained by Dinophysis spp. However, the growth
rates for D. acuminata and D. acuta are in the
same order of magnitude as obtained by some
other authors based in the same method as us
(BERLAND et al, 1994) or by counting cells in
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Fig. 1. Accumulated carbon incorporation for three Dinophysis species based on “C-uptake
of individually isolated cells. To samples (4L) containing fractionated (20-70 um size)
and concentrated natural phytoplankion communities was added radioactively
labelled “C bicarbonate (1 £ Ci-ml™"). After incubation in light (100 gE+m-*- 35"’
and darkness single cells of Dinophysis spp. were isolated and placed in scintillation
vials (14-48 cells * vial**). Values are mean =+ 1xsd, n = 3—10 (replicate vials).
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situ  SAMPAYO (1993) or DNA replication
(CHANG and CARPENTER, 1991). There are no es-
timations of growth rate for D. norvegica in the
literature.

Mizxotrophy and phagotrophy

D. acuminata and D. norvegica assimilated
radioactively labelled carbon during the dark
period, unlike D. acuta (Fig. 1). D. norvegica,
however, did not incorporate “C during the sec-
ond dark period. This might be explained by
the bad conditions of the cells at the end of the
42 h incubation as observed in the microscope
during the single cells isolation. Dinophysis
species have not been possible to keep in labo-
ratory cultures, and even natural populations
generally do not survive more than a few cell
divisions in vitro. Dark uptake of “C found for
D. acuminata and D. norvegica suggests that
these species might be capable of mixotrophic
nutrition. They may have utilised dissolved,
radioactively labelled organic carbon released
as exudates by other algae, or have fed on
radioactively labelled algae/bacteria through
phagocytosis.

An experiment was performed in which 10
# M aspartic acid was added to 1 L polythene
bottles containing phytoplankton concentrated
from Skagerrak coastal surface water on a 20
4 m mesh size nylon net after passing through
a 70 #m mesh size net (BERLAND et al., 1994).
Bottles were exposed either to 12:12 h L:D light
(100 E*m~%¢s™') or complete darkness.
D. acuminata grew well without light, but posi-
tive growth was not observed when cells were
exposed to light in the presence of aspartic acid
(Fig. 2). The fact that D. acuminata did not
grow in the presence of aspartic acid (A.A.) in
the light might be explained by the fact that
there were not enough inorganic nutrients
available to the algae to perform photosynthe-
sis and that heterotrophy is stimulated by dark
conditions. Another possibility wouldd be that
A.A. has an inhibithory effect upon the growth
of this algae in light (we did not found in the
literature any similar case, however). For cell
division to occur there must be a sufficient sup-
ply of carbon, nitrogen, phosphorus, etc. Dur-
ing the dark phase, it was likely that
heterotrophy provided carbon, nitrogen and
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Fig. 2. Growth of Dinophysis acuminata in darkness or
light (100 £E *m~? +s7') in the presence of
aspartic acid (10 g M).

phosphorus. When light was turned on, photo-
synthesis resumed and maybe inhibited the
heterotrophy  pathway. PINTNER  and
ProvasoLi (1968) have found heterotrophy in
Chrysochromulina strobilus and C. brevifilum.
However, these two species could use organic
carbon only at low light levels (5 uE « m~2 .
s™'). This seems to have been the case for
D. acuminata in our experiment. In the dark it
grew effectively if aspartic acid was added to
the medium, but when exposed to light it was
able to maintain the population only at the ini-
tial cell concentrations (Fig. 2). As our experi-
ments lacks proper controls, i.e. bottles where
Dinophysis -cells were growing with inorganic
nutrients additons in light and dark but no
aspartic acid. Another interpretation might be
that something else went wrong in the light ex-
periment, and that growth on AA in the dark
was an indirect effect, AA serving as a carbon
source for bacteria, etc. that were eventually in-
gested by Dinophysis..

