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DiscussioN

ASEXUAL REPRODUCTION

Data from a microscope-photometer system were used to demonstrate that the DNA
cell cycles of G. polyedra and G. uncatenum both include discrete periods of DNA
synthesis but are otherwise distinctly different. In G. polyedra, DNA synthesis and cell
division are tightly phased to restricted segments of the photocycle, separated in time
by distinct gap phases. G, has a minimum duration of ~ 8 h but can be as long as 32 h
plus 24 h multiples. DNA synthesis commits a cell to mitosis; all cells that replicate their
DNA and enter G, divide during the next division interval. G, is a distinct phase lasting
5-10 h; G, can be considered the phase G. polyedra cells occupy most of the time. In
G. uncatenum, cell division is more broadly distributed and occurs throughout approxi-
mately half the photocycle, fluctuating considerably during that time. Cell division is
phased only to the extent that it is restricted to the same half of the photocycle each
day. G, is very brief as DNA synthesis begins immediately or within several hours after
cell division is completed. Cells spend most of the photocycle in G, if they do divide
and all of it in G, if they do not. For G. uncatenum, G, is the stage occupied most of
the time.

The tight phasing of cell division in G. polyedra was first observed by Sweeney &
Hastings (1958) and has since been more extensively studied by Homma (1987) and
Homma & Hastings (1988) who found that, even under a variety of photocycles (LD
18:6 to LD 9:15), the cell division peak was always <4 h in duration and occurred
at or near the dark to light transition. This is entirely consistent with our results using
different methods. It is generally agreed that the cell cycle in G. polyedra is controlled
by a circadian clock mechanism.

Most dinoflagellates that have been studied undergo cell division during the dark to
late dark/early light period (Chisholm, 1981). The number of dividing cells usually
occurs as a peak with a single maximum. Cell division in G. polyedra followed this
“typical” dinoflagellate pattern whereas G. uncatenum showed a less common pattern,
observed in Scrippsiella sweeneyi and Prorocentrum micans (Hastings & Sweeney, 1964;
Sweeney & Hastings, 1964) where division was initiated during the light period.

Our study shows that DNA synthesis occurs in a discrete time period for both
G. uncatenum and G. polyedra. In G. polyedra, synthesis is phased to a specific section
of the photoperiod whereas in G. uncatenum, synthesis is discrete (but not tightly
phased) and occurs immediately after cell division. Only Crypthecodinium cohnii (Allen
et al., 1975) and the zooxanthellae from Anthopleura elegantissima (Franker, 1971) have
exhibited this pattern of synthesizing DNA shortly after the completion of mitosis.
Karentz (1983) hypothesized that the occurrence of this unusual pattern in these two
species is a reflection of one being symbiotic and the other heterotrophic. G. uncatenum
is the first free-living photosynthetic marine dinoflagellate to exhibit a pattern of DNA
synthesis immediately after mitosis.
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Previous studies have suggested that DNA synthesis is continuous in some dino-
flagellates (Dodge, 1966; Karentz, 1983) and phased to a discrete period in others
(Franker, 1971, Franker et al., 1974; Loeblich, 1976; Spector et al., 1981; Sweeney,
1982; Karentz, 1983; Homma, 1987; Cheng & Carpenter, 1988). Two species have
exhibited both continuous low level synthesis and a period of more rapid synthesis
(Filfilan & Sigee, 1977; Galleron & Durrand, 1979). Where Triemer & Fritz (1984)
suggest that such variability between species is reasonable in the dinoflagellates given
their procaryotic and eucaryotic affinities, Rizzo (1987) argues that what appears to be
continuous synthesis may actually be a reflection of incomplete cell synchrony in the
experiments or the difficulty in interpreting labelled precursor uptake studies. Our data
seem to support the argument for lack of synchrony since measurements of the DNA
content of individual cells always showed a few of those cells in S for both species at
all times, despite the clear phasing of the bulk of the DNA synthesis to discrete intervals.
If these same cultures had been examined with *H-thymidine or other labelled precur-
sors, a short interval of rapid uptake superimposed on a continuous low level of uptake
would have been observed.

In G. polyedra, DNA synthesis appears to be phased to an interval of ~6h. The
1-3-h difference in time between the peak number of cells in S and the maximum in G,
is an indication of the duration of S for this species (Heller, 1977). Since G, is short
or absent in G. uncatenum and mitosis occurs throughout a 12-h period, the cells are
necessarily synthesizing DNA throughout that 12-h period also. The cell division
pattern was erratic in our experiments but the disappearance of dividing cells preceded
the increase of cells in G, to maximum levels by 2—-4 h. This gives an approximate
estimate of the duration of S for individual G. uncatenum cells. )

The duration of DNA synthesis for other dinoflagellates is 6—9 h for Amphidinium
carteri(Galleron & Durrand, 1979) and 7 h for Cachonina niei (Loeblich, 1977). Homma
(1987) estimated 1.7 h for G. polyedra based on flow-cytometric DNA measurements
made every 4 h and a mathematical model. Cheng & Carpenter (1988) estimated the
duration of S for individual Heterocapsa triquetra cells to be 2.8—4.4 h in a population
where S occurred over 12-14 h. Olson et al. (1986a) obtained a 2.4-h DNA synthesis
for individual 4. carteri and concluded that although G, and G, have durations that
vary according to growth conditions, the duration of S remains constant.

