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ABSTRACT: Every year the Earth's rotation period is reduced, mainly due to the tidal drag of the
moon. The length of day increases continuously by about 1 h every 200 million years. The period of
rotation around the Sun remains constant; hence, the length of the year remains constant, so years
acquire progressively fewer days. Many unicellular algae show rhythmicity in their cell division
cycle. If primitive algae evolved under a shorter day duration, then it is possible that the early-
evolved algae had to synchronize their cell division cycle to shorter lengths of day than did later-
evolved algae. We tested this hypothesis by growing Cyanobacteria, Dinophyceae, Prasinophyceae,
Bacillariophyceae and Conjugatophyceae (evolutionary appearance probably in this order) at 8:8 h
light-dark cycles (LD}, 10: 10 LD, and 12: 12 LD, at 20 or 27 °C. Cyanobacteria synchronized their cell
division cycles optimally at 8:8h LD, Dinophyceae and Prasinophyceae at 10:10h LD, and
Conjugatophyceae and Bacillariophyceae at 12:12 h LD. The synchrony of cell division was scarcely
affected by temperature. Results suggested that the early evolved unicellular autotrophic organisms
such as the Cyanobacteria synchronized their cell division cycle under a shorter day duration than
later-evolved unicellular algae, and these traits may have been conserved by quiescent genes up to
the present day.

INTRODUCTION

Biological adaptation processes depend strongly on geological history, and this may
apply to adaptation to the length of day. It is a well-known hypothesis among geologists
that the lengthening of day occurred in the geological past because the Earth's initially
rapid rotation slowed down. This is mainly caused by the tidal drag of the moon, which
moves farther from Earth by about 6 cm per year and gains the rotational energy lost by
Earth, since the total rotational energy of the Earth-moon system is conserved (Bott, 1982;
Foster, 1991). The increase in the length of day is estimated at between 8 to 27 sec per 1
million years (Muller & Stephenson, 1975; Bott, 1982; Foster, 1991). Using a mean rate of
18 sec per 1 million years, the length of day increased by about 1 h every 200 million
years. The day would thus have lasted around 21 h at the beginning of the Paleozoic, 560
million years ago. As days became longer, the years acquired progressively fewer days,
since the year, defined as the period of Earth's trip around the sun, did not change
because the distance between the sun and the Earth remained constant (Bott, 1982;
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Foster, 1991). The Middle Devonian year, 375 million years ago, had probably a max-
imum of 407 days, as Wells (1963) calculated from daily and annual banding patterns in
fossil rugose corals. This fossil “clock” value corresponds to an increase in the length of
day at a rate of 24 sec per 1 million years and is in agreement with the estimated slowing
of the Earth's rotation.

There are other biological phenomena indicating that the length of day increased
throughout geological times. Examples are the ability of the endogenous circadian clock
to synchronize its period optimally to a certain length of day (Biinning, 1973; Sweeney,
1987) and the day-night synchronization of the cell division cycle, which may or may not
be coupled to the circadian clock (Edmunds, 1988). Earlier evolved organisms possibly
had to synchronize their circadian clocks and cell cycles to shorter days than later-
evolved organisms.

Many species of unicellular algae exhibit rhythmic cell division and divide synchron-
ously once every 24 h, if they are grown in a light-dark cycle with a period of 24 h.
Rhythmic cell division has been observed in laboratory cultures and in the field, e.g. in
dinoflagellates, diatoms, Coccolithophores, Haptophytes, Prasinophytes, Conjugatophy-
tes and Euglenophytes (Sweeney & Hastings, 1958; Edmunds & Funch, 1969; Chisholm &
Brand, 1981; Brand, 1982; Alvarez et al.,, 1988; Costas & Lépez-Rodas, 1991a, 1991b;
reviews by Edmunds, 1984, 1988). In several of these species, cell division is clearly
coupled to the circadian clock, with persisting rhythmicity in constant conditions, and
some observations on temperature stability of the free-running period, and on phase
shifts by light pulses. This has partly been demonstrated, e.g. in dinoflagellates (Sweeney
& Hastings, 1958; Homma & Hastings, 1989a, 1989b) and Euglenophytes (Edmunds et al.,
1976, 1982), but not in diatoms (Ostgaard & Jensen 1982; Chisholm & Brand, 1981). The
phase of the circadian clock is accurately transferred from the mother to the daughter
cells in dinoflagellates (Homma et al., 1990). The molecular basis of cell division
synchrony remains obscure, but several molecular mechanisms have been proposed to
explain the control of the cell division cycle of microalgae (Edmunds, 1988; Costas &
Lépez-Rodas, 1991aj).

