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INTRODUCTION

Eukaryotic microalgae evolved from phagotrophic
‘protozoa’ through the structural and genetic fixation
of photosynthetic machineries, viz. plastids or chloro-
plasts, derived from prey located inside food vacu -
oles (Delwiche 1999, Archibald 2009, Raven et al.
2009). The diversity of plastids is best represented
within the dinoflagellates, where at least 9 plastid
types of different endosymbiont origin have been
identified (e.g. Daugbjerg et al. 2000). A special type
of chloroplast is found in the recently described dino-
flagellate family Kareniacea, including the genera
Karlodinium, Karenia and Takayama (Daugbjerg et
al. 2000, Takishita et al. 2004, Bergholtz et al. 2006).

It differs from the typical peridinin-containing dino-
flagellate plastid in that it has replaced the original
secondary red-algal endosymbiont with a hapto-
phyte endosymbiont (Pa tron et al. 2006). These terti-
ary plastids are permanently incorporated and syn-
thesized in all species of Kareniacea (de Salas et al.
2005, Bergholtz et al. 2006), and most species can
survive and grow strictly phototrophically in the light
in the absence of prey in standard inorganic nutrient
media, such as f/2 (Li et al. 1999, Garcés et al. 2006,
Berge et al. 2008a).

A particularly interesting aspect of the kareniacean
species is that closely related species and strains
seem to cover a large range of nutritional strategies,
from primarily phototrophs to primarily phagotrophs
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(Li et al. 1999, Berge et al. 2008a, Bachvaroff et al.
2009, Calbet et al. 2011). Some strains grow just as
fast as phototrophic dinoflagellates with the typical
peridinin-containing chloroplasts, while others, like
Karlodinium armiger strain K0688 and probably also
strains of Karlodinium australe, barely grow in the
light even at high irradiances (DeSalas et al. 2005,
Berge et al. 2008a,b). Reported carbon-specific in -
gestion rates are quite high (2.0−5.0 gC gC−1 d−1) and
in fact similar to that of typical heterotrophic proto-
zoa (Berge et al. 2008b). The ‘animal-like’ and omni -
vorous nature of K. armiger is best described by its
ability to immobilize, kill and feed on much larger
copepods and metazoans (Berge et al. 2012). Thus,
despite the fact that K. armiger always synthesizes
plastids and is obligatorily dependent on light for sur-
vival, the nutritional configuration seems to be close
to the phagotrophic end of the mixotrophic spectrum
(Jones 1994, Berge et al. 2008a, Andersen et al. 2015).

Chloroplasts are costly to produce in terms of car-
bon, nutrients and energy (Raven 1984), which raises
the question of why a species like K. armiger contin-
ues to produce them. Several possibilities exist: (1)
The plastids of K. armiger may serve essential func-
tions other than carbon fixation, such as ATP or re -
ductant provider for biosynthesis (Geider & Osborne
1989). (2) Photosynthesis may serve as the source of
carbon for respiration (Putt 1990, Flöder et al. 2006),
while biosynthesis depends on prey-derived carbon.
The organism may be mainly heterotrophic, with the
chloroplasts only serving for survival when prey is
limiting. This has been observed in a few chryso-
phytes (Ochromonas/Poterioochromonas), where low
photosynthetic rates may only cover basal respiratory
needs (Sanders et al. 1990). (3) Rates of carbon fixa-
tion are high and can support fast growth rates, but
the species depends on ingestion (phagotrophy) of
essential  inorganic nutrients (Stoecker 1998, Mitra et
al. 2016). This nutritional strategy may be important
for the recently discovered and ecologically impor-
tant plastidic mixotrophic nano-picoplankton domi-
nating vast oceanic and oligotrophic areas (Hart-
mann et al. 2012, Mitra et al. 2014).

To understand the reason for the low phototrophic
growth and the role of the photosynthetic machinery
in the avid predator K. armiger, we measured the
growth and photosynthetic rate as a function of irra-
diance, cell size and chl a content in a standard nutri-
ent medium (f/2). We compared these variables in
short- and long-term starved cells to investigate to
what extent food starvation affects the photosyn-
thetic machinery. To study the relative roles of photo-
synthesis and feeding in fed conditions (i.e. mixo -

trophy), we measured ingestion and growth rates of
K. armiger at low and high prey concentrations as
functions of irradiance. Based on the results from
these experiments, we calculated and evaluated
growth efficiencies (specific growth rate/specific car-
bon intake) required to explain the observed growth
rates through the alternative carbon acquisition
path ways: (1) phototrophy, (2) phagotrophy or (3)
both (mixo trophy).

MATERIALS AND METHODS

Cultures and conditions

The cultures used in this study were obtained from
the Scandinavian Culture Centre for Algae and Pro-
tozoa (www.sccap.dk). The stock culture of the mixo-
trophic dinoflagellate Karlodinium armiger (strain
K0668) and the primarily phototrophic cryptophyte
prey Rhodomonas marina (K0435) and Teleaulax
acuta (K1486) were grown in f/2 medium, based on
autoclaved seawater with a salinity of 32 PSU (for
constituents of the medium see www.sccap.dk). Tem-
perature was 15°C and the irradiance was 20 to
70 µmol photons m−2 s−1 based on a 14 h light:10 h
dark cycle. Irradiance was measured in air with a
spherical sensor (Li185B, Licor). Light was provided
from cool-white fluorescent tubes in a 14 h light:10 h
dark cycle, and adjusted using optically neutral
screening sheets (3M). To obtain high cell concentra-
tions of K. armiger for the experiments (see below),
the stock culture was fed the cryptophyte R. marina
every 2 to 5 d for ~2 wk under an irradiance of
70 µmol photons m−2 s−1. This culture was diluted into
fresh medium and placed together with prey cultures
(T. acuta) under 5 experimental irradiances (7, 20, 70,
85 and 250 µmol photons m−2 s−1) for 14 d of light
acclimation. The experimental prey cultures (T.
acuta) were kept in exponential growth phase during
acclimation, before the experiments were initiated.
Acclimation to prey in mixed grazing treatments was
conducted during the first 3 to 4 d of incubation,
before the first sampling occasion.

Experiments and laboratory conditions

To understand the role of the plastids and phago -
trophy in K. armiger, we conducted 2 experiments in
a range of light intensities (7−250 µmol photons m−2

s−1). The first focused on phototrophic conditions (no
prey) and the second focused on mixotrophic condi-

42



Berge & Hansen: Role of chloroplasts in a predator dinoflagellate

tions (with prey). Both experiments were initiated by
incubating acclimated cells (see above) in poly -
carbonate flasks (67 ml) illuminated from below.
 Previous experiments showed no significant differ-
ence in ingestion rates between standing and rotat-
ing flasks (Berge et al. 2008a). The prey T. acuta was
chosen because of its much better motility in culture
than previously used cryptophytes (e.g. R. salina and
R. marina). Both K. armiger and T. acuta swam read-
ily, and the cells were evenly distributed in the ex -
perimental flasks during the incubation period.

During all experiments, pH was measured using a
2-point calibration pH meter and kept below pH 8.7
for both mixed and monocultures (phototrophic).
This was done based on previous observations of
the effects of high pH (>8.8) on K. armiger (Berge et
al. 2008b). Temperature was 15°C and salinity was
32 PSU. All treatments (mono- and mixed cultures)
were conducted in 3 replicate flasks. F/2 medium
was used throughout the study.

