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ABSTRACT

Small-sized vegetative cells were found to co-occur with
normal-sized cells in populations of the European bloom-
Sforming dinoflagellate Gymnodinium ¢f. nagasakiense
Takayama et Adachi, currently known as Gyrodinium
aureolum Hulburt, but not in populations of the closely
related Japanese species Gymnodinium nagasakiense.
We examined how cell size differentiation may influence
growth and cell cycle progression under a 12:12-h light :
dark cycle in the European taxon, as compared to the
jrzpmww one. Cell number and volume and chlorophyll
red fluorescence in both species varied widely during the
photocyele. These variations generally appeared to be re-
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lated to the division period, which occurred at might, as
indicated by the variations of the fraction of binucleated
cells (mitotic mdmc) as well as the distribution of cellular
DNA content. “Small” cells of G. ¢f. nagasakiense di-
vided mainly during the first part of the dark period,
although a second minor peak of dwzdmg cells could occur
shortly before light onset. In contrast, “large” cells dis-
played a sharp division peak that occurred 9 h after the
beginning of the dark period. The lower degree of syn-
chrony of “small” cells could be a consequence of their
faster growth. Alternatively, these data may suggest that

'r?l'! division is tightly controlled by an md‘ogmmus clock

“large” cells and much more loosely controlled in
“.s'm.al.l" cells. Cells of the Japanese specm, which were
morphologically similar to “large’ cells of the European
taxon, displayed an intermediate growth pattern between
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the two cell types of G. ¢f. nagasakiense, with a division
period that extended to most of the dark period.

Key index words:  cell cycle; circadian clock; dinoflagel-
late; DNA; flow cytometry; growth patterns; Gymnodin-
ium nagasakiense; Gyrodinium aureolum; Pyr-
rophyla

Occurrence of phased cell division in dinoflagel-
lates in response to light:dark (LD) cycles is well
documented both in culture and in the field (Sournia
1974, Chisholm 1981), partly because many authors
have tried to estimate growth rates of natural pop-
ulations from the observed variations of the fraction
of dividing cells (e.g. Weiler and Eppley 1979, Elser
and Smith 1985). However, whether the cell division
cycle in this and other algal groups is directly en-
trained by the photocycle (Spudich and Sager 1980)
or is coupled to an endogenous oscillator that is
aligned with the photocycle (Edmunds and Adams
1981) is still debated. Interspecific variations in the
temporal patterns of cell division and in the coupling
between division and DNA replication have been
identified among the different phytoplankton groups
as well as among dinoflagellates (Chisholm 1981,
Karentz 1983). Nevertheless, division patterns in re-
sponse to particular entraining forces (e.g. the LD
cycle) are commonly considered to be a conservative
property of species, each species possessing its own
“circadian chronotype,” which is the temporal an-
alogue of the phenotype (Chisholm 1981). The re-
cent discoyery of two different-sized vegetative sub-
populations in culture and natural samples of the
Northern European dinoflagellate Gymnodinium cf.
nagasakiense (Partensky et al. 1988, Partensky and
Vaulot 1989, Videau and Partensky 1990), a species
misidentified in the literature as Gyrodinium aureo-
lum Hulburt (as discussed in Partensky and Sournia
1986 and Partensky et al. 1988), led us to wonder
whether cell size differentiation could affect the
growth pattern and cell cycle of a single species. The
closely related Japanese species Gymnodinium naga-
sakiense Takayama et Adachi, which can be distin-
guished from the European taxon by its much high-
er DNA content (Partensky et al. 1988, Boucher et
al. 1991) and which does not show any cell size dif-
ferencesin culture (Partensky and Vaulot 1989), was
also included in this study. Short-term variations in
cell concentration and volume, chlorophyll (chl) red
fluorescence, mitotic index, and cellular DNA con-
tent, and long-term variations of cell concentration
and volume, were analyzed in batch cultures of both
species, including cultures dominated by either
“small” or “large” cells of G. cf. nagasakiense (i.e.
with more than 90% of one cell type). These analyses
revealed significant discrepancies in the growth
physiology and its coupling to the LD cycle between
the two cell types of G. cf. nagasakiense and between
the “large” cells of this species and the typical cells
of G. nagasakiense.

MATERIALS AND METHODS

One culture of the Japanese species Gymnodinium nagasakiense
(GN1 from clone “Buzen-"85-2") and three cultures of the Eu-
ropean species G. cf. nagasakiense (GCFN1 and GCFN2 from
clone “Tinduff”"; GCFN3 from strain “lroise”) were grown in
5-1 Erlenmeyer flasks at 20° C in K medium (Keller et al. 1987)
under a 12:12-h LD cycle at 100 gmol-m=2-57'. These conditions
were slightly different from the optimal culture conditions de-
termined for the latter species by Nielsen and Tonseth (1991)—
i.e. 17.5-22.5° C, K medium made up from seawater of 24.5-
34%o salinity, 18:6-h LD cycle, and 255 gmol-m~*:s-'—but led
to similar generation times: 1.84 d (see Results), compared to the
1.64-1.92d(0.52-0.61 div-d ') reported by Nielsen and Tonseth
(1991). For long-term analyses of cell number and volume changes,
cultures were sampled at regular intervals (generally 1 d) shortly
after light onset and until the poststationary phase, Several other
cultures of both species grown in small volumes (500 mL) were
also sampled daily to assess the variability of the observations
made on large-volume cultures. Short-term variations in cell num-
ber and volume, chl red fluorescence, cellular DNA content, and
the fraction of binucleated cells (mitotic index) were analyzed by
sampling 5-L cultures during the exponential growth phase at
3-h intervals during two consecutive LD cycles. Cell concentra-
tion and volume measurements were performed on live samples
with a Coulter counter model ZM (Coulter, Hialeah, Florida)
interfaced to an IBM-PC-compatible computer, as described ear-
lier (Partensky and Vaulot 1989). Cell volume distributions were
analyzed with custom-designed software, CYTOPC (Vaulot 1989),
using calculation windows. For bimodal populations of G. cf. na-
gasahiense (see Partensky and Vaulot 1989 for examples), window
1 (“small” cells) was set between the lower limit of the first peak
and the trough (channel n) between the first and second peaks.
Window 2 (“large’ cells) was set between channel n + 1 and the
upper limit of the second peak. Mean generation times (t, in days)
were calculated on each culture for 2-d periods of the exponential
growth phase, as follows:

_ In2 x (1, — )
5T NEG) - In N@)' ()

where N(t) = cell density at time 1.

