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ABSTRACT: In an attempt to use cell cycle analysis to estimate i n  situ gross growth rate of the dinofla- 
gellate Dinophysis acuminata, epifluorescence microscopy in combination with an image analysis sys- 
tem was used to measure the relative DNA content of DAPI stained D. acum'nata nuclei. To be able to 
estimate growth rate with this method, the tlme it takes for a cell to synthesise a second DNA copy and 
complete mitosis (the duration of the terminal event in the cell cycle) must be known or measurable. 
The duration of the terminal event IS normally estimated graphically from diurnal variations in the 
phase fraction curves. No diurnal variation in the phase fractions was detected in this study, and con- 
sequently no reliable estimate of the duration of the terminal event could be obtained. The main draw- 
back was the difficulty in delineating the S phase in DNA histograms based on only a few hundred 
cells. No clear S phase maximum could be obtained during our 48 h study. The presence of double- 
nucleated cells and a constantly high percentage (23 to 43%) of cells with double genomes (G2 + M 
phase cells) suggests, under the assumption that no cells can arrest in the G2 or M phase, that the pop- 
ulation was actively dividing, but not clearly in phase with a diurnal cycle. Chang & Carpenter (1991) 
previously estimated the duration of the terminal event (the duration of the S + G2 + M phases) in this 
species to be 11 to 13 h. A 12 h duration of the terminal event in this study would yield specific growth 
rates of 0.69 to 0.75 d" We conclude that the number of cells that can be measured using epifluores- 
cence microscopy (a few hundred per sample) is too low to allow detection of a low degree of synchro- 
nisation, especially with regard to the S phase. Estimations of i n  situ growth rate of poorly synchronised 
populations of phytoplankton using the cell cycle technique will require DNA measurements on 
several thousand cells per sample, e.g using flow cytometry or automated image cytometry 
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INTRODUCTION 

The dinoflagellate genus Dinophysis includes sev- 
eral toxin-producing species; these toxines are known 
to cause DSP (diarrhetic shellfish poisoning) when 
accumulated in bivalves (e.g. Yasumoto et al. 1980, 
Hallegraeff 1993, Subba Rao et al. 1993). Due to the 
economic importance of these dinoflagellates much 
interest has been focused on the autecology of Djno- 
physis in order to better understand the regulation of 
bloom formation and toxin production. 

Studies on the physiology and growth characteristics 
of Dinophysis species are still scarce due to the impos- 

sibility of maintaining them in culture (e.g. Sampayo 
1993, Maestrini et al. 1995, Subba Rao 1995). In order 
to get information on the ecophysiology of Dinophysjs 
species, it is thus necessary to study their growth char- 
acteristics in situ, among all the CO-occurring species 
in the phytoplankton community. 

Different approaches have been used to monitor 
dinoflagellate growth in situ, including cell counting 
(Delmas et al. 1992), inorganic 14C incubations fol- 
lowed by single cell isolation and scintillation counting 
(Graneli et al. 1997), and cell cycle analysis (Swift & 

Durbin 1972, Chang & Carpenter 1991, Carpenter et 
al. 1995). Use of in situ changes in cell numbers to esti- 
mate growth rate is problematic, since concurrent 
losses due to grazing, sinking and lysis will be in- 
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cluded, yielding, at best, a net growth rate of the pop- 
ulation that gives little information about cell growth. 
Incubation of the natural communities with I4C bicar- 
bonate, followed by single cell isolation of the species 
of interest can provide an estimate of gross growth 
rate, and thus of the physiological status. However, this 
technique requires incubation and thereby does not 
avoid the problems with containment, bottle effects 
etc. There are also uncertainties due to isotope dilu- 
tion, excretion of photosynthates and heterotrophic 
activity in the samples. The application of cell cycle 
analysis for measuring DNA replication rate is thus 
especially attractive with regard to Dinophysis species, 
since it avoids containment effects and gives a mea- 
surement of jn situ division rate which is potentially 
unaffected by grazing and other losses. 