In Experiment 1 (Expt 1), we focused on the role of
the plastids in carbon fixation, and growth potential
under strict phototrophic conditions (unfed cultures).
Our specific hypotheses were: (1) the low growth rate
in strictly phototrophic K. armiger culture is due to
very low rates of carbon fixation, (2) K. armiger does
not have sufficient control over the plastid to pho-
toacclimate (i.e. regulate chlorophyll levels accord-
ing to environmental irradiance) and (3) food starva-
tion has no effect on the functioning of the plastid.
Thus, we studied the effects of irradiance on growth
rates (μ, d−1), cellular carbon fixation rates (C-fix, pg
C cell−1), cell size (µm3) and chl a concentration (pg
chl a cell−1) in strictly phototrophic cultures (no prey),
and compared these in short-term (1 d) and long-
term (14 d) prey-starved cells at different irradiances.
The long-term prey-starved light treatments were
initiated by incubating 2000 cells ml−1 of K. armiger
that had depleted a prey population 14 d prior to the
start of the experiment. The short-term prey-starved
treatments were initiated by mixing 500 cells ml−1 of
the K. armiger and 2000 T. acuta cells ml−1 (predator:
prey cell ratio of 1:4), and letting the predator deplete
the prey population. The measurements of samples
for cell size, chl a content and C-fixation rate were
taken 1 d after the presence of prey cells. Earlier
studies on the cell size of K. armiger feeding on
crypto phytes (see Fig. 7 in Berge et al. 2008a) and the
presence of food vacuoles as a function of time
showed that cryptophytes were quickly digested,
and not kept as active kleptochloroplasts. To confirm
the absence of food vacuoles, we carefully examined
the short-term prey-starved cells directly before

measurements, using inverted and epi-fluorescence
microscopy at 200 to 400× magnification. This show -
ed that only under 3 of the 5 irradiance levels pro-
vided, i.e. 20, 85 and 250 µmol photons m−2 s−1, the
incubations lasted long enough to assume no in -
fluence of prey cells and prey inside food vacuoles on
our measurements.

In Expt 2, we focused on the relative importance of
phototrophy and phagotrophy in the carbon acquisi-
tion in K. armiger at mixotrophic growth conditions.
We hypothesized (4) that growth was based on car-
bon from ingested prey only. We therefore initiated a
grazing experiment to measure growth and ingestion
rates in prey-saturated and prey-limited cultures
under different irradiance levels (i.e. 7, 20, 70, 85 and
250 µmol photons m−2 s−1). The feeding experiment
was initiated by mixing K. armiger and the prey in
different initial predator:prey cell concentration ra -
tios (ranging from 1:4 to 1:25) and allowing them
acclimate to food for 3 d before the first sampling.
Samples for cell concentration were taken every 1 to
2 d for up to a week. Ingestion rates were based on
the change in prey concentration in the mixed treat-
ments compared with the change of prey concentra-
tion in monocultures (control) during the sampling
interval. Prey concentrations were chosen based on
the functional response of K. armiger feeding on dif-
ferent prey types under high irradiance in the labora-
tory (180 µmol photons m−2 s−1; Berge et al. 2008b).
The average prey concentrations in the prey-
 saturated incubations were from 6000 to 25 000 cells
ml−1 in the low light treatments and the high light
treatments, respectively, corresponding roughly to
480 to 2000 µg C l−1. In the prey-limited incubations,
average prey concentrations were from 500 to 4000
cells ml−1 in the low and the high light treatments,
corresponding to 40 to 320 µg C l−1.

Measurements

Cell concentrations

Cells were fixed in acidic Lugol’s (final concentra-
tion 1%) and enumerated using a Sedgwick-Rafter
counting chamber. At least 300 cells were counted
using a 10× objective on a compound microscope. In
mixed-culture treatments, containing the K. armiger
and the cryptophyte prey, all samples were enumer-
ated manually. In monocultures of both K. armiger
and the prey T. acuta, half of the samples were
counted manually while in vivo fluorescence was
measured in all samples. A correlation between cell
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concentration and relative fluorescence units (R2 =
0.98) was used to convert measurements to cell con-
centration. In vivo  fluorescence was measured using
a Turner Trilogy bench top fluorometer.

Cell size

Cell dimensions (length and width) were measured
by mixing an equal number of cells from 3 Lugol’s
fixed samples for each treatment (taken at 3 different
time points in the exponential growth period). The
cells were allowed to settle for at least 5 h in multi-
dish wells (96-well plate). Settled cells were photo -
graphed using an inverted microscope with a 20×
objective connected to a digital Canon camera. The
length and width of the first 30 cells encountered on
enlarged micrographs were measured manually,
using the ruler tool in Adobe Photoshop CS3. Pixels
were converted to µm using a high precision object-
micrometer. Biovolume was calculated according to
Hillebrand et al. (1999) and assuming ellipsoids with
length > width.

Chl a content

Cellular chl a content was measured according to
Skovgaard et al. (2000). Culture samples of 10−20 ml
were filtered onto glass fibre filters (Poretics), and
5 ml of 96% ethanol were added to the filters in glass
tubes wrapped in aluminium foil. The samples were
extracted cold (4°C) overnight in the dark. The filters
were ground and the slurry filtered onto new filters,
resulting in clear filtrates for measurements in boro -
silicate glass tubes (Turner). We used a Turner Tri -
logy bench top fluorometer equipped with blue
 excitation filter for extracted chl a. To allow quantifi-
cation of chlorophyll in µg chl a l−1, the fluorometer
was calibrated against a pure chl a standard
(2.134 mg chl a l−1) of cyanobacterial origin (Hørs -
holm). Triplicate cell counts of the filtered cultures
served as basis for the estimation of cellular chl a
content.

Photosynthesis

Carbon fixation rates (pg C cell−1 d−1) were deter-
mined by measuring C14 fixation rates according to
Riisgaard & Hansen (2009). Samples (2 ml) were
trans ferred into 20 ml glass scintillation vials. For 3
replicate samples per treatment, 20 µl of NaH14CO3

was added and incubated for 3 h. Dark vials were
wrapped in aluminium foil while light vials were in -
cubated at the experimental light levels. Specific
activity was measured by adding 100 µl of the mix-
ture to new vials containing 200 µl phenylethyl -
amine. Carbon fixation was measured in the 1.9 ml
culture by adding 2 ml of 10% glacial acetic acid in
methanol and drying overnight at 60°C, before re -
suspension in 2 ml of distilled water and 10 ml
Packard Insta-Gel Plus scintillation cocktail. Caps
were replaced (Skovgaard et al. 2000) before the
activities were measured using a Packard Tri-Carb
liquid scintillation analyser. 14C fixation rates (C-fix,
pg C cell−1 d−1) were calculated according to Parsons
et al. (1984). Dissolved inorganic carbon in the me -
dium was measured with an infrared gas analyser
(225-Mk3, Analytic Development).

Calculations and statistics

Growth rates

Exponential growth rates were calculated as the
logarithm of change in cell concentrations, dx di -
vided by the incubation period (dt = t2 − t1):

μ = dx / dt = [ln(Xt2) − ln(Xt1)] / (t2 − t1) (1)

where Xt1 and Xt2 are the cell concentrations at the
start and end of the 1 to 3 d period, respectively. Bal-
anced growth rates were estimated by averaging the
growth rates over at least 3 sampling points corre-
sponding to 3 to 8 d of growth in each replicate flask.