Relative fluorescences of chl and DNA were determined on
individual cells with an EPICS 541 flow cytometer (Coultronics)
equipped with a 6-W argon laser (Coherent, Palo Alto, California)
as the excitation light source (100 mW). These measurements
were made on both subpopulations of G. cf. nagasakiense. Fluo-
rospheres (9.85 um diam; Fullbright, Coulter) were used as in-
ternal standards to normalize flow cytometric measurements of
chl red fluorescence. Samples for red fluorescence analyses were
distributed in 1.8-mL cryotubes, fixed with 1% glutaraldehyde
(electron microscopy grade; Merck, Darmstadt, Germany), im-
mediately frozen in liquid nitrogen, and stored frozen until anal-
ysis, as described in Vaulot et al. (1989). Flow cytometric red
fluorescence was normalized by Auorometric determination of
chl a (Yentsch and Menzel 1963). Four cultures of G. cf. naga-
sakiense grown at 100 gmol-m 257! and comprising different pro-
portions of “*small” and “large” cells were harvested onto GF/F
filters (Whatman, Maidstone, England), which were extracted in
90% acetone at 4° C for 24 h and homogenized with a Teflon
grinder (Thomas model C) prior to reading with a Turner Design
Auorometer. This calibration (Fig. 1) showed that, under the light
conditions we used, red fluorescence (RFL in relative units) was
linearly correlated with chl content (pg chl-cell™*) for live cells
of G. cf. nagasakiense:

RFL = 0.395 chl + 0.089  (n=4, r=0.996). (2)

The fixation process slightly reduced the Auorescence of cell
pigments (RFF) but did not affect the correlation between the
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Fic. 1. Chlorophyll content determined by fluorometry vs.
red fluorescence measured by flow cytometry for four different
populations of Gymnodinium cf. nagasakiense grown under stan-
dard culture conditions before (O) and after (4) glutaraldehyde
fixation.

Two [)Ell'ilmf.‘l(f]'h:

RFF = 0.310 chl + 0.058 (n=4, r=10.992). (3)

For cell cycle studies, 15-25-mL samples were fixed with 1%
glutaraldehyde and stored at 4° C in darkness until analysis. Prior
to flow cytometric DNA measurements, cells were concentrated
by centrifugation at 5000 rpm. All but 250 uL. of the supernatant
was discarded, and cells were resuspended by gentle shaking. Cells
were then stained for 30 min with either 2.5 yg-mL ' 4’-6'diamino-
2-phenylindole (DAPI: Polysciences, Warrington, Pennsylvania)
or 20 pg-mL~' chromomycin A3 (CA3) and 0.1% Triton X-100
(both chemicals from Sigma, St. Louis, Missouri), final concen-
trations in K medium. Excitation light was either 351/364 nm
(UV) for DAPLor 457 nm (blue) for CA3, and DNA fluorescence
was collected (respectively) through a 480- or 580-nm band-pass
filter (Glen Spectra, Stanmore, England). The fraction of cells
within the G, phase of the cell cycle was determined on each
sample by analyzing DNA distributions with a modification of
Dean and Jett’s (1974) method, as described in Vaulot et al,
(1986). Only in culture GCFN3 were coefficients of variation of
G, peaks sufficiently low to determine precisely the proportion
of cells within the § (DNA-synthesizing cells) and G, + M (cells
with a double concentration of DNA) phases of the cell cycle.

The numbers of binucleated cells (BC) and total cells (TC) were
counted for each sample with an Olympus BH2 epifluorescence
microscope under UV light after staining cell nuclei for 10 min
using 0.1% of a I-g-L-' DAPI solution in distilled water. Mitotic
index (I in %) was calculated as follows (McDuff and Chisholm
1982):

~ BC x 100

f TC

4)

RESULTS
Long-Term Variations

Growth patterns. The growth pattern of the Japa-
nese species G. nagasakiense (GN1: Fig. 2A, B) was
simple, because cell volume distributions always were
unimodal, even during periods of division (see Par-
tensky and Vaulot 1989 for illustration). In contrast,
the European species displayed a considerable vari-
ability in its growth pattern under standard culture
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Fic. 2A-H. Long-term variations of cell number (A, C, E, G)
and volume (B, D, F, H) for cultures grown under a 12:12-h LD
cycle. A, B) Culture of Gymnodinium nagasakiense (GN1). C-H)
Three cultures of G. cf. nagasakiense. C, D) Culture GCFN1 dom-
inated by “large” cells. E, F) Culture GCFN2 with co-occurrence
of “large” and “small’” subpopulations. G, H) Culture GCFN3
dominated by “small” cells, the number of “large” cells being
too low to determine cell volume and number. O, Typical cells
of G. nagasakiense: $, 1otal cells of G. cf. nagasakiense; A, “large”
cells of G. cf. nagasakiense; ¥, “small” cells of C. ¢f. nagasakiense.
The 48-h periods during which cultures were sampled at 3-h
intervals are indicated by the two vertical dashed lines (see Fig. 3).

conditions (see above), resulting from the occur-
rence of a subpopulation of vegetative “small” cells,
which divided independently from normal-sized cells.
This phenomenon was visualized by the bimodality
of cell volume distributions, as shown earlier (Par-
tensky and Vaulot 1989). Three different growth
patterns of G. cf. nagasakiense were observed: dom-
inance of “large” cells (GCFNI; Fig. 2C, D), dom-
inance of “small” cells (GCFN3; Fig. 2G, H), and
co-occurrence of both cell types (GCFN2; Fig. 2E,
F). It is unlikely that these variations were strain-
dependent, because GCFN1 and GCFN2, which dis-
played different growth patterns, were two cultures
of the same clone of a ““large” cell, this clone orig-
inating from a population of initially “large” cells
isolated by cell sorting (“Tinduff” strain: Partensky
and Vaulot 1989). However, patterns such as that
observed in GCFN3 were noted only with the Iroise
strain, which was nonclonal and also originated from
a natural population of “large” cells.

