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Light and Dark Control of the Cell Cycle in
Two Marine Phytoplankton Species

D. YAULOT* R. J, OLSON**and §. W. CHISHOLM***

Ralph M. Parsons Laboratory 48425, Massachuseris Institute of Technology,
Cambridge, MA 02139, USA

The effect of light and dark on growth, DNA replication and cell division of two man e
phytoplankters Thalassionira weissflogii (a diatom) and Hymenomonas carterge (a coc -
hthophonid) was investigaled using flow cylometry. The two species displayed ve y
differing behavior. When transferred from light to prolonged darkness, all coccolithophor id
cells were arrested at the beginning of the G1 stage of the cell cycle. When shifled ba k
into light, they resumed cycling at a rate siiphtly slower than prior to arrest. In contra 1,
diatom cells were arrested either in the G1 or G2 stage of the cell cycle in the dark. Upn
re-exposure to Hght, cells which had been dark-arrested in G1 resumed cycling at the sanie
rate as prior to arrest, while cells arrested in G2 cycled much more siowly. These resu ts
suggest that in both species, light control of cell cycle progression is effective only ove a
restricted part of the cell cycle, as has been hypothesized by Spudich & Sager (J cell bio] $3
(1980) 136) [38] for Chlamydomonas. In the coccolithophond there 15 a single lig t-
dependent segment located at the beginning of GI, whereas the diatom appears 1o have v /o
such segments, one in Gl and the other in G2, corresponding to two different lig
requiring processes. & 1986 Acadermuc Press, Inc

Cell populations of numerous phytoplankton species have been shown to be
entrained by alternating periods of light and dark. The entrainment regula es the
timing of cell division as well as other cellular processes such as photosyi thetic
capacity and enzyme activity (see [6] for a review)}. Two kinds of hypo heses
have been formulated to account for the entrainment of cell division. Tt e first
assumes that the cell cycle is coupled to an internal clock, itself entrained >y the
forcing photocycle [17, 18, 40]. The seccond, which has received incr:asing
attention recently [7, 21, 23, 41], proposes that cell division and the cell ¢y :le are
directly driven by the forcing photocycle without an intervening clock {3, 38].

The cell cycle can be viewed as a composite of two cycles: the DNA/ vision
cycle, which encompasses the rephlication and division of genetic materi: 1, and
the growth cycle, which includes all other macromolecular syntheses [24]. During
balanced growth, these two cycles have 1o be coupled so that, on average (1 ut not
necessarily for each individual cell), cell mass doubles during the interd vision
time. A potential coupling mechanism for these cycles is the requirement that a
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Fig. 1. The light-dependent cell cycle according to the model of Spudich & Sager [38). The light
requirement for cell ¢cycle completion must be fulfilled during the light-dependent segment AT. When
cells are placed in the dark, those that are between A and T are arrested in their cell cycles, All the
others progress through their cycles until they reach the point A where they are arressted until r-
exposed to light.

specific cellular component or characteristic, such as size [19], total protein [32]
or total rRNA [14] must reach a critical level in order to trigger the initiation of
DNA synthesis. Besides this internal regulation, cell cycle progression is also
temporally regulated by a multiplicity of external factors such as nutrients,
oxygen, pH or hormones (30, 44]. In mammalian cells the effect of a perturbation
in the supply of a given factor depends on the location of a cell in its cell cycle at
the time of perturbation. In general, cells which are located beyond a certain
point in the cell cycle (called restriction point or transition point) can complete
the DNA/division cycle even in the absence of the factor [31]. In contrast, cells
perturbed before the restriction point may either stop in their cycle or enter
differentiated quiescent state called GO [33).

The same type of control has been proposed to operate in the case of phyto-
plankton and light [38, 7, 21]. According to this model, the cell cycle is dividec
into a light-dependent and a light-independent segment. A cell must receive a
given amount of light energy while in the light-dependent segment in order to
progress into the light-independent segment and be committed to divide (fig. 1). It
is likely that part of this energy is stored in the form of lipid and carbohydrate
reserves [26, 25] and then used later to carry out the necessary biosyntheses for
completion of the cell cycle. In prolonged darkness, cells are assumed blocked in
the light-dependent segment bounded by two points: an arrest. point A and a
transition point T (fig. 1). Before A and beyond T, cell cycle progression is light-
independent; A represents the last point to which a cell born in the dark can
progress in its cycle if maintained in the dark. When re-exposed to light, cells
proceed normally in their cycle starting from the location where they were
arrested.

In the present study, we examined the kinetics of dark-arrested and dark-
released populations of two phytoplankton species, a diatom, Thalassiosira
weissflogii, and a coccolithophorid, Hymenomonas carterae, using flow cyto-

Exp. Cell Res 167 (1986]



40 Vauwlor, Olson and Chisholm

metry to record DNA and protein distributions. These two species have be:n
chosen because they ¢xhibit very different division patterns when grown on 2<-h
photocycles {35, 7}. In coccolithophorid populations, division is restricted to t1e
dark period, whercas division in diatom populations occurs primarily at the ¢1d
of the light period, but continues throughout the 24-h cycle. We wanted 1o 1 st
whether the differences in division behavior of these populations could be relarad
to differences in the way light controls their cell cycle, Indeed the data obtair od
for the coccolithophorid are consistent with the existence of a single ligt-
dependent segment in its cell cycle, whereas the diatom appears to possess t vo
such segments, one in G1 and the other in G2.