The cell cycle in eukaryotic cells is generally 
described as consisting of 4 phases: G1, S, G2 and M 
phase. S being the DNA synthesis phase, G1 and G2 
phases representing cells with 1 and 2 copies of the 
genome respectively and the M phase consisting of 
cells going through mitosis. The use of the cell cycle 
method relies on the assumption that all cells that 
leave the G1 phase will synthesise DNA at a constant 
rate and complete mitosis within a constant time, i.e. 
no cells will arrest in the division cycle during S, G2 or 
M phases (e.g. Carpenter & Chang 1988). This period 
is referred to as the terminal event, in this study chosen 
to be the duration of the S, G2, and M phases. G1 is 
regarded as an untimed 'gap' in the cell cycle. Phyto- 
plankton cells are believed to be restrained in G1 
phase until they have accumulated enough resources 
to complete mitosis. Using phytoplankton cultures, it 
has been shown that nitrogen deficiency or the 
absence of light results in accumulation of cells in G1 
phase (Vaulot 1995). 

A problem with the cell cycle approach, when work- 
ing with cell populations in situ, is that it requires some 
degree of diurnal synchronisation of cell division to 
allow an estimation of the duration of the terminal 
event for the species of interest under the prevailing 
conditions. The duration of the terminal event, in this 
case the duration of the S, G2, and M phases, is deter- 
mined graphically from the time series of phase frac- 
tions (percentage of the cell population in each of the 
G1, S and G2 + M phases p1.otted versus time for >24 h) 
for each population. Die1 synchronisation of cell divi- 
sion is common in phytoplankton (Swift & Durbin 1972, 
Weiler & Chisholm 1976, Rivkin et al. 1984, Chang & 
Carpenter 1985 etc.) and the cell cycle approach has 
previously been applied to estimate in  situ growth 
rates of a synchronised population of Dinophysis acu- 
minata in Long Island Sound (Chang & Carpenter 1991). 

Some Dinophysis species are known to be hetero- 
trophic (Hallegraeff & Lucas 1988, Hansen 1991), and. 

there is evidence that the phototrophic Dlnophysis acu- 
mjnata and D. norvegica are mixotrophic, based on the 
observation of food vacuoles inside the cells (Jacobson 
& Andersen 1994). Heterotrophic growth in the dark 
may reduce the degree of diurnal synchronisation of 
the cell cycle, or even allow asynchronous division dur- 
ing all stages of the die1 cycle. This mode of growth has 
been suggested to explain lack of synchrony in a pop- 
ulation of Dinophysis norvegica located in the thermo- 
cline of the Baltic Sea (Carpenter et al. 1995). Cell 
cycle analysis on a poorly synchronised phytoplankton 
population requires a very high resolution in the DNA 
histograms to allow unambiguous delineation of the 
phase fractions, especially the S phase fraction, i .e,  a 
large number of cells must be measured in each 
sample to reduce statistical variability. 

If cell division is totally unsynchronised, current 
methods for calculation of growth rate from time series 
of DNA distributions are difficult or even impossible, 
since durations of cell cycle phases cannot be deter- 
mined from the phase fraction curves. Growth rate of 
asynchronous populations can only be determined if 
the duration of the terminal event, Td, is known, e.g 
from culture experiments. This has not been achieved 
for Dinophysis species; moreover, Td for a single spe- 
cies has been shown to vary with growth condit~ons, 
and between sub-populations within 1 species (e.g. 
Videau & Partensky 1990). The purpose of this study 
was to use the cell cycle approach to estimate growth 
rate of a Dinophysis acuminata population growing in 
situ. 