Phagotrophy has been demonstrated in the
photosynthetic freshwater algae Dinobryon
cylindricum and Uroglena americana. (BIRD and
KALFF, 1986, 1987). MANTON and PARKE (1962)
suggested, based on taxonomic features, that
Chrysochromulina polylepis could ingest bacte-
ria. This has been confirmed, not only for
Chrysochromulina species but also for other
flagellates (JONES et al., 1993; NYGAARD and
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HESSEN, 1990; NYGAARD and ToBIESEN, 1993).
Phagotrophy in the genus Dinophysis has until
now only been shown for the non-photo-
synthetic D. rotundata (HANSEN, 1991). Accord-
ing to HANSEN (1991) autotrophic Dinophysis
species are grazed by the ciliate Tiaring Jusus.
However, D. rotundata could prey on T. fusus
via a feeding tude originating from the
flagellar pore. HALLEGRAEFF and Lucas (1988),
using transmission electron microscopy, exam-
ined three photosynthetic species of Di-
nophysis. Since they did not find food vacu-
oles, they concluded that these species are
strictly autotrophic. However, recently
JACOBSON and ANDERSEN (1994) using electron
microscopy could identify food vacuoles in D.
acuminata and D. norvegica. However, it was
impossible for them to identify with certainty
what kind of particles they were, although
there was a strong resemblance of these parti-
cles to parts of ciliates similar to the ones
found in the heterotrophic Ozyphysis ozyto-
zoides. In a sample from Parchal, Arade estu-
ary (Portugal) preserved with Lugol D.
acuminata was found with a circular particle re-
sembling the centric diatom (Thalassiosira
subtilis type) inside. The alga was photo-
graphed in three different positions to confirm
that the particle was really inside the cell (Fig.
3). The mechanism by which this particle got
inside D. acuminata is not yvet known. FRriTZ
and Nass (1992) have found in the coastal wa-
ters of Nova Scotia, Canada the endoparasitic
dinoflagellate Amoebophrya ceratii inside D.
norvegica.. However this parasite bears no simi-
larity to the particle found by us inside D.
acuminata in the coastal waters of Portugal, but
also found on several occasions during experi-
ments performed by us during the autumn of
1994 in the coastal waters west of Sweden in
the Skagerrak.

Grazing on dinophysis

Grazers have the potentijal capacity to con-
trol toxic phytoplankton and thus prevent the
formation of a bloom. WATRAS et al., (1985)
studied the effect of grazing on the toxic
dinoflagellate Alezandrium tamarense in two
Cape Cod (US.A.) embayments. In years when
A. tamarense did not bloom, the grazing rate

exceeded the algal division rates. The main
grazers of A. lamarense were polychaete larvae
(Polydora ligni) and the ciliate Favella Sp.
Hansen (1989), studying the effect of A,
lamarense on Favella ehrenbergii, found that al-
though the algae can be ingested by the ciliate,
exudates from the algae act on the cell mem-
branes of the ciliate, causing swelling and,
eventually cell lysis.

We have investigated grazing by three cope-
pods (Centropages typicus, Isias clavipes. and
Acartia clausii) on the toxic Dinophysis acumi-
nata., in comparison to other phytoplankton
species and nauplii. The plankton that passed
a 75y m mesh size nylon net was concentrated
on a 25 4 m mesh size nylon net. D. acuminata,
Leptocylindrus danicus together with nauplia
made up to 70% of the plankton biomass inj-
tially. All three copepods ingested D. acumi-
nata cells. Acartia clausii ingestion of D.
acuminata was high, nearly 409 of the total in-
gested phytoplankton and nauplii cell carbon
during the first 24 h of the grazing experiment
(Fig. 4). However, after 24 h the Acartia clausii
individuals were in bad condition and evi-
dently dying. They were thus replaced by new
individuals, and the experiment continued.
The problem continued, however, such that
this procedure had to be repeated every 24
hours. This suggests that when D. acuminata
represent a high percentage of the ingested
food Acartia clausii die. Individuals of Acartia
clausii fed a diatom mixture were healthy, with
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Fig. 4. Dinophysis acuminata ingested by the cope-
pods Acartia clausii, Isias clavipes, and Centro-
bages typicus (as carbon) as a percentage of total
ingestion (phytoplankton and nauplii).
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Fig. 3. Dinophysis acuminata with Thalass sp. inside.