Ingestion rates

Cellular ingestion rates (U) were calculated based
on the disappearance of prey in the mixed flasks
compared to the prey growth in monocultures, using
the method described by Skovgaard et al. (2000).
Here, the 2 following equations were used to itera-
tively (steps of 0.01 h) calculate ingestion rate over
the sampling interval (t = 1 to 3 d):

dX/dt = μX (2)
and

dY/dt = μy Y − IR X (3)

where Y is the prey concentration, μy is the prey
growth rate in monoculture, X is the predator con-
centration (cells ml−1), μ is the exponential growth
rate of the predator during the incubation period, and
IR is the ingestion rate (cells cell−1 d−1). To estimate
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balanced ingestion rates, ingestion rates were aver-
aged over a period of at least 3 d, corresponding to at
least 2 sample intervals. Over this sample interval,
the change in prey concentration was less than 36%.
Averaging over several days was done to overcome
problems of estimating growth rates of protists asso-
ciated with daily cycles of cell division and ingestion.

Potential carbon sources and growth efficiencies

To understand the relative roles of photosynthesis
and feeding in carbon acquisition during mixotrophy
(Expt 2), we evaluated theoretic growth efficiencies
necessary to explain the observed growth rates in
food-saturated and food-limited mixotrophic cultures,
for 3 alternative nutritional configurations: (1) phago -
trophy as the only carbon source for growth, (2) pho-
totrophy as the only carbon source for growth and (3)
both pathways as carbon sources for growth. Growth
efficiencies were calculated as carbon- specific growth
rate (μ) / carbon-specific intake rate (based on 1, 2 and
3 above), multiplied by 100%. To estimate carbon-
specific intake rates (pgC pgC−1 d−1) through both
photosynthesis and ingestion, we used the relation-
ships between cellular biovolume (V, µm3) and carbon
(C) described by Menden-Deuer & Lessard (2000) for
protists in general (excluding diatoms):

C (pg C cell−1) = 0.239 V 0.939 (4)

(1) Phagotrophy as the only carbon source. Assum-
ing that carbon for growth only enters through the
phagotrophic pathway, the theoretical growth effi-
ciency of ingested prey required to explain the ob -
served growth rates (µmix) in the grazing experiment
(GEphago) was calculated as:

(5)

where IR is the daily carbon specific ingestion rate.
(2) Carbon from phototrophy only — phagotrophy

for nutrients. Phototrophic growth efficiency (GEphoto)
in the non-fed phototrophic treatments was calcu-
lated as:

(6)

where C-fix is the daily carbon specific photosyn-
thetic rate (pgC pgC−1 d−1) and µmono is the pho-
totrophic growth rate. To evaluate the potential car-
bon gains through phototrophy during mixotrophy in
Expt 2, we used the results for photosynthetic rates in
Expt 1. We estimated theoretic phototrophic growth
efficiencies that would explain the observed growth

rates in high and low food concentrations as func-
tions of irradiance, with photosynthesis as the only
carbon source. This was done by replacing the ob -
served growth rate from Expt 2 in the equation for
GEphoto.

(3) Both pathways for carbon. For the alternative
that carbon enters K. armiger through both path-
ways, the mixotrophic growth efficiency (GEmixo) was
based on ingestion and growth rates from Expt 2 and
the range of photosynthetic capacity similar to strictly
phototrophic cells (Expt 1) and was calculated as:

(7)

where the subscript (C-fixtreat) refers to either short-
term or long-term prey-starved cultures and μ refers
to the observed growth rate. This range of photo -
trophic capacity is assumed to reflect situations
where the photosynthetic machinery is stimulated
(short-term prey-starved) or down-regulated due to
feeding (long-term prey-starved).

To evaluate the potential limiting nutrient gain
through phagotrophy, we assumed a similar ratio
between carbon to limiting nutrient in the predator
and the prey and considered nutrient growth effi-
ciencies, which are similar to carbon-based phago -
trophic growth efficiencies. Thus,

GEnut = GEphago (8)

Statistics

We used linear and non-linear regression models to
test the statistical significance of treatment effects on
the measured variables (growth and ingestion rates,
cellular carbon fixation rates, biovolume and chl a
content). To determine differences between specific
treatment means, we used Tukey’s HSD tests. Results
were considered significant at p < 0.05. To test whe -
ther growth and ingestion rates were significantly
different from zero, 95% confidence intervals of the
mean (n = 3, df = 2) of a small sample (t-distributed)
were used. The analyses were conducted using R
 statistical software, and non-linear regressions were
done using the ‘drc’ package. Growth rates were
 fitted to 3 parameters, while ingestion rates were
 fitted to a common 2-parameter Michaelis-Menten
equation:

(9)

(10)

GE 100%
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where c is the growth rate when irradiance (I) is 0, d
is the maximum rate, and e is the half saturation con-
stant. The non-linear fits were used for addressing
carbon budgets as a function of light intensity.

RESULTS

Expt 1: photosynthetic capacity

Without prey, the growth of Karlodinium armiger
was low even under high irradiances, and cell
concen trations increased or decreased only slightly
(Fig. 1a−e). When food was still present in the fed
cultures, cell concentrations of K. armiger increased
and growth rates were higher (from ~0.04 to 0.6 d−1)
under all irradiances (Fig. 1f−j; Tukey’s HSD tests,
p < 0.05). At the lowest irradiance (7 µmol photons
m−2 s−1), the prey concentrations initially decreased
from ~2000 to 1000 cells ml−1 (first 13 d of incuba-
tions), while cell concentrations of K. armiger re -
mained constant (Fig. 1f). We added additional prey
to investigate whether K. armiger was able to in -
crease the growth rate by feeding under the low irra-
diance. At prey concentrations from ca. 5000 cells
ml−1, the cell concentration of K. armiger increased
slightly, with a growth rate of 0.04 ± 0.01 d−1. More
prey was added after 26 d to reach a prey concentra-
tion >10 000 cells ml−1, but this did not further in -
crease the growth rate (Fig. 1f). At higher irradiances
(20−250 µmol photons m−2 s−1), prey and K. armiger
cell concentrations in creased initially as a function of
time (for ~5−10 d), but when the predator reached a
certain cell concentration, the prey concentrations
rapidly decreased (Fig. 1g−j). After 18 to 22 d of incu-
bation under 20, 85 and 250 µmol photons m−2 s−1, the
prey populations were depleted (Fig. 1g,i,j).

At the time of measurement of the physiological
properties (arrows in Fig. 1) of both short- and long-
term prey-starved cells, growth rates were not differ-
ent from 0 and did not increase as a function of irra-
diance (Fig. 2a). However, despite this lack of strict
phototrophic growth (Fig. 2a), the cellular carbon fix-
ation rates increased as a function of irradiance
(Fig. 2b) in both treatments. Cellular carbon fixation
rates were 2.5 to 3.4 times higher in the short-term
than in long-term prey-starved cultures (Fig. 2b). Ap -
parently, light saturation for photosynthesis was not
achieved for phototrophic K. armiger at the highest
irradiance (Fig. 2b).