Generation times, **Small” cells of G. cf. nagasakiense
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TasLe 1. Mean generation fimes (in days) of Gymnodinium nagasakiense and G. ¢f. nagasakiense cultures shown in Figure 2. Values were
calculated both for a 2-d period at the beginning of exponential growth (Days 3-5) and for the periods during which cultures were sampled at 3-h
intervals.

Generation time (d)

Total cells “Small" cells “Large” cells
Culture Sampling
Species Strain code period Days 3-5 Sp* Days 3-5 Sp Days 3-5 SP
Gymnodirium Buzen-'85-2 GNI Days 3-5 2.18 2.18 NA® NA NA NA
nagasakiense

Gymnodinium Tinduff GCFN1 Days 7-9 257 2.46 NI ND 2.28 2.45
cf. nagasakiense Tinduff GCFN2 Days 5-7 2.14 2.51 0.92 1.11 3.00 12.83

Iroise GCFN3 Days 5-7 1.84 1.88 1.84 1.88 ND ND

* SP = periods during which cultures sampled at 3-h intervals.
" NA = not applicable.

¢ ND = not determined (cell concentration too low for accurate measurements).

displayed relatively short t,, i.e. about 1.9 d when
in pure population (GCFN3) and down to 0.92 d
when in mixture with “large” cells (GCFN2; Table
1), although the latter value might be slightly over-
estimated because of the partial overlap of cell dis-
tributions of “large” and “small” cells (see Parten-
sky and Vaulot 1989). In contrast, “large” cells of
G. cf. nagasakiense had tg longer than 2.2 d, both in
GCFN1 and GCFN2. The generation time of the
Japanese species G. nagasakiense (culture GN1; Fig.
2A) was intermediate between those of the “small”
and “large” forms of the European taxon (2.18 d)
and similar to the mean t, of the mixed culture
(GCFN2; Table 1). These values were consistent with
those found in 500-mL flasks for populations of G.
cf. nagasakiense dominated by “large” cells (t, = 2.46
+ 0.12 d; n = 4) or “small” cells (tg =1.91 £+ 0.07
d; n = b), and for typical populations of G. nagasaki-
ense (t; = 2.04 = 0.14 d; n = 5).

Cell yield. Cell concentration at the end of the
exponential phase was significantly lower in culture
GCFN1, which was dominated by “large” cells of
G. cf. nagasakiense (11,350 cells-mL™"; Fig. 2C), than
in GCFN2, where “small” and “large” cells co-oc-
curred (16,220 cells-mL~"; Fig. 2E). GCFN3, an al-
most pure population of “small” cells, had by far
the highest final yield (37,860 cells-mL""; Fig. 2G).
Surprisingly, the maximum cell concentration
reached by the Japanese species G. nagasakiense
(16,100 cells-mL""; Fig. 2A) was closer to that of
GCFN2 than to that of GCFNI1, although cells of
this species had a volume similar to *large” cells of
the European taxon (Fig. 2B, D). It is noteworthy
that final yields in 5-L Erlenmeyer flasks generally
were lower than yields observed in 500-mL flasks
under the same culture conditions. In the latter
flasks, populations dominated by “large” cells of G.
cf. nagasakiense had an average yield of 18,190 +
1,270 cells-mL~" (n = 4), whereas populations dom-
inated by “small” cells had a yield of 21,400 + 1,880
cellssmL™" (n = 6) (no statistical data on pure pop-
ulations of “small” cells). Populations of G. naga-
sakiense grown in 500-mL flasks reached a final con-

centration of 20,5610 £ 1,050 cells-mL~" (n = 5).
The discrepancies observed between flasks of dif-
ferent sizes may partly be due to the lower ratio of
the surface in contact with air to the total volume
in 5-L Erlenmeyer flasks, because cells of both spe-
cies concentrated themselves near the surface by
phototactism.

Cell volume. Long-term variations in cell volume
followed a similar pattern in both species and in the
two cell types of G. cf. nagasakiense: an increase dur-
ing the lag phase (when any), a decrease to a mini-
mum during exponential growth, and finally a new
increase during the late exponential and stationary
phases. These variations were more marked for
“large” cells of the European species (Fig. 2D, F)
than for typical cells of the Japanese species (Fig.
2B), with a cell volume increase of 78-133% for the
former (4550-8120 pm?* for GCFN1; 4010-9360
um?® for GCFN2) vs. 30% for the latter (4620-6020
um?for GN1). The amplitude of cell volume changes
noted in GN1 was, however, smaller than that ob-
served in 500-mL flasks for G. nagasakiense, for which
volume varied on average by 54.8 = 14.6% (n = 5).
“Small” cells of G. cf. nagasakiense displayed large
cell volume variations (1410-3140 um? for GCFN2,
i.e. a variation of 123%; 1380-3960 um? for GCFN3,
i.e. a variation of 187%) during the experimental
period and were still enlarging when sampling end-
ed, although at that time they had attained a volume
similar to the minimum volume observed for “large”
cells.