MATERIALS AND METHODS 

The study was performed with Dinophysis acumi- 
nata cells obtained from the Gullmar Fjord, SE Skager- 
rak, Sweden. From the pier of Kristineberg Marine 
Research Station at Fiskebackskil (58" 15' N ,  13 " 27' E ) ,  
water samples were taken with 2 submersible pumps 
from 3 to 5 October 1995. Depth at the sampling site 
was 6 m, and tidal amplitude in the area is 20 to 30 cm 
(Fig. 1). Pump intakes were deployed at 0.5 and 5 m 
depth. Samples were taken every 2 h over a 48 h 
period, from 22:OO h on 3 October to 22:OO h on 5 Octo- 
ber. Sunrise was at 06:21 h and sunset at 17:40 h local 
time on 3 October. Insolation (PAR), tidal amplitude, 
wind speed, water temperature and salinity were ob- 
tained from a database of the Kristineberg Marine 
Research Station, where these parameters are mea- 
sured continously and stored on computer. Tempera- 
ture and salinity were also measured manually at 
every '/, m depth down to the bottom (6 m) at 12  h 
intervals. Inorganic nutrients were analysed, at 12 h 
intervals, according to Valderrama (1995). Plankton 
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Fig. 1. Salinity (surface), temperature (surface), tidal fluctua- 
tion (1 scale mark = 10 cm), and abundance of Dinophysjs 
acuminata at the surface (0.5 m) and at 5 m depth, during the 
studied 48 h period. Time 0 is 22:OO h on 3 October. Dark 

and light periods are shown on top of the diagrams 

samples were taken and preserved with acid Lugol's 
solution at all sampling events. Cells were counted 
according to Utermohl (1958) using 50 m1 counting 
chambers and a Nikon Diaphot inverted microscope. 

To obtain a large number of Dinophysis acuminata 
cells, and to remove to the extent possible, other par- 
ticles, 200 1 of water was poured through 60, 45 and 
20 pm mesh size nylon nets in series, with the lower 
nets hanging down into a container with overflow out- 
lets to keep the cells submersed (Maestrini et al. 1995). 
A concentrated suspension of cells was gently col- 
lected from the top of the 20 pm mesh size net with a 
jar, thus yielding a concentration of 20 to 45 pm sized 
cells. This suspension was further concentrated on a 
small 20 pm mesh net until the volume was reduced to 
12 ml. The cell concentrate was preserved with form- 
aldehyde to a final concentration of 4 % and refriger- 

ated for 2 h. The concentrate was then cen- 
f a c e  trifuged at 1500 X g, the supernatant aspirated, 

and 12 m1 of -20°C methanol added to extract 
?! pigments. The samples were stored in the 
E ;; methanol at -20°C until staining and cell cycle 
W O  

a - analysis could be performed. 
5 
l- 

For DNA measurements, a 2 m1 subsample 
was drawn from each cell concentrate and left to 
settle in 2 m1 Eppendorf tubes for ca 1 h. After 
settlement, the methanol was aspirated and 2 m1 
of distilled water added. This washing was 
repeated once, allowing the cells to settle in 
between, and finally DAPI (4'6-diamidino-2- 
phenylindole) was added to give a final concen- 
tration of 1.0 or 0.5 pg ml-l, depending on the 
quantity of material in the sample. Different 
stain concentrations had to be used, since differ- 
ent amounts of material (cells, copepod faecal 
pellets and debris) in the samples affected the 
quality of the staining. DAPI concentration was 
optimised (by trial and error) to stain the Dino- 
physis acuminata nuclei with minimal staining 
of the cytoplasm and theca. The cells were then 
left to stain for 2 h with frequent mixing of the 
sample. After the cells had settled, the staining 
solution above the pellet was aspirated away, 
and the pellet was washed twice with distilled 
water. After a final settling, water was aspirated 
leaving about 100 p1 of water with the cell pellet. 
Next, 20 p1 of this concentrated cell suspension 
was withdrawn with an  automatic pipette and 
mounted with a cover glass on a microscope 
slide. The coverglass was sealed with nail- 
polish to prevent the sample from drying. The 
relative DNA content in the nuclei of the Dino- 
physis acuminata cells was measured using an 
Olympus BX 50 epifluorescence microscope 
with a UV excitation filter at a magnification of 