The cell size of K. armiger increased slightly as a
function of irradiance from ~1200 to 1400 µm3 in the
long-term starved cultures (Fig. 2c) (Linear Model,

p < 0.05). The cell size was significantly lower in the
short-term starved phototrophic cultures (1100 µm3)
than in the long-term starved cultures (1400 µm3) at
irradiances >70 µmol photons m−2 s−1, but similar at
20 µmol photons m−2 s−1 (Tukey’s HSD tests, p < 0.05).
This is like ly due to recent cell division in the short-
term starved cells (see Berge et al. 2008a).

The very low phototrophic growth rates (<0.05 d−1)
and the relatively high rates of carbon fixation re -
sulted in very low phototrophic growth efficiencies
under all irradiances (3−12%; Fig. 2d). For compari-
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son, in the typical phototrophic organism used as
prey, Teleaulax acuta, the phototrophic growth effi-
ciency increased as a function of irradiance to a max-
imum level of ~85%.

The cellular chl a content was approximately 30 to
40% higher in short-term compared to long-term

starved K. armiger (Tukey’s HSD tests, p < 0.05) at
similar irradiances (Fig. 3). The chl a content de -
creased as a function of irradiance (Fig. 3) in both
treatments.

Expt 2: ingestion and growth rate in prey-limited
and prey-saturated mixotrophic cells

When K. armiger was fed plenty of prey (prey-
 saturation), maximum ingestion rate at the lowest ir -
radiance (7 µmol photons m−2 s−1) was only ~0.6 cells
cell−1 d−1 (Fig. 4a). The ingestion rate at prey satu -
ration increased as a function of irradiance and
reached a maximum level of ~4 cells cell−1 d−1 (corre-
sponding to ~1.5 d−1 in specific rate [pgC pgC−1 d−1];
Fig. 4a). At prey saturation, the growth rate in -
creased from 0.04 d−1 at 7 µmol photons m−2 s−1 to a
maximum growth rate of ~0.60 d−1 at irradiances
above 70 µmol photons m−2 s−1 (Fig. 4b). Growth rate
and ingestion rate saturated between 20 and 70 µmol
photons m−2 s−1 (Fig. 4b) under food saturation.

Despite the fact that K. armiger ingested ~5 times
less prey at food-limitation than at food-saturation,
the growth rates were similar in the 2 prey concen-
tration treatments at irradiances above 70 µmol pho-
tons m−2 s−1 (Fig. 4a,b; Tukey’s HSD tests, p > 0.05).
Below 20 µmol photons m−2 s−1, the growth rate was
approximately 2 times higher at prey-saturation than
at prey-limitation (p < 0.05), but similar at 7 µmol
photons m−2 s−1 (Tukey’s HSD tests, p < 0.05;
Fig. 4a,b).
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Potential sources of carbon during 
mixotrophic growth

We converted the cellular data on photosynthesis
(Expt 1) and ingestion (Expt 2) to carbon-specific val-
ues (pgC pgC−1 d−1) in order assess the 3 alternative
carbon sources for growth in K. armiger through
either (1) phagotrophy, (2) phototrophy or (3) both
during mixotrophic conditions (Fig. 5a,b).

(1) Carbon for growth from food only

At prey-saturation, growth efficiencies of food
(GEphago) approaching ~30% would explain the ob -
served growth rates if phagotrophy was the only
source of carbon (Fig. 5c,d). At prey limitation, how-
ever, growth efficiencies approaching 200% would
be required to explain the observed growth rates,
and phagotrophy alone could not provide enough
carbon to explain the observed growth rates (Fig. 5d).
This shows that photosynthesis was an important
additional carbon source for growth at low prey
 concentrations.

(2) Carbon for growth from photosynthesis only

The phototrophic capacity of short-term prey-
starved cells suggests that photosynthesis alone had
the potential to fix enough carbon to support the
observed growth rates during mixotrophic growth
(Fig. 5c,d). If the photosynthetic machinery performs
at the lowest level observed in long-term starved cul-
tures, phototrophic growth efficiencies (GEphoto) ex -
ceeding 100% would be required to support the
observed growth rates (grey field in Fig. 5c,d). On the
other hand, if the photosynthetic machinery performs
well and is stimulated by feeding, more realistic pho-
totrophic growth efficiencies approaching 40%
would explain the observed growth rates in both
high and low prey concentration (Fig. 5a−d). This
shows that if photosynthesis is performing well, car-
bon fixation may cover the carbon needs of K.
armiger, while phagotrophy may only be used to
obtain essential nutrients.

(3) Carbon from both photosynthesis and phagotrophy

Changes in photosynthetic capacity have little ef -
fect on total mixotrophic growth efficiency (μ/ [C-fix
+ IR]) under food saturation (Fig. 5g). GEmixo was only
9 to 11% lower under similar irradiances if the photo-
synthetic capacity was stimulated compared to de -
pressed (Fig. 5g). However, changes in the photo -
trophic capacity have a large potential effect on total
mixotrophic growth efficiency in prey-limited condi-
tions (Fig. 5h). These findings suggest a stimulation
of photosynthesis at low prey concentrations. If both
pathways served equal roles in carbon acquisition
under mixotrophic conditions, from 18 to 35% (food-
saturation) and 50 to 80% (food-limitation) of the
total carbon gains were due to photosynthesis
(Fig. 5g,h), depending on the photosynthetic capacity
(up or down regulated).

To summarize our main results, Expt 1 showed that
the low phototrophic growth rates of K. armiger in
the light could not be explained by low carbon-fixa-
tion rates and a photoheterotrophic (energy genera-
tion without carbon fixation) role of the plastids. The
photosynthetic potential of K. armiger is similar to
the typical phototroph, T. acuta, but depends on prey
starvation. Chl a and photosynthesis was higher in
1 d than in 14 d prey-starved cultures, indicating
nutrient limitation as the cause of slow growth in the
light without food in cultures. Expt 2 confirmed pre-
vious observations, that light is essential for both
growth and ingestion in this species (Berge et al.
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2008a). During mixotrophic growth, photosynthesis
is the main carbon source for growth under prey-
limi tation, while phagotrophy dominates carbon
acqui sition in well-fed cells.

DISCUSSION

Phototrophic growth

The presented data suggest that the plastids of
Karlodinium armiger fix enough carbon to support
much higher growth rates than observed under high
irradiances in the laboratory cultures using a stan-
dard growth medium (f/2). In stationary phase cul-
tures, carbon-specific photosynthetic rates ranged
from 0.13 to 1.5 d−1, and K. armiger was also able to
photo-acclimate and respond to low irradiances by
increasing the cellular photosynthetic pigment con-
tent (Fig. 3). These observations suggest an impor-
tant role of the plastids and their photosynthesis for
growth in this species. Why, then, does it grow so
poorly in the light, when inorganic nutrients in the
standard laboratory growth medium are plentiful?