In culture GCFN2, the ratio of “‘large” to “small”
mean cell volumes decreased from 3.67 on Day 1 to
2.36 on Day 6, then increased and reached a max-
imum of 3.31 when “large” cells ceased to enlarge
(Day 12). Because the volume of “small” cells went
on increasing, peaks formed by “small”” and “large”
cells in volume distributions progressively drew
nearer together. In some 500-mL cultures compris-
ing both cell types, we sometimes observed that these
peaks finally superimposed during the late station-
ary phase (not shown), such that the *“large” to
“small” mean cell volume ratio approached 1.
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Short-Term Variations

Cell division. Cultures were sampled at 3-h inter-
vals during two photocycles (Fig. 2, dashed lines).
In culture GCFNI, the percentage of “small” cells
of G. ct. nagasakiense never exceeded 5.5% during
the 48-h sampling (Fig. 2C), such that average vol-
ume and biochemical changes (DNA, chl) reflected
mostly those of “large” cells. In contrast, variations
observed in culture GCFN3, where the “large” cell
fraction was too low to form a definite peak in cell
volume distributions, were characteristic of “‘small”
cells (Fig. 2G). Observations made on GCFN2, a
mixture of both cell types (Fig. 2E), also were useful
to study the behavior of these subpopulations when
co-occurring, although in this culture, only “small”
cells were actively dividing during the 48-h sam-
pling, whereas the number of “‘large” cells remained
almost constant (Fig. 2F).

Diel variations of cell number and volume during
the exponential growth phase appeared to be closely
related to cell division, whatever the species or cell
type (Figs. 3A-T, 4A-E). Changes in the percentage
of binucleated cells (mitotic index) showed that di-
vision mainly occurred at night (Fig. 3E, ], O, T, Y).
However, “large” cells of G. cf. nagasakiense dis-
played a very sharp division peak shortly before light
onset (Fig. 30), in contrast to cells of the Japanese
species, which divided from the first hours of the
dark period up to 3 h before light onset (Fig. 3E).
For “small” cells of G. cf. nagasakiense, a first peak
of dividing cells always occurred in the first hours
of the dark period, sometimes followed by a second
peak of division just before light onset (first LD cycle
in GCFN2, Fig. 3T; second LD cycle in GCFN3,
Fig. 3Y).

Cell cycle. 'The variations of the percentage of
cells within the G, phase of the cell cycle (G,%) con-
firmed these findings (Fig. 3D, I, N, S, X). The de-
termination of the percentage of G, and S cells (G,%
and S%) was possible only in culture GCFN3, be-
cause the DNA staining method with CA3 used for
this culture gave better results than that using DAPI
(all other cultures). Moreover, the coefficients of
variation of G, peaks always were higher for ““large”
cells than for “small” cells, even in a mixture of
both cell types. This might be related to the differ-
ences in chromatin condensation previously ob-
served between the two cell types (Partensky and
Vaulot 1989). Variations of G,%, although provid-
ing incomplete information about the cell cycle, may
be interpreted if we suppose that each decrease of
G,% corresponds to an increase of 8%, i.e. to the
beginning of DNA synthesis, and each increase of
G, % corresponds to the release of the first daughter
cells after completion of mitosis. The variations of
cellular DNA in culture GCFN3 (Fig. 3X) confirmed
these assumptions. Although the different cultures
and cell types exhibited different cycling patterns,
some generalizations can be made. First, G,% began

to decrease at the dark-to-light transition. The only
exception was for the “large” cells in GCFN2, for
which the G,% decrease occurred 3 h later. This
suggests that light may trigger entry into S phase,
i.e. DNA synthesis. For “large” cells, the rate of
entry into S phase appeared to be low during the
light period and then increased during the first 3 h
in the dark. The more erratic variations of the G,
cell fraction observed during the second LD cycle
in culture GCFN2 (Fig. 3N) might be related to the
slow division rate of “large” cells during this period,
as shown by the significant decrease in the maximum
mitotic index betweer the first and second division
bursts (Fig. 30) and by the absence of cell number
increase after the second division burst (Fig. 3K).
For “small” cells, entry into S occurred at a more
constant rate than for “large” cells and only took
place during the light period. Second, for “large”
cells of G. cf. nagasakiense and cells of G. nagasakiense,
increase in G,% began 3 h after the dark-to-light
transition, whereas for “small” cells it occurred right
at the light-to-dark boundary. This indicates that
the cell division trigger has a fixed phase with re-
spect to this boundary that differed by 3 h between
“small” and “large” cells, in agreement with the
mitotic index data.

Cell volume. In both G. nagasakiense and G. cf. na-
gasahiense, cell volume underwent large circadian
changes. In the Japanese species, mean cell volume
regularly increased during the light period, when
no division occurred, and decreased during the dark
period (Fig. 3B), when cells divided. During the ex-
periment, the decrease at night was greater (up to
29% of the volume at the end of the light period)
than the increase during daytime (19%), accounting
for the daily reducticn in mean cell volume that
occurred during the experimental period (Fig. 2B).
Similarly, the cell volume decrease of “large” cells
of G. cf. nagasakiense in GCFN1 (22-27%, Fig. 3G)
and the parallel cell number increase (Fig. 3F) were
clearly linked with cell division, which in this case
was restricted to the latter part of the dark period
(Fig. 31, J). Interestingly, a decrease in mean cell
volume was also visible to a lesser extent during the
second dark period in culture GCFN2 (Fig. 3L) with-
out significant increase in total “large” cell number
(Fig. 3K), suggesting that the rates of cell division
and mortality were balanced. In “small” forms of
G. cf. nagasakiense, cell volume decreased regularly
during the dark period and increased during the
light period, but it is worth noting that cell number
and volume could increase together during the light
period (Fig. 3P, Q, second cycle; Fig. 3U, V). The
slight decrease in “small” cell number following di-
vision bursts, which was particularly clear in culture
GCFNS3 (Fig. 3U), might correspond to a particular
sensitivity of the newly divided “*small™ cells to shak-
ing prior to cell counts. Absence of synchrony be-
tween cell volume variations of “small” and “large”
during nighttime clearly appeared in culture GCFN2.
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Consequently, the ratio of “large” to “small” mean
cell volumes increased progressively during the first
part of the dark period to a maximum of 2.8 and
diminished sharply during the 3 h preceding the
light period, i.e. after the division burst of “large”
cells. In contrast, this ratio varied little during day-
time (2.35-2.45).