200x. A CCD camera was used to capture 40 to 70 
images (camera head and image processor Optronics 
VI-470, Optronics Engineering, Goleta, CA, USA), 
which were digitalised (ImageGrabber 24 1.2, Neotech 
Ltd, Eastleigh, Hampshire, UK) and stored on com- 
puter. Images were analysed with the IP Lab Spectrum 
image analysis program (Signal Analytics Corporation, 
Vienna, CA, USA). To minimise noise from unspecific 
staining of the cytoplasm and theca, a semi-automatic 
program routine was developed to delineate the nuclei 
of the desired cells, and only fluorescence from within 
the area of the nucleus was quantified. Nuclei were 
selected manually by recognition of the desired cells. 
Data for each nucleus, i.e. area, mean pixel brightness 
and sum of pixel brightness in grayscale, was stored in 
text file format. A total of 400 to 500 nuclei per sample 
were measured. The sum of pixel brightness in each 
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Fig. 2. Dinophysis acuminata. Representative DNA histograms 
obtained from image analysis of 400 to 500 cells. Relative 
DNA content is estimated as the amount of DAPI fluorescence 
(sum of pixel intensity) within the nuclei of the dinoflagellate 
cells. Shown histograms are the first 3 samples from the 

surface 

nucleus was used as measurement of the relative DNA 
content. Histograms of relative DNA content (repre- 
sentative histograms shown in Fig. 2) for each sample 
were created in Microsoft Excel, where the Solver 
function was used to analyze the histograms by fitting 
normal distributions to the G1 and G2 + M peaks. The 
position of the G1 peak varies slightly between sam- 
ples due to differences in staining intensity; however, 
the distributions were fitted to the peaks indepen- 
dently of the absolute position of the G1 peak. A rect- 
angular distribution was fitted between the centres of 
the 2 normal distributions to estimate the S phase frac- 
tion, since there was no identifiable peak occurring in 
t h s  range of the histograms. The 3 distributions were 
fitted simultaneously. In histograms with a small S 
phase, as was the case in our time series, a rectangular 
distribution would give a fair approximation of the S 
phase distribution (Baisch et al. 1982). 

Using the sum of S and G2+M phase fractions, the 
daily mean specific growth rate ps + (;2M was calculated 
using the equation 

(Carpenter & Chang 1988), where p s + ~ 2 ~ 1  is the daily 
mean specific growth rate. Ts + TGZM is the duration of 
the terminal event estimated graphically from the time 
lag between an S phase fraction maximum and the 
following maximum in G2 + M phase, multiplying this 
time by 2 (Carpenter & Chang 1988), fs(ti) and fCW(t,) 
are the phase fractions of the S and G2  + M phases re- 
spectively at each sampling occasion, ti. n is the number 
of samples in the time series used for the calculation. 

RESULTS 

The water temperature remained constant, around 
13°C from the surface to the bottom, during the 2 sam- 
pling days. Surface salinity varied between 32 and 
35% (Fig. l), being 2 to 3%0 higher at 5 m depth. The 
light intensity, measured as photosynthetically active 
radiation (PAR) in air on the roof of the laboratory, was 
low during the sampling period due to cloud cover 
(<200 pE ss1 m-'). The preceding days had PAR levels 
reaching 800 pE S-' m-2 (Fig. 3 ) .  Wind speed was 
moderate during the experimental period: 3 to 7 m S-'. 

Wind speeds of up to 11 m ss1 were measured 2 d 
before the start of the experiment. The phosphate con- 
centration was stable at 0.20 to 0.29 pM, and the con- 
centration of nitrate ranged from 0.57 to 1.00 pm over 
the 2 d period. Ammonium concentrations ranged from 
0.15 to 1.78 pM, with the maximum concentration 
obtained at the surface at 36 h. Dinophysis acuminata 
cell numbers in the surface water oscillated between 
180 and 3100 cells I-' during the first day, after which 
the cell concentration remained at 300 to 500 cells 1-' 
over the following night (Fig. 1). In the 5 m depth sam- 

Insolation 

30 Sep l Oct 2 0ct 3 0ct 40c t  5 0ct 

D a t e  

Fig. 3. Insolation during the study (3 to 5 October) and the 
precehng days measured as photosynthet~cally active radia- 
tion (PAR] in the air. The study was conducted from 22:OO h on 
3 October to 22:OO h on 5 October. Insolation during the 

sample period was reduced due to cloud cover 
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ples, cell concentrations ranged from 140 to 7200 cells 
I-', with a strong decrease during the first 18 h.  D. 
acuminata were inore abundant at 5 m depth than in 
the surface water in 18 out of 25 samples. 