One possible explanation could be very high rates
of respiration compared to photosynthesis (Ryther
1956). Laboratory data of dinoflagellate photosynthe-
sis, growth and respiration suggest that approxi-
mately 45% of photosynthates are respired under
balanced exponential light- and nutrient-saturated
growth (Geider & Osborne 1989). Adolf et al. (2006)
measured balanced carbon fixation and growth rates
of K. veneficum across a range of irradiances and cal-
culated average growth efficiencies of ~56% at high
irradiance (150 µmol photons m−2 s−1). This is lower
than what has been found in the cryptophyte prey
species Storeatula major and Teleaulax acuta, which
was 86 and 85%, respectively (Adolf et al. 2006, pres-
ent study), but it is a typical value for primarily photo -
trophic dinoflagellates (Falkowski & Raven 1997).
We calculated much lower phototrophic growth effi-
ciencies (0−12%) in K. armiger. We observed that at
low irradiance, a carbon- specific photosynthetic rate
of 0.13 d−1 supported survival (i.e. growth rate =
~0.0). This may be taken as a rough estimate of the
cells’ basal maintenance respiration rate. However,
at higher irradiances, much higher carbon-specific
photosynthetic rates from 0.50 to 1.46 d−1 were ob -
served. Taken together, this suggests high rates of
carbon excretion or formation of storage material. We
observed large amounts of lipid accumulations in sta-
tionary-phase K. armiger cultures, suggesting that at
least some of the carbon is stored.

The very low phototrophic growth efficiencies
observed in K. armiger are typical for nutrient limited
‘phytoplankton’ (Ryther 1956). Thus, the poor photo -
trophic growth of K. armiger in nutrient-enriched
medium may be due to a very low ability to take
up essential inorganic nutrients from the medium
used. The fact that we saw negative effects of food
starvation on the phototrophic machinery supports
the hypothesis of nutrient limitation as the cause
for the very low phototrophic growth potential in K.
armiger (Figs. 2b & 3). Similar observations have
been reported for K. veneficum (Li et al. 1999) and for
the mixotrophic dinoflagellate Gyrodinium resplen-
dens (Skovgaard 2000). The degradation of chloro-
phyll, or chlorosis, is a typical effect on ‘phytoplank-
ton’ under nutrient limitation (Greene et al. 1991,
Geider et al. 1998), and it may serve to reallocate lim-
iting nutrients from the photosynthetic machinery for
structural biosynthesis and maintenance. The iden-
tity of the growth-limiting substance is at present
unknown and may involve any essential macro- or
micronutrient or even trace elements.

Effect of light on phagotrophy

Prey ingestion rates of K. armiger followed irradi-
ance in a saturating manner (Fig. 4a), which is in
 contrast to what is typically found for strictly hetero -
trophic dinoflagellates, which are in general in -
dependent of irradiance (Stoecker 1998). Similar fin -
dings were reported for K. veneficum feeding on the
cryptophyte Storeatula major at food saturated con-
centrations (Li et al. 1999). The effects of irradiance
on ingestion rates have only been rigorously studied
in a few other mixotrophic phytoflagellates: the mar-
ine dinoflagellates Fragilidium subglobosum and
Dinophysis acuminata and the freshwater chryso-
phytes Poterioochromonas malhamensis, Dinobryon
cylindricum Ochromonas sp. and O. minima. (San -
ders et al. 1990, Caron et al. 1993, Li et al. 1999, Kim
et al. 2008, Riisgaard & Hansen 2009). With respect to
their light-dependent ingestion rates, K. armiger and
K. veneficum resemble D. acuminata, D. cylindricum
and O. minima.

K. armiger ingests prey, but cannot grow and sur-
vive when fed in complete darkness or at dim light,
even when fed plenty of fresh prey regularly (Berge
et al. 2008a). This suggests that food is simply not
digested in the dark and that light is directly required
for the functioning of the phagotrophic machinery.
Several other mixotrophic plastidic dinoflagellates
show an obligate dependence on light for survival
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and growth (e.g. K. veneficum, D. acuminata, F. sub-
globosum, Prorocentrum minimum, Heterocapsa tri-
quetra and Ceratium furca; Stoecker et al. 1997,
Stoecker 1998). Hansen (2011) reviewed the litera-
ture on the role of photosynthesis for the growth of
mixotrophic dinoflagellates and was only able to find
6 out of a total of 34 studied species, which could
 survive in the dark when supplied with food.

The mechanisms behind light-dependent ingestion
rates are not understood at present. Light-aided
digestion has even been reported in some hetero -
trophic dinoflagellates and ciliates (Skovgaard 1996,
Strom 2001, Tarangkoon & Hansen 2011). In mixo -
trophs, it may reflect a primary role of phagotrophy
for nutrient acquisition to support a preference for
photosynthetic carbon assimilation. Alternatively or
in combination, a strong preference for photosyn-
thates relative to prey-derived carbon for respiration
and energy provision may cause light-dependent
phagotrophy (Putt 1990, Flöder et al. 2006). Further
studies targeting the balance between carbon and
nutrient flows through the alternative routes during
mixotrophic growth are nee ded to fully understand
the dependence on light for growth and ingestion in
mixotrophic phytoflagellates.

Potential sources of carbon for K. armiger
during mixotrophy

The relative importance of phototrophy and phago -
trophy in carbon and nutrient acquisition during
mixotrophic growth can be considered by evaluating
growth efficiencies necessary to explain the ob -
served growth rates in our feeding experiment.
Growth efficiencies of strictly heterotrophic dino -
flagellates vary between species and range from 10
to 70% with an overall average between 30 and 40%
(Verity 1985, Straile 1997) (Fig. 5c,d). Phototrophic
growth efficiencies of plastid-bearing dinoflagellates
seem to be slightly higher, between 50 and 60%
(Adolf et al. 2006) (Fig. 5c,d). In prey-limited condi-
tions, phagotrophy alone provided only half of the
required carbon, and growth efficiencies above
200% would explain the observed growth rates and
show that photosynthetically derived carbon was
used for growth during mixotrophy (Fig. 5c,d). The
importance of phototrophy for growth is further sup-
ported by the fact that K. armiger had relatively high
potential for carbon fixation under strictly photo -
trophic conditions (up to 1.5 pgC pgC−1 d−1 in short-
term starved cells; Figs. 2b & 5). These photosyn-
thetic rates were able to supply enough carbon to

support the observed growth rates during mixotro-
phy in the feeding experiment. However, if photo-
synthesis was the only source of carbon, under
both prey-saturated and prey-limited conditions, the
photo synthetic machinery would have to be stimu-
lated to the maximum level that we observed in the
phototrophic cells (Fig. 5c,d). Stimulation through
feeding may be important in cells exhibiting low
ingestion rates, but it is very unlikely that K. armiger
up-regulates phototrophy while engaging heavily in
feeding.

Depending on the photosynthetic capacity of K.
armiger in mixotrophic conditions, 60 to 90% or
20 to 50% of the total carbon gains were obtained
through phagotrophy at prey saturation or prey lim-
itation, respectively (Fig. 5e,f). Such a cooperative
strategy for carbon acquisition seems to exist in
other plastidic dinoflagellate species relying heavily
on phago trophy (e.g. D. acuminata, Paragymno-
dinium shiwha ense, F. subglobosum and F. mexi-
canum; Hansen 2011). The fact that growth rates
were similar while ingestion rates varied 3 orders of
magnitude between food-saturated and food-limited
cells suggests a  preference for prey-derived carbon
in K. armiger (Fig. 5e,f). Using 14C-labelled in -
organic carbon and 14C-labelled prey cells to track
the fate of carbon through phototrophy and
phagotrophy under mixotrophic growth conditions,
Adolf et al. (2006) found the highest contribution
from prey-derived carbon for the growth of mixotro-
phic cells of K. veneficum. They also reported a
general preference for photosynthates for respira-
tion in this species.