One potential benefit of the tightly phased cell cycle of G. polyedra is that it would
allow growth rate calculations for this species in complex natural assemblages. Since
this dinoflagellate has the unique characteristic that all of the cells that will divide within
a given day are identifiable as cells in G, at the end of the dark period, the fraction of
the population (f) in G, just prior to the initiation of cell division can be used to estimate
the growth rate according to p = (1/1 day) (In (1 + f)) (McDuff & Chisholm, 1982).
Cheng & Carpenter (1988) have developed a more general application of this method
that can be used with species not as tightly phased as G. polyedra.
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SEXUALITY

The dinoflagellate life cycle often includes both asexual and sexual reproduction
(reviewed in Pfiester & Anderson, 1987). During sexuality, vegetative cells produce
gametes that fuse to form planozygotes which in most cases mature into nonmotile
benthic cysts or hypnozygotes. Gametes and zygotes are often difficult to distinguish
from vegetative cells by microscopic observation except with laborious staining tech-
niques like protargol silver (Coats et al., 1984).

Both cell cycles in this study lend themselves to the potential detection of sexual stages
using our procedures. This would be the easiest for G. polyedra since the vast majority
of cells are in G, at the same time, making planozygotes with two complements of DNA
detectable. Unfortunately, G. polyedra did not bloom at our field site during this study
and our cultures had lost the ability to form cysts, so we were unable to test these
methods on this species.

We were able to monitor patterns of sexuality in the DNA histograms of nutrient-
deficient cultures of G. uncatenum. Our data show that G. uncatenum gametes have
1C DNA and newly formed planozygotes have 2C. This agrees with the only other direct
measurements of planozygote DNA content in a dinoflagellate (Cembella & Taylor,
1985). However, since vegetative cells spend most of their time in G, with 2C DNA,
it is not possible to distinguish planozygotes using DNA measurements alone. Gametes
have 1C DNA, and vegetative cells do as well, but for only a short portion of their cell
cycle. Shifts in successive DNA histograms towards 1C cells would thus be an indication
of sexual induction in G. uncatenum. Combined with cell-count information, much can
be learned about the dynamics of sexuality for this species.

For example, we contend that gametes were formed by a series of rapid divisions at
rates far exceeding those for normal vegetative division. During the interval when
gametes were formed in large numbers (Days 11-12), the population growth rate
appeared to be 1 division - day ~ !. However, since all binucleate cells present on Day 12
were formed by the fusion of two gametes, twice as many gametes must have been
produced as there were binucleate cells present; the actual growth rate must, therefore,
have been > 1 division-day~!. Assuming that only the 2C DNA cells present on
Day 11 (910 or 699, of the total) were potential dividers, the cell density on Day 12
should have been 2191 cells-ml~'. On Day 12, the actual cell concentration was
2578 cells - ml ~ !, equivalent to 3382 cells - ml ~ ! if binucleate cells are counted twice as
representing fusion products. Furthermore, we expect that some of the cells on Day 12
with one nucleus but 2C DNA (429, of the total) were planozygotes, also the result of
fusion of two gametes, so our estimate of 3382 cells - ml~ ! is necessarily low. Our data
thus suggest that virtually the entire population became sexual at the same time and that
gametes were formed by two rapid divisions in <24 h as was suggested for this species
by Coats et al. (1984) using protargol staining. Following the process further, we see that
the cell density between Days 12 and 13 did not change appreciably, presumably
because most of the 1C cells on Day 12 were gametes. Thereafter, the proportion of 1C
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cells decreased and 2C cells increased, presumably due to gamete fusion. By Day 15,
cell density had decreased, as had the percentage of binucleate cells, indicating the
completion of nuclear fusion in the planozygotes.

In this study, we have: (a) presented a microscope-photometric method that can be
used to describe the DNA cell cycle of dinoflagellates from cultures or mixed field
samples; (b) described the DNA cell cycle of G. polyedra and G. uncatenum, the latter
being atypical for free-living photosynthetic dinoflagellates; (c) demonstrated that DNA
synthesis is discrete and not continuous in these two species; (d) demonstrated that
DNA histogram data may be useful in estimating growth rate in natural populations of
G. polyedra; and (e) shown that information relating to the timing of sexuality can be
obtained for G. uncatenum using DNA measurements although those measurements
alone cannot be used to group cells into asexual and sexual categories. Cell counts or
supplementary morphological or cytological data are also needed. The G. polyedra cell
cycle makes it theoretically possible to detect and quantify zygotes without these
additional types of data.

It may thus be possible to document the detailed asexual and sexual dynamics of
at least one dinoflagellate species in a mixed natural assemblage. In this way, it should
be possible to separate and quantify these two reproductive processes as they affect the
bloom dynamics of cyst-forming dinoflagellates.
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