Chlorophyll fluorescence. The variations of chl red
fluorescence in cells of Gymnodinium nagasakiense (Fig.
3C) followed closely the changes in volume in these
cells (Fig. 3B), although they were less pronounced
(17-18% between the maximum and the minimum
of fluorescence, corresponding to variation of 20-
21% in chl a content, if we refer to Eq. 3), especially
during the last hours of the dark period. Similarly,
in “small” cells of G. cf. nagasakiense, chl content
sharply decreased after the end of the light period
but generally increased during the last hours of the
dark period, in contrast to volume (Fig. 3R, W).
Changes in chl red fluorescence in “large” cells of
G. cf. nagasakiense were characterized by a diurnal
increase, followed by a drop beginning at or shortly
before the time of light offset, then by a peak oc-
curring in the middle of the dark period (Fig. 3H,
M). This peak of red fluorescence preceded a sec-
ond, sharp drop occurring just before light onset.

DISCUSSION

The phenomenon of cell size differentiation was
recently shown to occur repeatedly in cultures of
Gymnodinium cf. nagasakiense (Partensky et al. 1988).
Obvious discrepancies between “small” and “large”
cell types of this species consist of different average
cell sizes and degrees of nucleus condensation (Par-
tensky and Vaulot 1989), but other, not yet char-
acterized, biochemical discrepancies might exist be-
tween these two subpopulations, as suggested by their
different growth physiologies. The ratio of “large”
to “small” cell volume, which can reach up to 3.7
during the exponential phase of growth, however,
approaches 1 when cells have ceased dividing. This
illustrates the possible transformation of *small” cells
into “large” cells. However, it is still unclear wheth-
er the “large” cells that issue from growth of “*small”
cells become absolutely identical to regular “large”
cells from a biochemical point of view or if they
possess some nonreversible biochemical alteration.
Long-term variations in volume in both cell types
of G. cf. nagasakiense suggest that the minimum vol-
ume is reached when the growth rate is maximum.
In the short term, both subpopulations displayed
large changes in cell volume and number and chl
red fluorescence during the photocycle, but these
changes did not occur at the same time in both types:
this mainly reflected discrepancies in their division
timing. “‘Large” cells had a single, sharp peak of
division, occurring shortly before light onset,
whereas “‘small” cells displayed either one or two
division bursts, the main one at the beginning of the
dark period. This discrepancy likely reflects a higher
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Fic. 3. Short-term variations of cell number, volume, chl red
fluorescence, percentage of either (D, I, N, S) G, cells or (X) G,
S, and G, cells, and percentage of binucleated cells for (A-E)
typical cells of Gymnadinium nagasakiense (culture GNI), (F-])
“large” cells of G. cf. nagasakiense (culture GCFN1).

degree of phasing in “large” than in “small” cells,
in response to the LD cycle. This assumption is sup-
ported by the staircase aspect of the growth curves
of the “large” cells, dramatic increases in cell num-
ber being tightly correlated with division bursts. In
contrast, “small” cell number appeared to increase
at a roughly constant rate during the whole dark
period and sometimes continued to increase at lower
or similar rates during the light period. This diurnal
increase might be explained by a cell-to-cell vari-
ability of the time of cell cycle completion. The oc-
currence in culture GCFN3 of a single peak of DNA-
synthesizing cells (S phase) at the end of the light
period, followed by either one or two peaks of G,
+ M and binucleated cells, confirms that a certain
dispersion of the lengths of the G, phase and possibly
mitosis may occur among individuals of a population
of “small” cells.

Most slow-growing dinoflagellates studied so far
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Fic. 3 (continued). (K-0) “large' and (P="T) “small” cells of G. cf. nagasakiense in culture GCFN2, and (U-Y) “small” cells of G. cf.
nagasakiense in culture GCFN3. The densities of “small” cells in GCFN1 and of “large™ cells in GCFN3 were too low during the sampling
period to obtain reliable measurements. Black bars correspond to the dark period.

(i.e. with a t, > 1 day), including Gonyaulax polyedra,
Cerativm furca, and Pyrocystis fusiformis, are known to
display a tight cell cycle phasing when grown on 24-h
photocycles, with mitosis typically restricted to a 4-
6-h gate near the dark-to-light transition (Chisholm
1981). Some other division patterns have been ob-
served in dinoflagellate species, such as a division
period extending to the entire dark period (Gym-
nodinium splendens and Serippsiella trochoidea) or be-
ginning in the middle of the light phase and com-
pleted by the onset of darkness (Scrippsiella sweeneyi,
Prorocentrum micans, and Gyrodinium uncatenum; Has-
tings and Sweeney 1964, Chisholm 1981, Cetta and
Anderson 1990). In species with high intrinsic
growth rates, such as Amphidinium carterae, division
patterns are usually characterized by a fairly broad
division burst (Nelson and Brand 1979, Chisholm
and Brand 1981). These discrepancies in division
pattern have led to the concept of species-specific
circadian “chronotype” in response to particular en-