The phase fraction curves did not exhibit any clear 
diurnal cycle, but rather several sporadic events 
(Fig. 4) .  Consequently no attempt was made to fit poly- 
nomial functions to the data. The G2 + M phase frac- 
tion in the Dinophysis acuminata population in the sur- 
face water ranged between 27 and 42 %, with maxima 
at 4, 10, 20 and 42  h. At 5 m depth, the G2 + M phase 
fraction ranged from 23 to 43 % of the population with 
maxima at 4, 12, 24 and 28 h.  The S phase fraction in 
the surface water varied between 0 and 20% of the 
population, and between 0 and 27 % of the population 
at 5 m depth. In the majority of the samples at both 
depths, the fraction of cells in S phase was below 10 %. 
The coefficients of variation for the G1 and G2 + M 
peaks were generally between 7 and 8 '% and in some 
histograms as high as 11 %. 

Due to the lack of evident peaks in the S and G2 + M 
phase fraction curves, it was not possible to obtain a 
reliable graphical estimate of the duration of the ter- 
minal event (Ts + TGZM). Alternative growth rate esti- 
mates in relation to hypothetical values of TS + TG2M 
are, however, proposed and further discussed (Table 1) .  

Table 1 Estimates of dally mean speclfic growth rate (p) (d-l) 
obtained for Dinophysls acumlnata using hypothetical dura- 

tions of the termnal  event (T, + TL2,,) See 'Discussion' 

Ts + T,,?,,, 0-24 h 24-48 h 0-24 h 24-48 h 
Surface SUI-face 5 m 5 m 

8 h 1.09 1.04 1.05 1.12 
12 h 0 73 0.69 0.70 0.7 5 
16 h 0 54 0.52 0.52 0.56 
24 h 0 36 0 35 0.35 0.37 

DISCUSSION 

Growth rate estimates 

The first part of Eq. ( l) ,  whlch contains the S + G2 + M 
duration estimate, depends on accurate positioning of 
S and G2 + M maxima in the phase fraction curves. 
This proved to be impossible In this study due to an  in- 
ability to detect any synchronisation of the cell cycle. 
One major drawback to the method applied here, 
using microscopy to analyse small samples (a few hun- 
dred cells), is that the S phase estimate is subject to 
considerable uncertainty from the procedure of curve 
fitting to the histograms. This is a serious problem in 
poorly synchronised populations (Baisch et al. 1982, 
Chang & Carpenter 1990, 1991).The S phase overlaps 
with both the G1 and G2 phases, and the shape of the 
S phase distribution is not known. Most methods used 
to date to estimate the S phase fraction from DNA his- 
tograms have been shown, by applying the methods to 
computer-simulated cell populations, to underestimate 
the true S phase fraction (Baisch et al. 1982). We 
observed that cohorts of cells in our histograms were 
sometimes accumulated as shoulders on the G1 and 
G2 + M peaks, but never between the peaks, indicat- 
ing that the progression through the S phase of the 
Dinophysis acuminata population we studied might 
have been very fast, and/or the DNA synthesis rate 
was not constant in the sampled cells. 

Chang & Carpenter (1991) estimated the duration of 
the S phase in a natural population of Dinophysis 
acuminata in Long Jslantl Sound  to be 2 h This dura- 
tion corresponds to the sampling interval in our study. 
Moreover, they obtained a measurable S phase frac- 
tion only during 4 h.  This would correspond to 2 sam- 
p l i n g ~  in our study. These authors also quantified the 
fraction of double-nucleated cells in each sample, but 
did not obtain a good peak of the M fraction in the 
diurnal phase fraction curves, but rather isolated high 
values. We observed, but did not count, double-nucle- 
ated cells, but there were never more than a few in any 
sample, thus the M fraction never exceeded 1 to 2 % of 
the population. Chang & Carpenter (1991) concluded 
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that their sampling interval of 1 h was too long to locate maximum specific growth rates estimated in their 
a maximum in the M phase due to its short duration, study were 0.59 * 0.13 d-' for D. acuminata, 0.63 r 
and that quantification of mitotic cells thus did not 0.15 d-' for D. norvegica and 0.41 * 0.04 d-' for D. 
improve the accuracy of the growth rate estimation. acuta. The values for D. acuminata obtained by Graneli 