Cell division synchrony is generally interpreted as an adaptation to daily changes in
the environment (Edmunds, 1988). Cell division in cultures of unicellular algae was
synchronized by light-dark cycles with a total length of 24 h (Edmunds, 1965, 1984, 1988;
Costas & Lépez-Rodas, 1990, 1991b). The ancient Cyanobacteria (Oxyphotobacteria) and
intermediate groups, such as the Prasinophyceae, date back to Precambrian times and
may have experienced a primitive Earth with a day duration less than 24 h.

If ancient organisms had to synchronize their circadian clocks and cell division cycles
to a day duration shorter than 24 h, the question arises whether the representatives of
ancient groups would have conserved this trait and would still exhibit better cell division
synchrony with a shorter day duration. To test this question and to investigate the grade
of cell division synchrony in a few early-evolved and later-evolved algal species at day
durations differing from 24 h and at the traditionally used day duration of 24 h was the
objective of this paper. Since temperature may change cell cycle length and the period of
circadian rhythms (Sweeney, 1987; Balzer & Hardeland, 1988}, the experiments were
performed at two different temperatures.
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MATERIALS AND METHODS

Clonal cultures from the following 6 phylogenetically distant organisms were used
from the algal culture collection of the Universidad Complutense de Madrid: Nostoc sp.
clone NV 02 and Chroococcus clone Ch 01 (Cyanobacteria), Prorocentrum triestinum
Schiller clone Pt 3V (Dinophyceae), Tetraselmis clone Te 40 (Prasinophyceae), Spirogyra
insignis Hassall clone Si UMB (Conjugatophyceae), and Phaeodactylum tricornutum
Bohlin clone Ph 01 (Bacillariophyceae).

Three replicates of each clone were cultivated under photocycles of 8:8 h LD,
10:10 h LD and 12:12 h LD (L = light phase, D = dark phase} at a photon fluence rate of
100 umol m~2 s™1. All replicates were grown in axenic culture in {/2 medium (Guillard,
1975) at 20 + 1°C and in parallel at 27 = 1°C. Once every week, exponentially growing
cultures were maintained by transferring an inoculum of 1000 £ 15 cells of each culture
to 20 ml fresh medium.

Prior to counting cell numbers, the cultures were pre-adapted for 20 days in each of
the environmental conditions. Cell numbers were counted at 2-h intervals through each
light-dark cycle. The degree of synchronized cell division was defined as the percentage
of those cells performing cytokinesis simultaneously during a certain 2-h interval, with
respect to all cells that divided during the respective light-dark cycle. A 2-h interval was
chosen because cytokinesis lasts 60—90 min in the species analysed (further details in
Costas & Lépez-Rodas, 1990, 1991a, b, ¢; Aguilera, 1991).

Cell number was determined in Cyanobacteria by counting samples in a hemocy-
tometer, which was appropriate since both Nostoc and Chroococcus grew in cultures as
isolated cells. Prorocentrum triestinum, Tetraselmis and Phaeodactylum were counted in
settling chambers. In Spirogyra, all cells of a filament were counted using an inverted
microscope. Except for Spirogyra, the minimal sample size was determined by the
progressive mean technique with a confidence limit of 5% (Williams, 1977). A direct
video micrograph recording, using a Zeiss Axiovert-Sony video system, was used to
detail observations on cell cytokinesis in different cultures and to facilitate cell counts in
Spirogyra.