vironmental conditions (Chisholm 1981). A given
chronotype can be explained by two types of hy-
potheses. In the case of slow-growing populations,
tight synchrony has been attributed to the coupling
of cell division to an endogenous oscillator (circadian
clock) with a period close to 24 h, which is reset by
the environmental periodicity but can free-run in
the absence of external cues (Edmunds and Adams
1981). Alternatively, the cell cycle may be controlled
directly by the photocycle at specific “transition”
points (Spudich and Sager 1980) that are crossed
when a certain number of biochemical requirements
are met (critical size or protein or DNA levels; Al-
berghina and Sturani 1981). The latter hypothesis
accounts for a wide range of division patterns under
photoperiodic conditions (Vaulot and Chisholm
1987). Our work suggests that the circadian chrono-
type is not species-specific, as suggested by Chisholm
(1981), but also depends on the phenotype, because
phenotypic discrepancies between the two cell types
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of G. cf. nagasakiense are accompanied by “‘chron-
otypic” discrepancies. The division patterns ob-
served in “large” cells of G. cf. nagasakiense match
the most common trend in dinoflagellates to divide
before the dark-to-light transition (Chisholm 1981).
However, a division phase that extends to the whole
dark period with the main division burst occurring
during the early dark period, as observed in “small”
cells of G. ct. nagasakiense, seems to be rare in this
algal group. In cultures comprising both “small”
and “large” specimens, the observed division pat-
tern is the result of the superimposition of two dif-
ferent patterns. In culture GCFNZ2, for instance, the
period of division of the total population (i.e. “small”
+ “large” cells) is extended to the entire dark pe-
riod, although the division peak of solely the “‘large”
cellsis very tight. Weiler and Eppley (1979) provided
a similar example with Ceratium furca, a dinoflagel-
late species that also forms “small” cells (called ““mi-
croswarmers’) at high temperature (25° C) or high
cell density (i.e. more than 200 cells-mL~" at 20° C).
Interestingly, cultures of typical cells of C. furca had
a sharp peak of division at the time of light onset,
whereas cultures composed of a large number of
microswarmers peaked shortly after light offset,
which also resulted in a decrease in synchrony (Wei-
ler and Eppley 1979).

Division patterns of G. cf. nagasakiense can be in-
terpreted in the framework of the clock hypothesis
(Edmunds and Adams 1981): division could be reg-
ulated by a circadian clock in “large” cells, whereas
in “small” cells, coupling between the clock and
division could be looser. Cell size differentiation
would therefore be accompanied by a significant
disturbance in the control of the circadian clock over
division. Alternatively, the observed patterns do not
conflict with the “‘block-point™ hypothesis (Spudich
and Sager 1980). The tight division of the “large”
cells of G. cf. nagasakiense is typical of cells with a
light-controlled transition point and a small vari-
ability in the length of the light-dependent phase
(Vaulot and Chisholm 1987). The loss of synchrony
of the “*small” cells can then be interpreted as a mere
consequence of their shorter generation time, which
results in an increased heterogeneity in individual
cell history with respect to the photocycle (Vaulot
and Chisholm 1987). This assumption could also
account for the division pattern observed for the
Japanese species G. nagasakiense, namely a single di-
vision burst extended to the whole dark period, a
pattern that appears to be intermediate between
those of “large” and “small” cells of G. cf. nagasaki-
ense, as was the growth rate of G. nagasakiense cells.
This hypothesis is also supported by the fact that
for all populations but the “large” cells of culture
GCFN2, which were growing very slowly, entry into
S phase appears to be triggered by light onset. This
suggests the existence of a light-dependent transi-
tion point at the G,—S boundary as observed in other

phytoplankton species (Olson and Chisholm 1986,
Vaulot et al. 1987, Brzezinski et al. 1990). In some
dinoflagellates, such as Gyrodinium uncatenum and
Gonyaulax polyedra, entry into S seems, however, to
be independent of light (Homma and Hastings 1989,
Cetta and Anderson 1990). The size and biochem-
ical (RNA, proteins) requirements to be met to exit
from the environmentally controlled segments and
for division initiation (Alberghina and Sturani 1981)
are obviously different for the two cell types, because
“small” cells divide at a smaller size than “large”
cells. However, the interdependence of cell size and
cell division likely holds for each of the two sub-
populations taken independently. The biochemical
requirements of the smaller population prior to di-
vision are probably determined as soon as, or shortly
after, a “small” cell, which is potentially at the origin
of a clonal population of “small” cells, is formed by
budding of a typical cell of G. cf. nagasakiense (Par-
tensky and Vaulot 1989).

Temporal change of any cellular parameter av-
eraged over the population is the result of compe-
tition between growth processes, which will increase
its average value, and division processes, which will
decrease its average value. The general tendency of
average volume to increase during the light period
and stagnate or decrease during the dark period,
even in the absence of strong division, suggests that
cell volume growth of both G. nagasakiense and G.
cf. nagasakiense can occur only in the presence of
light and that cell volume remains constant or even
decreases during the dark. Changes in red fluores-
cence were more complex. The good correlation
existing between the chl content and the fluores-
cence measured by flow cytometry, even after glu-
taraldehyde fixation, led us to interpret the varia-
tions of fluorescence as variations of pigment content.
However, such correlation might only hold for the
parucular light conditions we used (100 pmol-m~?.

s7'), because fluorescence per unit chl a in Amphr-
dinium carterae decreased at high concentrations of
chl due to photoadaptation (Sosik et al. 1989). Red
fluorescence of the “small” cells of G. cf. nagasaki-
ense decreased during the first part of the dark pe-
riod, i.e. at the time of the main division burst, and
increased thereafter. This suggests that chl is con-
tinuously synthesized during the photocycle and that
chl per cell only decreases as a result of the division
process. The same is'true for cells of G. nagasakiense.
In contrast, “large” cells of G. cf. nagasakiense dis-
played a particular chl fluorescence pattern, with a
first maximum 3 h before the end of the light period,
a decrease, and then a second maximum in the dark,
just before the division burst. These data suggest
that “large” cells synthesize chl in the light. They
cease synthesizing chl shortly before the beginning
of the dark period and even lose chlin the first hours
of the dark period. Then they have a second period
of chl synthesis during the second part of the dark
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period. The sharp decrease appearing after the flu-
orescence peak is linked to cell division, which might
mask the exact extension of the dark period of chl
synthesis in these cells. Similarly, in Amphidinium
carterae, the volume-normalized chl begins to in-
crease in the middle of the light phase to reach a
maximum 2 h after the beginning of the dark pe-
riod, then drops sharply before the onset of cell
division: this also suggests a loss of chl intercalated
between two periods of chl synthesis (Gerath and
Chisholm 1989). The maximum amplitude of vari-
ation of chl per cell (about 100%) in this species was
significantly larger than in G. cf. nagasakiense (27—
30% in both cell types), which may partly be due to
differences in generation times.