The large proportion of cells in the G2 + M phase (23 et al. (1997) are similar to the growth rates obtained in 
to 43%),  together with the presence of double-nucle- our experiment when a Ts + TGZhl of 16 h was used in 
ated cells, suggests that Dinophysis acuminata in our the calculations. 
study was actively dividing, but with a low degree of 
diurnal synchronization. The measured concentrations 
of phosphate, nitrate and ammonium also suggest that Fluctuations in cell abundance 
growth should not have been arrested due to nutrient 
limitation during the course of the experiment. The temporal variations in the abundance of Dinoph- 

When Chang & Carpenter (1991) used cell cycle ysis acuminata at the 2 depths sampled is not clearly 
analysis to estimate growth rate of a population of correlated with either the 1ight:dark cycle, the tidal 
Dinophysis acuminata in Long Island Sound, their S fluctuations, or the cell cycle. The long term decrease 
phase estimates ranged from 0 to 50% with a clear in cell numbers could be due to accumulation of cells 
diurnal cycle, compared to sporadic variation between at an unsampled layer in the water column, lateral 
0 to 27 % in our study. Their G2 + M phase estim.ates exch.ange of water, cell death, or grazing. We observed 
varied between 0 and almost 8096, also with a clear increasing amounts of debris and copepod faecal 
diurnal coupling, compared to sporadic variations be- pellets (not quantified) during the sampling period. 
tween 23 and 43 O/o in our study. We can only speculate suggesting a high grazer activity. 
about the reasons for this low degree of synchronisa- 
tion in our study. It is possible that the sharp decrease 
in insolation during the sampling period compared to Non growth or unsynchronised growth. Are the 
the preceding days caused synchronisation to break model assumptions satisfied? 
down, e .g  that induced heterotrophic or mixotrophic 
growth due to decreasing insolation allowed continu- The absence of a clear S phase during our 48 h 
ous cell division, uncoupled from the 1ight:dark cycle. study, together with the constantly high percentage of 
Weiler & Chisholm (1976) also found poor synchrony in cells in G2 + M phase, raises questions about the 
a population of D, acuminata in Santa Monica Bay, assumptions connected with the cell cycle model. The 
California, which prevented the use of the mitotic second part of E q  (1) is based on the fractions of cells 
index to estimate in situ growth rate. present in G2 + M phase throughout the period. The 

Chang & Carpenter (1991) estimated Ts + TCzh, in use of this term relies on the assumption that cells 
Dinophysis acuminata in their Long Island Sound released from G1 will proceed through the cell cycle 
study to be between 11 and 13 h,  which yielded a at a constant rate until mitosis. This assumption might 
growth rate W) of 0.54 to 0.67 d-l. In our study, a Ts + not always hold. Whiteley et al. (1993) have shown 
TGZM of 12 h yielded specific growth rates of 0.69 to that cell cycle control points in the heterotrophic 
0.75 d-' with the phase fractions obtained. Assuming a dinoflagellate Oxyrrhis marina (restriction points) are 
longer Ts + TGIM of 16 h,  yields specific growth rates of present in both G1 and G2 phases, i.e. the cells can 
0.52 to 0.56 d'l, and a 24 h duration of the terminal arrest in both G1 and G2. The presence of non- 
event would give a growth rate of 0.35 to 0.37 d-' growing cells in the G2 + M phases would lead to 
(Table 1). It might be argued that all these estimates overestimation of growth rate with the method 
are rather high for d idrye dinofldgelidte, and thdt the applied here. In phototrophs, the main restriction 
measurement of a large G2 t M phase fraction, as in point IS usually s~tuated in G1, i.e. cells cannot leave 
our study, is enough to detect growth in a potentially G1 until they have accumulated enough nutrients to 
bloom forming population, regardless of the duration complete division. Thus nutrient limitation in photo- 
of the term~nal event. This is under the assumption that trophs usually leads to accumulation of cells in G 1  
no cells arrest in the cell cycle during the G2 or M (e.g. Vaulot 1995, Parpais et al. 1996). Diatoms are an 
phases, and that the duration of the terminal event is exception: silica limitation has been shown to lead to 
not longer than 1 diurnal cycle. arrest in G2 phase, due to the need for Si to complete 