Each experiment on a particular light-dark cycle was performed three times, and
three samples were investigated at 2-h intervals. Statistical analysis was possible with a
sample size of 9 for each light-dark cycle.

RESULTS

Nostoc sp. and Chroococcus sp., the two cyanobacterial and most ancient species,
exhibited maximum cell division toward the end of the night (Figs 1, 2). Highest cell
division synchrony occurred at 8:8 LD in Nostoc sp. {(Fig. 1) and at 8:8 LD and 10:10 LD
in Chroococcus sp. (Fig. 2). The statistical significance of the occurrence of maxima at the
short periods of 16 or 20 h and the occurrence of minimum synchronization at the period
of 24 h in 12:12 LD were ascertained by a posteriori Student-Newman-Keuls test (SNK
test; p < 0.01). These effects were independent of temperature (Figs 1, 2).

In contrast, the species of the most recently evolved groups, Spirogyra insignis
{Conjugatophyceae; Fig.3), as well as Phaeodactylum tricornutum (Bacillariophyceae;
Fig. 4), exhibited significant synchronization of cell division only at a period of 24 h, i.e.
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under 12:12h LD cycles (SNK test; significant at p<0.01). Maximum cell division
occurred again towards the end of the night in both species (Figs 3, 4), and at the
beginning of the day in P. tricornutum at 10:10 LD (Fig. 4).

The species of the intermediately evolved groups, i.e. Prorocentrum triestinum
{Dinophyceae; Fig.5) and Tetraselmis sp. (Prasinophyceae; Fig. 6), exhibited synchroni-
zation at cycle periods of 24 and 20 h, with maximum cell division at the end of the night
and the beginning of the day, but not at the period of 16 h.

In the investigated samples, the described differences in cell division synchrony
among the different day lengths were found to be significant at p < 0.01, as indicated by
single classification analysis of variance (ANOVA; Sokal & Rohlf, 1981); while tempera-
ture did not significantly change the day-length patterns (Figs 1-6).

DISCUSSION

The earlier-evolved algae synchronized their cell division cycles to a shorter length
of day than the later-evolved algae, which evolved when the duration of a day had
increased. Geological records and molecular phylogenies suggest that: (1) Cyanobacteria
probably appeared on Earth about 2500 million years ago; (2) Dinophyceae and ancient
Prasinophyceae, about 1500 million years ago; and (3) the filamentous Conjugatophy-
ceae and pennate Bacillariophyceae, about 500000 years ago (Margulis & Schwartz,
1982; Dodge, 1983; Herzog et al., 1984; Gunderson et al., 1987; Baroin et al., 1988; Lee,
1989; Lenaers et al., 1989; Knoll, 1992; van den Hoek, 1993). Assuming an average
increase in a day's duration of 1 h every 200 million years (see “Introduction”), a day may
have lasted 11.5, 16.5, or 21.5 h at the first appearance of groups (1), (2), or (3). In the
present investigation, only a few species of each group were analysed. The 8:8 h,
10:10 h and 12:12 h LD day lengths used represent only a tentative approach; but the
results support the hypothesis that the earlier-evolved algae were able to synchronize
their cell division to shorter period of day-night cycles than later-evolved organisms.
Supporting data were available from work aimed at increasing the production of unicel-
lular algae used in industry. In Tetraselmis spp., which belongs to an ancient group, cycle
periods shorter than 24 h resulted in better synchronization (Alvarez & Gallardo, 1989)
and higher growth rate (Lopez-Rodas et al., 1992} than cycles with a period of 24 h.
Optimal cell division synchrony in the more recently evolved Conjugatophyceae at a
cycle period of 24 h was also found by Alvarez et al. (1988). In addition, the period of
several rhythms in early-evolving unicellular organisms have been reported to be shorter
than in mammalian cells (Edmunds, 1988).