Total mixotrophic growth efficiency in K. vene -
ficum based on carbon acquired through both photo-
synthesis and food uptake under high light and high
prey conditions was found to be ~36% (Adolf et al.
2006). To achieve mixotrophic growth efficiencies of
a similar level in our study would require an up-
 regulation of photosynthesis in prey-limited cultures
(Fig. 5h). Support for such up-regulation is provided
by previous reports of high growth rates (up to
0.5 d−1) in cells engaging little in feeding (very low
ingestion rates on sub-optimal prey species; Berge et
al. 2008b). On the other hand, in cells heavily engag-
ing in feeding, investments in the photosynthetic
machinery seem to be associated with low carbon
gains (Fig. 5g). This suggests that K. armiger down-
regulates phototrophy in prey-saturated conditions.
Support for this is provided by previous reports of
very high ingestion rates in prey-saturated K.
armiger cells fed optimal prey (up to 4.0 pgC pgC−1

d−1; Berge et al. 2008b). Moreover, laboratory studies
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indicate that mixotrophic dinoflagellates in general
down-regulate their photosynthetic capacity during
food-replete conditions, and display a decreasing re -
lationship between photosynthesis and ingestion rate
(e.g. K. veneficum and F. subglobosum; Hansen et al.
2000, Skovgaard et al. 2000, Adolf et al. 2006,
Hansen 2011).

Potential nutrient gains through phagotrophy

We hypothesize that K. armiger cannot take up
enough inorganic nutrients to support growth in un -
fed conditions. The very high investment in phago -
trophy in this predatory species may compensate for
the low investment in inorganic nutrient harvest.
Several plastidic dinoflagellates are known to feed in
order to obtain nutrients (e.g. the dinoflagellates
Hetero capsa triquetra, P. minimum and Ceratium
spp.; Stoecker 1998, Smalley et al. 2003). In K. vene -
ficum, ingestion rates are elevated in nutrient-limited
compared to nutrient-replete cells, suggesting an
important role of phagotrophy for nutrient acquisi-
tion in this species as well (Li et al. 2000).

Assuming that the predator and prey have similar
food quality in terms of the ratio between carbon and
the limiting nutrient (Fig. 5b,d), nutrient acquisition
through phagotrophy alone could not support the
observed growth rates at prey limitation in our
 feeding experiment. However, significant species-
 specific differences in C:N:P ratios and trace element
ratios exist (Rhee & Gotham 1980, Klausmeier et al.
2004), so differences in food quality between preda-
tors and prey species may be common. Our data
show that phagotrophy alone can support the ob -
served growth rates in prey limitation if the carbon:
limiting nutrient ratio of K. armiger was ~2 times
higher than that of the prey (Fig. 5c,d). Li et al.
(2000a) used an elemental analyser to measure the
carbon, nitrogen and phosphorus content of K. vene -
ficum and the cryptophyte prey Storeatula major
under different nutrient conditions. Their prey spe-
cies, which is closely related to ours, had a similar
C:N ratio as K. veneficum under nutrient-replete
conditions, but 1.5 fold higher C:N in nutrient-limited
cells (Li et al. 2000). C:P ratios were nearly twice as
high in K. veneficum as in S. major, even in nutrient-
replete conditions. The precise nature of limiting
nutrient for K. armiger in phototrophic conditions is
presently unknown, and trace element ratios might
be involved (Stoecker 1998, Mitra et al. 2016). We are
presently ad dres sing growth limitation in K. armiger
in more detail.

Ecological implication

Karlodinium spp. form harmful algal blooms asso-
ciated with severe fish kills (Nielsen 1996, Garcés et
al. 2006, Place et al. 2012). Blooms containing a mix-
ture of K. veneficum and K. armiger have had de -
vastating effects on the planktonic ecosystem and
have killed tons of farmed fish and mussels in Alfacs
Bay, Spain (Fernández-Tejedor et al. 2004). To avoid
harmful incidences in aquaculture, it is important to
understand the environmental conditions favouring
the growth of these species. Natural bloom popula-
tions of Karlodinium spp. have been found to contain
high levels of intraspecific variation in the invest-
ments in phototrophy and phagotrophy (Garcés et
al. 2006, Bachvaroff et al. 2009, Calbet et al. 2011).
This indicates that populations are highly adaptable,
and suggests that succession in the dominant trophic
mode occurs. During developmental ecosystem sta -
ges of new production, when inorganic nutrient con-
centrations are high (e.g. spring bloom or upwelling
systems), investments in phototrophy and uptake
mechanisms for inorganic nutrients provide the
fastest growth rates. On the other hand, phagotrophy
may become more important when inorganic nutri-
ents are depleted and bound in biomass, during
more mature stages (e.g. stratified summer periods in
temperate eutrophic areas and hyper-oligotrophic
deep sea surface waters). This suggests a succes-
sion from phototrophy to phagotrophy in seasonal
latitudes.

K. armiger has been shown to feed on large meta-
zooplankton (Berge et al. 2012), and it may thus
affect the food web in several different ways. The
negative effects on the entire food web of Karlo-
dinium spp. populations may be related to the domi-
nant trophic mode, as it has been shown that toxicity
and harmful effects may be directly related to phago -
trophy in K. veneficum (Sheng et al. 2010). To predict
harmful occurrences of these and similar species
(Deeds et al. 2002, Berge et al. 2012), considering the
relative investments in the phototrophy, phagotrophy
and nutrient harvest in populations through time and
space may be more rewarding than more species-
specific forecasting models. Our results stress that to
capture synergic effects of feeding and photo -
synthesis for growth in mixotrophs, both carbon and
nutrient fluxes must be addressed.

Acknowledgements. The Centre for Ocean Life is a VKR
center of excellence funded by the Villum Foundation. We
thank Gert Hansen at the Scandinavian Culture Collection
of Algae and Protozoa for supplying the strains used.

52



Berge & Hansen: Role of chloroplasts in a predator dinoflagellate

LITERATURE CITED

Adolf JE, Stoecker DK, Harding LW (2006) The balance of
autotrophy and heterotrophy during mixotrophic growth
of Karlodinium micrum (Dinophyceae). J Plankton Res
28: 737−751

Andersen KH, Aksnes DL, Berge T, Fiksen Ø, Visser A
(2015) Modelling emergent trophic strategies in plank-
ton. J Plankton Res 37:862–868

Archibald JM (2009) The puzzle of plastid evolution. Curr
Biol 19: R81−R88

Bachvaroff TR, Adolf JE, Place AR (2009) Strain variation in
Karlodinium veneficum (Dinophyceae):  toxin profiles,
pigments, and growth characteristics. J Phycol 45: 
137−153

Berge T, Hansen PJ, Moestrup Ø (2008a) Feeding mecha-
nism, prey specificity and growth in light and dark of the
plastidic dinoflagellate Karlodinium armiger. Aquat
Microb Ecol 50: 279−288

Berge T, Hansen PJ, Moestrup Ø (2008b) Prey size spectrum
and bioenergetics of the mixotrophic dinoflagellate
Karlo dinium armiger. Aquat Microb Ecol 50: 289−299

Berge T, Poulsen LK, Moldrup M, Daugbjerg N, Hansen PJ
(2012) Marine microalgae attack and feed on metazoans.
ISME J 6: 1926−1936

Bergholtz T, Daugbjerg N, Moestrup Ø, Fernández-Tejedor
M (2006) On the identity of Karlodinium veneficum
and description of Karlodinium armiger sp. nov. (Dino-
phyceae), based on light and electron microscopy,
nuclear- encoded LSU rDNA, and pigment composition.
J Phycol 42: 170−193