Cell size differentiation may have important con-
sequences for the in situ growth dynamics of G. cf.
nagasakiense, as previously discussed (Partensky and
Vaulot 1989). Whether the lower degree of syn-
chrony in “small” than in “large” cells also has eco-
logical implications is more difficult to assess. Cell
cycle asynchrony might allow “small” cell popula-
tions of G. cf. nagasakiense to better use those nu-
trient resources that are needed only at a given point
of the cell cycle (Vaulot et al. 1987) by spreading
cell uptake over a longer part of the photocycle.
Moreover, if division is spread over a long period
rather than limited to a narrow time interval, some
of the recently divided cells might have a better
chance to escape predators performing vertical mi-
grations.

We are grateful to Ms. Claude Le Roux for help with computer
programming. We also thank Prof. M, Kodama, who kindly pro-
vided the G. nagasakiense strain used in this study. This work was
partly funded by contract 50-89-15 between the CNRS and the
‘Ministere de I'Environnement’ (Paris, France) as part of the na-
tional programme “Efflorescences algales marines.” Funds for
the EPICS How cytometer were provided by CNRS (INSU and
‘Département des Sciences de'la Vie').

Alberghina, L. & Sturani, E. 1981. Control of growth and of
the nuclear division cycle in Neurospara erassa. Microbiol. Rev.
45:99-122.

Boucher, N., Vaulot, D. & Partensky, F. 1991. Flow cytometric
determination of phytoplankton DNA in cultures and oce-
anic populations. Mar. Ecol. Prog. Ser. 71:75-84.

Brzezinski, M. A., Olson, R. J. & Chisholm, S. W. 1990. Silicon
availability and cell-cycle progression in marine diatoms. Mar.
Eecol. Pro. Ser. 67:83-96.

Cetta, C. M. & Anderson, D, M. 1990. Cell cycle studies of the
dinoflagellates Gonyaulax polyedre Stein and Gyrodinium wn-
catenum Hulbure during asexual and sexual reproduction, [.
Exp. Mar. Biol. Ecol. 135:69-83.

Chisholm, S. W. 1981. Temporal patterns of cell divisions in
unicellular algae. In Platt, T. V. [Ed.| Physiologica! Bases of
Piytoplankton Ecology. Can. Bull. Fish. Aquat. Sci. 210:150-81.

Chisholm, 5. W. & Brand, L. E. 1981, Persistence of cell division
phasing in marine phytoplankton in continuous light after
entrainment to light: dark cycles. [. Exp. Mar. Biol. Ecol. 51:
107-18.

Dean, P. N. & Jett, |. H. 1974. Mathematical analysis of DNA
distributions derived from How cytometry. J. Cell Biol. 6(:
523-7.

Edmunds, L. N., Jr. & Adams, K. J. 1981. Clocked cell cycle
clocks. Seience (Wash., D.C.) 211:1002-13.

Elser, M. M. & Smith, W. O. 1985. Phased cell division and
growth rate of a plankconic dinoflagellate, Ceratium hirun-
della, in relation 1o environmental variables. Arch. Hydrobiol.
104:477-91.

Gerath, M. W. & Chisholm. S. W. 1989. Change in photosyn-
thetic capacity over the cell cycle in light /dark-synchronized
Amphidinium carteri is due solely to the photocycle. Plant Phys-
iof 91:999-1005.

Hastings, J. W. & Sweeney, B. M. 1964. Phased cell division in
the marine dinoflagellates. In Zeuthen, E. |Ed.| Synchrony in
Cell Division and Growth. Interscience, New York, pp. 307-
21,

Homma, K. & Hastings, ]. W 1989. Cell growth kinetics, division
asymmetry and volume control at division in the marine di-
noflagellate Gonyaulax polyedra: a model of circadian clock
control of the cell cycle. J. Cell Ser. 92:303-18.

Karentz, D. 1983. Patterns of DNA synthesis and cell division
in marine dinoflagellates. J. Protazoal. 30:581-8.

Keller, M. D., Selvin, R. C., Claus, W. & Guillard, R. R. L. 1987.
Media for the culture of oceanic ultraphytoplankton. . Phy-
col. 23:633-8.

McDuff, R. E. & Chisholm, S. W. 1982. The calculation of in
situ growth rates of phytoplankton populations from frac-
tions of cells undergoing mitosis: a clartfication. Linnol.
Oceanogr. 27:783-8.

Nelson, Do M. & Brand, L. E. 1979. Cell division periodicity in
13 species of marine phytoplankton on a light : dark cycle. /.
Phycol. 15:67-75.

Nielsen, M. V. & Tonseth, C. P. 1991. Temperature and salinity
effect on growth and chemical composition of Gyrodiniwn
aureolum Hulburt in culture. [ Plankton Res. 13:389-98.

Olson, R. ]. & Chisholm, S. W. 1986. Effects of light and nitrogen
on the cell cycle of the dinoflagellate Amphidinium cartert. J.
Plankton Res. 8:785-93.

Partensky, F. & Sournia, A 1986. Le Dinoflagellé Gyrodinium
cf. aureclum dans le plancton de I'Atlantique nord: identifi-
cation, écologie, toxicité. Cryplogam. Algol. 7:251-75,

Partensky, F. & Vaulot, D. 1989. Cell size differentiation in the
bloom-forming dinoflagellate Gymnodinium cl. nagasakiense.
J- Phycol. 25:741-50.

Partensky, F., Vaulot, D., Couté, A. & Sournia, A. 1988. Mor-
phological and nuclear analysis of the bloom-forming dino-
flagellates Gyrodinium cf. aureolum and Gymnodinium nagasaki-
ense. J. Phycol. 24:408-156.

Sosik, H. M., Chisholm, S. W. & Olson, R. J. 1989. Chlorophyll
fluorescence from single cells: interpretation of flow cyto-
metric signals. Limnol. Oceanogr. 34:1749-61.

Sournia, A. 1974. Circadian periodicities in natural populations
of marine phytoplanktan. Adv. Mar. Biol. 12:325-89.