The origin and evolution of circadian rhythmicity, which controls the cell cycle in
some of the investigated groups, remain obscure. Pittendrigh (1965, 1966) suggested that
the daily light-dark cycle was the historical selective agent of circadian oscillation; hence,
these circadian periodicities reflected an adaptation of the primitive cells to protect
themselves against deleterious effects of solar irradiation. If a primitive oscillator had
evolved when the solar day was short, it would have had a relatively short free-running
period. Klevecz (1984) and Klevecz et al. (1984) suggested that modern circadian rhythms
have evolved by organismic fusion and the coupling of systems with short-period
oscillators that probably emerged when the Earth's rotation was rapid. Biinning (1986)
proposed that the use of a circadian oscillator for measuring day length had developed
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independently in several phyla. If circadian oscillators appeared independently in sev-
eral phyla that originated in different ages, it seems possible that those that appeared first
had shorter cycles than those that originated later, due to the influence of the slowing
down of the Earth's rotation. The question of whether prokaryotes lack or have circadian
rhythms has caused debate (Edmunds, 1988), but recent work has indicated the presence
of circadian rhythms in cyanobacteria prokaryotes (Grobelaar et al., 1986; Mitsui et al.,
1986, 1987%).

Why were these properties conserved for such a long time, when there seems to be
no use for them? Species of Chroococcus and Nostoc have been living in 24-h cycles for
quite a while now. Why have strains not been selected in the more recent past that are
perfectly adjusted to 24-h cycles? A more fundamental objection relates to the possibility
that a presently living species may be relatively young, although the group to which it
belongs may be ancient. Furthermore, certain taxa such as the Prasinophyceae may be
polyphyletic and may have developed at different moments in time. Nevertheless, we
tentatively suggest that the coupling of cell division cycle to ancient day length may have
become fixed as a quiescent character. Kollar & Fisher (1980) showed that there are
quiescent genes that, like those for tooth induction in chickens, can not be expressed
under normal conditions, but can be expressed under abnormal conditions.

Other objections, which can be raised against the present hypothesis, concern the
more recently evolved groups of diatoms, comprising several species that cannot be
synchronized at all and other species with generation times as short as 6 h (Nelson &
Brand, 1979). Another example is the chlorophytan Hydrodictyon reticulatum, in which
entrainment of metabolic rates to cycle lengths as short as 6:6 h LD is possible (Pirson,
1957). It should be stated that some unicellular algae that divide asynchronously at high
growth rates, at doubling times longer than the period of the light-dark cycle, tend to
synchronize cell division at low growth rates, when doubling time exceeds the period of
the light-dark cycle (Edmunds, 1988). This probably reflects the cellular ability to connect
or disconnect photosynthesis to biosynthesis of energy storage products or to synthesis of
cell cycle essentials such as DNA and proteins, with a complex connection between cell
division and diurnal photosynthesis. In the present investigation, the species used were
selected because: (1) several aspects of their cell division cycle have been previously
analysed in detail (Costas & Lépez-Rodas, 1991c; Costas et al., 1992); and (2) they have
doubling times around 24 h, under standard laboratory conditions. Previous papers also
suggested that the clones used here can, with respect to cell division synchrony, be
considered as representative of the whole species (Aguilera, 1991; Costas & Lépez-
Rodas, 1991a,¢).

Although many problems make it difficult to prove the influence of the decreased
rate of rotation of the Earth on cell division synchrony of unicellular algae, it remains a
provocative hypothesis. Pannella (1972) and Mohr (1975) determined the number of solar
days per lunar month from depositional periodicities in stromatolites, and suggested that
cellular oscillators are vestiges of a primitive circadian clock. Further studies on sea-
weeds that exhibit circannual and circadian growth rhythms are needed to help clarifiy
our hypothesis (cf. Lining, 1991, 1993, 1994).
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