Calbet A, Bertos M, Fuentes-Grünewald C, Alacid E,
Figueroa R, Renom B, Garces E (2011) Intraspecific vari-
ability in Karlodinium veneficum:  growth rates, mixo -
trophy, and lipid composition. Harmful Algae 10: 
654−667

Caron DA, Sanders RW, Lim EL, Marrasé C and others
(1993) Light-dependent phagotrophy in the freshwater
mixotrophic chrysophyte Dinobryon cylindricum. Microb
Ecol 25: 93−111

Daugbjerg N, Hansen G, Larsen J, Moestrup Ø (2000)
Phylo geny of some major genera of dinoflagellates based
on ultrastructure and partial LSU rDNA sequence data,
including the erection of three new genera of un -
armoured dinoflagellates. Phycologia 39: 302−317

de Salas MF, Bolch CJ, Hallegraeff GM (2005) Karlodinium
australe sp. nov. (Gymnodiniales, Dinophyceae), a new
potentially ichthyotoxic unarmoured dinoflagellate from
lagoonal habitats of south-eastern Australia. Phycologia
44: 640−650

Deeds JR, Terlizzi DE, Adolf JE, Stoecker DK, Place AR
(2002) Toxic activity from cultures of Karlodinium
micrum (= Gyrodinium galatheanum) (Dinophyceae) — a
dinoflagellate associated with fish mortalities in an estu-
arine aquaculture facility. Harmful Algae 1: 169−189

Delwiche CF (1999) Tracing the thread of plastid diversity
through the tapestry of life. Am Nat 154: S164−S177

Falkowski PG, Raven JA (1997) Aquatic photosynthesis.
Blackwell Science, Malden, MA  

Fernández-Tejedor M, Soubrier-Pedreño MA, Furones MD
(2004) Acute LD50 of a Gyrodinium corsicum natural pop-
ulation for Sparus aurata and Dicentrarchus labrax.
Harmful Algae 3: 1−9

Flöder S, Hansen T, Ptacnik R (2006) Energy-dependent
bacterivory in Ochromonas minima— a strategy promot-

ing the use of substitutable resources and survival at
insufficient light supply. Protist 157: 291−302

Garcés E, Fernandez M, Penna A, Van Lenning K, Gutierrez
A, Camp J, Zapata M (2006) Characterization of NW
Mediterranean Karlodinium spp. (Dinophyceae) strains
using morphological, molecular, chemical, and physio-
logical methodologies. J Phycol 42: 1096−1112

Geider RJ, Osborne BA (1989) Respiration and microalgal
growth:  a review of the quantitative relationship be -
tween dark respiration and growth. New Phytol 112: 
327−341

Geider RJ, MacIntyre HL, Kana TM (1998) A dynamic regu-
latory model of phytoplanktonic acclimation to light,
nutrients, and temperature. Limnol Oceanogr 43: 679− 694

Greene RM, Geider RJ, Falkowski PG (1991) Effect of iron
limitation on photosynthesis in a marine diatom. Limnol
Oceanogr 36: 1772−1782

Hansen PJ (2011) The role of photosynthesis and food
uptake for the growth of marine mixotrophic dinoflagel-
lates1. J Eukaryot Microbiol 58: 203−214

Hansen PJ, Skovgaard A, Glud RN, Stoecker DK (2000)
Physiology of the mixotrophic dinoflagellate Fragilidium
subglobosum. II. Effects of time scale and prey concen-
tration on photosynthetic performance. Mar Ecol Prog
Ser 201: 137−146

Hartmann M, Grob C, Tarran GA, Martin AP, Burkill PH,
Scanlan DJ, Zubkov MV (2012) Mixotrophic basis of
Atlantic oligotrophic ecosystems. Proc Natl Acad Sci
USA 109: 5756−5760

Hillebrand H, Duurselen CD, Kirschtel D, Pollingher U,
Zohary T (1999) Biovolume calculation for pelagic and
benthic microalgae. J Phycol 35: 403−424

Jones RI (1994) Mixotrophy in planktonic protists as a spec-
trum of nutritional strategies. Mar Microb Food Webs 8: 
87−96

Kim S, Kang YG, Kim HS, Yih W, Coats DW, Park MG (2008)
Growth and grazing responses of the mixotrophic dino-
flagellate Dinophysis acuminata as functions of light
intensity and prey concentration. Aquat Microb Ecol 51: 
301−310

Klausmeier CA, Litchman E, Daufresne T, Levin SA (2004)
Optimal nitrogen-to-phosphorus stoichiometry of phyto-
plankton. Nature 429: 171−174

Li A, Stoecker DK, Adolf JE (1999) Feeding, pigmentation,
photosynthesis and growth of the mixotrophic dinofla-
gellate Gyrodinium galatheanum. Aquat Microb Ecol 19: 
163−176

Li A, Stoecker DK, Coats DW (2000) Mixotrophy in Gyro-
dinium galatheanum (DINOPHYCEAE): grazing re -
sponses to light intensity and inorganic nutrients. J Phycol
36: 33−45

Menden-Deuer S, Lessard EJ (2000) Carbon to volume rela-
tionships for dinoflagellates, diatoms, and other protist
plankton. Limnol Oceanogr 45: 569−579

Mitra A, Flynn KJ, Burkholder JM, Berge T and others
(2014) The role of mixotrophic protists in the biological
carbon pump. Biogeosciences 11: 995−1005

Mitra A, Flynn KJ, Tillmann U, Raven JA and others (2016)
Defining planktonic protist functional groups on mecha-
nisms for energy and nutrient acquisition: incorporation
of diverse mixotrophic strategies. Protist 167(2):106–120

Nielsen MV (1996) Growth and chemical composition of the
toxic dinoflagellate Gymnodinium galatheanum in rela-
tion to irradiance, temperature and salinity. Mar Ecol
Prog Ser 136: 205−211

53

http://dx.doi.org/10.3354/meps136205
http://dx.doi.org/10.5194/bg-11-995-2014
http://dx.doi.org/10.4319/lo.2000.45.3.0569
http://dx.doi.org/10.1046/j.1529-8817.2000.98076.x
http://dx.doi.org/10.3354/ame019163
http://dx.doi.org/10.1038/nature02454
http://dx.doi.org/10.3354/ame01203
http://dx.doi.org/10.1046/j.1529-8817.1999.3520403.x
http://dx.doi.org/10.1073/pnas.1118179109
http://dx.doi.org/10.3354/meps201137
http://dx.doi.org/10.1111/j.1550-7408.1999.tb04617.x
http://dx.doi.org/10.1111/j.1550-7408.2011.00537.x
http://dx.doi.org/10.3354/meps073253
http://dx.doi.org/10.3732/ajb.91.10.1523
http://dx.doi.org/10.4319/lo.1991.36.8.1772
http://dx.doi.org/10.4319/lo.1998.43.4.0679
http://dx.doi.org/10.1111/j.1469-8137.1989.tb00321.x
http://dx.doi.org/10.1111/j.1529-8817.2006.00270.x
http://dx.doi.org/10.1016/j.protis.2006.05.002
http://dx.doi.org/10.4319/lo.2001.46.1.0086
http://dx.doi.org/10.1086/303291
http://dx.doi.org/10.1016/S1568-9883(02)00027-6
http://dx.doi.org/10.2216/0031-8884(2005)44%5b640%3AKASNGD%5d2.0.CO%3B2
http://dx.doi.org/10.2216/i0031-8884-39-4-302.1
http://dx.doi.org/10.1007/BF00182132
http://dx.doi.org/10.1016/j.hal.2011.05.001
http://dx.doi.org/10.1016/j.hal.2008.08.010
http://dx.doi.org/10.1111/jpy.12060
http://dx.doi.org/10.1111/j.1529-8817.2006.00172.x
http://dx.doi.org/10.1038/ismej.2012.29
http://dx.doi.org/10.3354/ame01166
http://dx.doi.org/10.3354/ame01165
http://dx.doi.org/10.1111/j.1529-8817.2008.00629.x
http://dx.doi.org/10.1016/j.cub.2008.11.067
http://dx.doi.org/10.1093/plankt/fbl007