A: Right valve of D. acuminata and top valve view of Thalassiosira sp. (1). B: More or
less antapical view of D. acuminata showing Thalassiosira sp. valve mantle (2) and
the girdle (3). C: D. acuminata - right valve where the valvar mantle of Thalassiosira
sp. is visible (4).
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the females producing eggs. This indicates
that the cause of death of Acartia clausii. was
not the confinement in bottles, but rather a
toxic effect from D. acuminata. The other two
tested copepods, C. typicus and Isias clavipes,
appeared unhealthy after 48 h of incubation
with a concentrated phytoplankton commu-
nity containing D. acuminata. Thus copepods
might be negatively affected, probably
through a toxin, when D. acuminata constitutes
a significant proportion of their potential food
resources. This suggests that growth of
Dinophysis acuminata, and possivly o ier
Dinophysis species as well, may occur with rela-
tively low losses due to grazing.

4. Conclusions

D. acuminata, D. norvegica and D. acuta are
photosynthetic dinoflagellates which seem to
be able of both auxotrophy and phagotrophy.
This mixotrophic mode of nutrition might en-
able these algae to obtain essential substances
to growth not possible to obtain otherwise
from most of the used media by the scientific
community to growth marine phytoplankton
in general.

When D. acuminata constitutes a significant
proportion of the food ingested by copepods,
the grazer is poisoned and even dead may
occur. This suggests that growth of Dinophysis
acuminata, and possibly other Dinophysis spe-
cies as well, may occur with relatively low
losses due to grazing.
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Résumé. Pour pallier 'absence de toute culture
des espéces du genre Dinophysis, des popula-
tions naturelles ont été incubes en présence de
bicarbonate marqué au “C, puis des cellules de
Dinophysis acuminata, D. acuta et D. norvegica
ont été isolées une i une avec une micropipette
et la radioactivité de 5 a 20 cellules identiques
mesurée au moyen d’un spectrométre i scintil-
lation liquide. Le taux de croissance a été
calculé en rapportant le taux d’assimilation du
carbone pendant un cycle lumiéreobscutité de
24 heures 3 la teneur moyenne en carbone de
I'espéce, elleméme calculée & partir du volume
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cellulaire. Les taux de croissance obtenus ont
été de 0,52-0,73 division par jour (div-j-1) pour
D. acuminata, 0,36-0,45 div+j-1 pour D. acuta et
0,25-0,38 div+j-1 pour D. norvegica. Pour D. acuta
et D. norvegica lincorporation de carbone
marqué ayant été active pendant la phase ob-
scure dans plusieurs échantillons et la croi-
ssance de D. norvegica ayant été plus active a
I'obscurité qu’a la lumiére quand de l'acide
aspartique a été ajouté au milieuy, il est conclu
qu'un mode de nutrition mixotrophe est trés
probable pour ces espéces; I'hétérotrophie-
phagotrophie n'étant pas permanente, cepen-
dant. La pression du broutage sur D. acuminata
a été étudiée sur des communautés phyto-
planktoniques enrichies en Dinophysis. Centro-
pages typicus et Isias clavipes ont ingéré ce dino-
flagellé en quantité notable: 3% et 109% du
carbone total ingéré, respectivement, apreés

toutefois que I'abondance de leur nourriture
préférée (diatomées, nauplii) ait significative-
ment diminué. Le nombre le plus important de
cellules de D. acuminata capturées a été obser-
vée apres 72 heures d'incubation, représentant
alors 62% du carbone ingéré pour C. typicus et
249 pour I clavipes. Acartia clausii a été le seul
copépode ayant immédiatement ingéré D,
acuminata, jusqu'a des quantités représentant
plus de 30% de carbone total ingéré; 24 heures
apres, cependant, cette activité a cessé et les
individus ont paru étre malades. Pour C
typicus et I clavipes, il y a eu simplement une
baisse d'activité aprés 48 heures d'incubation.
Ces résultats suggérent un empoisonnement
des copépodes par les toxines de D. acuminata,
pouvant conduire a une forte baisse d’activité
quand ce dinoflagellé représente une fraction
significative de leur nourriture.
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