Graneli et al. (1997) measured species-specific car- frustule synthesis at mitosis (Vaulot et al. 1987) P lim- 
bon uptake rates of 3 Dinophysis species in 1993 at the itation has been shown to induce arrest in both S and 
same location used in this experiment. They calculated G2 in phototrophic prokaryotes, possibly due to the 
growth rate using the measured short term carbon lack of a P restriction point in G1 in these organisms 
uptake and the estimated carbon content per cell. The (Parpais et al. 1996). 
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The sexual life cycle of dinoflagellates could intro- 
duce similar problems into the interpretation of DNA 
histograms. Many dinoflagellates display different 
morphological forms. In our samples, we observed a 
few extremely small Dinophysls cells resembling D. 
acuminata in shape, but they were never included in 
the DNA histograms. Unfortunately these cells were 
too rare to allow a separate cell cycle analysis. Macken- 
zie (1992) argued that the 2 size classes of D. acuta and 
D. acuminata represented different gametes in a sex- 
ual life cycle, but that both cell forms had the cap- 
ability of vegetative reproduction. Similar observations 
have been made on D. pavillardi (Giacobbe & Cangemi 
1997). In this species the authors observed diploid 
planozygotes, morphologically sim~lar to haploid vege- 
tative cells, that showed no sign of cell division. 
Berland et  al. (1995) suggested that the smaller mor- 
photype should not be considered solely as gametes, 
but that both life cycle stages were capable of both 
vegetative and sexual reproduction. Partensky & Vaulot 
(1989) proposed that the two size forms of Gymno- 
dinium cf. nagasakiense are not gametes, but rather 
display different growth strategies, the smaller form 
dividing faster under favourable conditions and the 
larger being more resistant. I f ,  on the contrary, diploid 
sexual cells with DNA content equal to G2 + M cells 
are present in the studied population, this could intro- 
duce bias into the calculations of growth rate. Further 
studies, including DNA measurements on different 
morphotypes, are needed to establish ploidy and growth 
capability of sexual cells in Dinophysis species. 

Improvements of the approach 

The accuracy of phase fraction measurements using 
DNA quantification can be improved by increasing the 
number of cells measured in each sample. In poorly 
synchronised populations, it is necessary to detect 
small changes in phase fractions over the diurnal cycle. 
This will require measurement of a larger number of 
cells in each sample to reduce statistical variability. To 
measure several thousand cells per sample requires 
flow cytometry that could allow detection of a low 
degree of synchrony and thus give an  accurate esti- 
mate of Ts + TG21\1. However, we have tried flow cyto- 
metry with the same sample set, but have so far failed 
to separate Dinophysis acuminata cells in G2 + M 
phase from G1 phase cells of Prorocentrum micans, 
a species that was also abundant in the san~ples .  
Flow cytometry in combination with species-specific 
immunostaining (e.g.  Vrieling et al. 1993) might be a 
way to solve this problem when working with natural 
populations. It is possible that analysis of a larger 
number of cells, e.g. using flow cytometry, would have 

allowed detection of a low degree of synchrony, and 
thus given an  accurate Ts + TGZM estimate in our study. 

The accuracy of phase fraction estimations could also 
be improved by using cell cycle markers that are active 
in the cells only during a specific part of the cell cycle, 
like proliferating cell nuclear antigen (PCNA) (Lin et 
al. 1994, 1995, Lin & Carpenter 1995). These markers 
can be visualised by immunostaining and used instead 
of DNA quantification to measure progression through 
the cell cycle of a population The application of cell 
cycle markers specific for active DNA replication 
would also eliminate the possible effect of growth 
arrested cells in the G2 or M phase Moreover, slnce 
the cell cycle phase fraction is identified froin the 
presence or non-presence of a marker protein, no 
quantification or deconvolving procedure is necessary. 
This ineans that the analysis can be performed with 
high precision on a relatively small number of cells 
using epifluorescence microscopy. This technique does 
not, however, eliminate the need for partial synchroni- 
sation of cell division in the studied population (e.g. Lin 
et al. 1997). 
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