Mar Ecol Prog Ser 549: 41–54, 2016

Parsons TR, Takahashi M, Hargrave B (1984) Biological
oceanographic processes, 3rd edn. Pergamon Press,
Oxford

Patron NJ, Waller RF, Keeling PJ (2006) A tertiary plastid
uses genes from two endosymbionts. J Mol Biol 357: 
1373−1382

Place AR, Bowers HA, Bachvaroff TR, Adolf JE, Deeds JR,
Sheng J (2012) Karlodinium veneficum — the little dino-
flagellate with a big bite. Harmful Algae 14: 179−195

Putt M (1990) Metabolism of photosynthate in the chloro-
plast-retaining ciliate Laboea strobila. Mar Ecol Prog Ser
60: 271−282

Raven J (1997) Phagotrophy in phototrophs. Limnol Oceanogr
42:198–205

Raven JA, Beardall J, Flynn KJ, Maberly SC (2009) Phago -
trophy in the origins of photosynthesis in euka ryotes and
as a complementary mode of nutrition in photo trophs: 
relation to Darwin’s insectivorous plants. J Exp Bot 60: 
3975−3987

Rhee GY, Gotham IJ (1980) Optimum N: P ratios and coexis-
tence of planktonic algae. J Phycol 16: 486−489

Riisgaard K, Hansen PJ (2009) Role of food uptake for photo-
synthesis, growth and survival of the mixotrophic dino-
flagellate Dinophysis acuminata. Mar Ecol Prog Ser 381: 
51−62

Ryther JH (1956) Photosynthesis in the ocean as a function of
light intensity. Limnol Oceanogr 1: 61−70

Sanders RW, Porter KG, Caron DA (1990) Relationship
between phototrophy and phagotrophy in the mixo -
trophic chrysophyte Poterioochromonas malhamensis.
Microb Ecol 19: 97−109

Sheng J, Malkiel E, Katz J, Adolf JE, Place AR (2010) A dino-
flagellate exploits toxins to immobilize prey prior to in -
gestion. Proc Natl Acad Sci USA 107: 2082−2087

Skovgaard A (1996) Mixotrophy in Fragilidium subglo -
bosum (Dinophyceae):  growth and grazing responses

as functions of light intensity. Mar Ecol Prog Ser 143: 
247−253

Skovgaard A (2000) A phagotrophically derivable growth
factor in the plastidic dinoflagellate Gyrodinium resplen-
dens (Dinophyceae). J Phycol 36: 1069−1078

Skovgaard A, Hansen PJ, Stoecker DK (2000) Physiology of
the mixotrophic dinoflagellate Fragilidium subglobosum.
I. Effects of phagotrophy and irradiance on photosynthe-
sis and carbon content. Mar Ecol Prog Ser 201: 129−136

Smalley GW, Coats DW, Stoecker DK (2003) Feeding in the
mixotrophic dinoflagellate Ceratium furca is influenced
by intracellular nutrient concentrations. Mar Ecol Prog
Ser 262: 137−151

Stoecker DK (1998) Conceptual models of mixotrophy in
planktonic protists and some ecological and evolutionary
implications. Eur J Protistol 34: 281−290

Stoecker DK, Li A, Coats DW, Gustafson DE, Nannen MK
(1997) Mixotrophy in the dinoflagellate Prorocentrum
minimum. Mar Ecol Prog Ser 152: 1−12

Straile D (1997) Gross growth efficiencies of protozoan and
metazoan zooplankton and their dependence on food
concentration, predator−prey weight ratio, and taxo-
nomic group. Limnol Oceanogr 42: 1375−1385

Strom SL (2001) Light-aided digestion, grazing and growth
in herbivorous protists. Aquat Microb Ecol 23: 253−261

Takishita K, Ishida KI, Maruyama T (2004) Phylogeny of
nuclear-encoded plastid-targeted GAPDH gene supports
separate origins for the peridinin and the fucoxanthin
derivative containing plastids of dinoflagellates. Protist
155: 447−458

Tarangkoon W, Hansen PJ (2011) Prey selection, ingestion
and growth responses of the common marine ciliate
Mesodinium pulex in the light and in the dark. Aquat
Microb Ecol 62: 25−38

Verity PG (1985) Grazing, respiration, excretion, and growth
rates of tintinnids. Limnol Oceanogr 30: 1268−1282

54

Editorial responsibility: Graham Savidge, 
Portaferry, UK

Submitted: October 26, 2015; Accepted: March 3, 2016
Proofs received from author(s): April 18, 2016

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.4319/lo.1985.30.6.1268
http://dx.doi.org/10.3354/ame01455
http://dx.doi.org/10.1078/1434461042650325
http://dx.doi.org/10.3354/ame023253
http://dx.doi.org/10.4319/lo.1997.42.6.1375
http://dx.doi.org/10.3354/meps152001
http://dx.doi.org/10.1016/S0932-4739(98)80055-2
http://dx.doi.org/10.3354/meps262137
http://dx.doi.org/10.3354/meps201129
http://dx.doi.org/10.1046/j.1529-8817.2000.00009.x
http://dx.doi.org/10.3354/ame015293
http://dx.doi.org/10.3354/meps143247
http://dx.doi.org/10.1073/pnas.0912254107
http://dx.doi.org/10.1007/BF02015056
http://dx.doi.org/10.1007/s002390010210
http://dx.doi.org/10.4319/lo.1956.1.1.0061
http://dx.doi.org/10.3354/meps07953
http://dx.doi.org/10.1111/j.1529-8817.1980.tb03065.x
http://dx.doi.org/10.1093/jxb/erp282
http://dx.doi.org/10.3354/meps060271
http://dx.doi.org/10.1016/j.hal.2011.10.021
http://dx.doi.org/10.1016/j.jmb.2006.01.084

	cite43: 
	cite71: 
	cite5: 
	cite14: 
	cite42: 
	cite3: 
	cite70: 
	cite68: 
	cite1: 
	cite26: 
	cite41: 
	cite39: 
	cite67: 
	cite12: 
	cite40: 
	cite25: 
	cite53: 
	cite66: 
	cite24: 
	cite52: 
	cite37: 
	cite65: 
	cite8: 
	cite23: 
	cite51: 
	cite36: 
	cite64: 
	cite6: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite63: 
	cite19: 
	cite47: 
	cite62: 
	cite33: 
	cite46: 
	cite59: 
	cite17: 
	cite60: 
	cite31: 
	cite16: 
	cite44: 
	cite9: 
	cite57: 
	cite72: 
	cite15: 