Spudich, J. & Sager, R. 1980. Regulation of the Chiamydomonas
cell eycle by light and dark. [. Cell Biol. 85:136-45.

Vaulot, D. 1989. CytoPC: processing software for flow cyto-
metric data. Signal Noise 2:8.

Vaulot, D. & Chisholm, S. W. 1987. A simple model of the
growth of phytoplankton populations in light /dark cycles. J.
Plankton Res. 9:345-66,

Vaulot, D., Courties, C. & Partensky, F. 1989. A simple method
to preserve oceanic phytoplankton for flow eytometric anal-
yses. Cytometry 10:629-55.

Vaulot, D., Olson, R. J. & Chkisholm, §. W. 1986. Light and dark
control of the cell cycle in two marine phytoplankton species.
Exp. Cell Res. 167:38-52.

Vaulot, D., Olson, R, |., Merkel, S. & Chisholm, S. W, 1987.
Cell-cycle response to nutrient starvation in two phytoplank-
ton species, Thalassiosiva weissflogii and Hymenomonas carterae.
Mar. Biol. (Berl.) 95:625-3().

Videau, C. & Partensky, F. 1990. Variability in the growth char-
acteristics of Gymnodinivm cf. nagasakiense (Dinophyceae) and
its consequences for the calculation of m sitw growth rates.

J. Exp. Mar. Biol. Ecel. 142:169-82.



742 FREDERIC PARTENSKY ET AL,

Weiler, C. §. & Eppley, R. W. 1979. Temporal patterns of di-
vision in the dinoflagellate genus Ceratium and its application
to the determination of growth rate. J. Exp. Mar. Biol. Ecol.
89:1-24.

J- Phyeol. 27, 742-753 (1991)

Yentsch, C. S. & Menzel, D. W. 1963. A method for the deter-
mination of phytoplankton chlorophyll and pheophytin by
fluorescence. Deep Sea Res. 10:221-31.

ULTRASTRUCTURE OF VEGETATIVE AND DIVIDING CELLS OF THE UNICELLULAR
RED ALGAE RHODELLA VIOLACEA AND RHODELLA MACULATA’

Laura M. Patrone

Department of Biological Sciences, State University of New York at Binghamton, Binghamton, New York 13901

Sharon T. Broadwater and Joseph L. Scott®
Department of Biology, College of William and Mary, Williamsburg, Virginia 23185

ABSTRACT

Rhodella violacea (Kornmann) Wehrmeyer and Rho-
della maculata Evans were investigated for ultrastruc-
tural details of vegetative and dividing cells. Rhodella
violacea has a nuclear projection into the pyrenoid similar
to that found in R. maculata, although the nuclear pro-
jectionin R. maculata traverses a starch-lined area before
contacting the pyrenoid. Unlike most red algae, the two
Rhodella species lack a peripheral encircling thylakoid
in the chloroplast and have dictyosomes associated solely
with endoplasmic reticulum (ER) instead of with both mi-
tochondria and ER. Both species also have a well-devel-
oped peripheral system of ER connected to the plasmalem-
ma by tubules, a situation found only in red algal unicells.
Cell division was studied primarily in R. violacea; a less
thorough examination of R. maculata showed no essential
differences. Both have small, double-ringed, nucleus-as-
sociated organelles (NAOs) surrounded by moderately elec-
tron-dense material, metaphase-anaphase polar gaps in
the nuclear envelope, absence of perinuclear ER, and
short interzonal spindles. This pattern of mitosis is similar
in most respects to that reported in the unicell Flintiella.
Following mitosis, microtubules extend from the region of
each NAO to its associated nucleus and to the undivided
pyrencid. The NAOs appear to apply tension to the nuclei
and the pyrenoid and may be the mechanism for ensuring
equal partitioning of both organelles. Two different forms
of pyrenoid-nucleus association occur during mitosis. Nu-
clear projections into the pyrenoid, prevalent during in-
terphase and early stages of mitosis, recede at metaphase.
Then, the pyrenod extends protrusions into the nuclear
polar areas, forming a cup that partially surrounds the
nucleus. Cell division and vegetative characters confirm
the close taxonomic affinity of these two species of Rhodella
and support their separation from the genus Porphyri-
dium.
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The genus Rhodella was described by Evans (1970)
to accommodate a unicellular marine red alga iso-
lated from sand at Essex, England. This alga, R.
maculata, exhibited chloroplast and nuclear features
that were significantly different from all other red
algal unicells. Wehrmeyer (1971) transferred Por-
phyridium violaceum to Rhodella (renaming it R. vio-
lacea) due to several striking ultrastructural features
that suggested a much closer affinity to the genus
Rhodella than to Porphyridium (Gantt and Conti 1965,
Gantt et al. 1968).

A thorough investigation of cell division in R. vio-
lacea (Kornmann) Wehrmeyer and a partial study in
R. maculata Evans were undertaken in our labora-
tory as part of a continuing effort to use cell division
characters to better understand the phylogeny of
the Rhodophyta. Prior to this study, only two genera
of unicellular red algae had been thoroughly studied
for ultrastructural aspects of mitosis (Schornstein
and Scott 1982, Scott 1986). In addition to extend-
ing our knowledge of rhodophytan mitosis, this study
supports the distinction between Rhodella and Por-
phyridium and, by the elucidation of further ultra-
structural characters, confirms the close affinity be-
tween these two species of Rhodella. We believe that
the other two members of the genus Rhodella, R.
cyanea (Billard and Fresnel 1986, Fresnel and Billard
1987) and R. grisea (Deason et al. 1983, Pekarkova
et al. 1988, Fresnel et al. 1989), are unlikely mem-
bers of this genus, but their taxonomic affinities will
be discussed in a future paper.

MATERIAL AND METHODS

Rhodella violacea was obtained from the Northeast Pacific Cul-
ture Collection, Vancouver, British Columbia (NEPCC #14), and
was subsequently deposited at the University of Texas Culture
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