MATERIALS AND METHODS

Culture Conditions

Thalassiosira weissflogi clone “Actin® and Hymenomonas carierae clone "Cocco 1] were obtaied
from the culture coliection of Dr R R. L, Guillard {Bigelow Laboratory. Boothbay Harbor, Mai e}
Both were maintained in batch cultures at 20°C at a light intensity of 100 uE m™? 57" 2 ennc sed
seawater medium {207 filter-sterilized through 0.22 um pore size filter For the expenments desn red
here, the cells were grown in 100-300 ml Erlenmeyer flasks in f2.ennched seawater medum with 0.2
mM N as (NH,),S0, and 0.2 mM Si as Ni;S5i0; 9H.0 for the diatom Dark condiuons v ere
obtained by wrapping the flasks in aluminum foil.

In expenments with 7. weisiflagii, two cell cycle-specific blocking agents {Sigma Ce., St 1 dis,
Mo.) were used: hydroxyurea 10 inhibit DNA synthesis and colcemid (o inhibit mitasis. The ag nts
were used at the lowest concentrations (6.3 and 0.02 mM respectively) required for comy cle
wnhibition. This was delermined by adding increasing drug concentrations (¢ batch cultures and
monitoning the evolution of the DNA distnbutions using Mow cylometry (sece below). At ol ese
concentrations and for the time scale of interest (30 b for hydroxyurea, and & b for colcemid), 8 ese
agents did nol influence transit through the non-inhibited part of the cel!l cycle (see Results).

Cell Counting and Fixation

Cells were maintained in a refngerated bath at - 1°C for 048 b before being enumerated and f xed
for flow-cytometric analys;s Cells sampled from cultures in the dark were maintained in the das . Lo
munimize disturbances. Conlrol experiments eslablished thal no noticeable change in the cel ilar
characteristics of interest to us occurred under these storage conditons. Cell number and cell size
were delermined with a mode] Z; Coulter Counter (Coulter Electronics, Hialeah, Fla.) using a 10 -um
aperture tube Cell volume distnbutions were stored on an Apple 2~ compuler for subseqient
analysis. 10°-10% cells per sample were fixed in methanol as described 1n {27}, and stored at 4°C fc - up

to six months prior to staining for the flow-cytomelne measurements

Cell Staining

In preparation for staiming, fixed celis were rinsed twice out of methanol by centrifuging and
resuspended in fresh phosphate-buffered saline {PBS 10 ¢ g1 Na,HPO, 7H;0: 3.9 g1 KH:PO, 5.0
g NaCl). Using a modification of the procedure described in Crissman & Steinkamp [12], cel ular
DNA was stained with propidium 1odide (PI, Sigma Co.) in the presence of RNase (RAS -A,
Worthington Division, Freehold, N.1.} io eliminate intecference from RNA, and cellular protein was
stained with fluorescein isothyocyanate (FITC, Sigma Co ) A mixture of PI, FITC and RNase was
added (o the cells 1p the buffer (to obtain final concentrations of 5.0, 4.2 and 40.0 mg/l respect ely)
and allowed Lo react for 2 h at reom temperature pror to the measurements. Under these condit »ns,
RNase was shown (o eliminate completely the fluorescence due (o the PI-RNA comptex. The v. fues
of protein per cell were not calibrated with 2 direct chemical assay; thus the data reporied here re Tegl
relative changes in proten conlent and must be interpreted comservatively,
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Flow-Cytometric Measurements

Cells stained for DNA (PI) and protein (FITC), were analysed using a Coulter Epics V flow
cylometer/cell sorter (Coulter Electronics, Hialeah, Fla.). The 488-nm laser line was used to excile
green fluorescence (FITC—protein) between 515 and 560 nm and red fluorescence (PI-DNA) above
630 nm. Data were transferred to an IBM CS 9000 computer for subsequent analysis.

Aliquots of 10-2.10° cells were analysed per sample. Instrument accuracy and long-term drift were
monitored using fluorescent standard beads (3.79 um diameter Polybeads, Polysciences, Warrington,
Pz.). The measured coefficient of variation of the standard beads was always between 1 and 3 %. Drift
never exceeded 10% for a series of samples and was usually below 3 %.

Microscopic Counts of Doublet Cells

In T. weissflogii, as in diatoms in general [39], there is a post-cytokinesis doublet stage devoted to
the formation of the silicon frustule, during which the daughter cells remain attached and grow in size.
This stage may last from 1-2 h, i.e. up to 25 % of the 1otal cell cycle in optimal growth conditions. The
doublets are recorded as single cells by the Coulter Counter and cannot be distinguished from cells in
the G2+M stage in flow-cytometric measurements of DNA distributions made according to our
procedures. Their frequency was thus determined microscopically using a Zeiss epifluorescence
microscope. The counts were done on fixed samples stained with the DNA-specific stain Hoechst
33342 (27]. At least 500 cells were examined per sample. Cells in this stage were subtracted from the
G2+M peak and assigned lo a separate category called D representing a stage between M and G1 in
the cell cycle.

DNA Distribution Aralysis

DNA distributions obtained by flow cytometry consist of two main peaks, corresponding to G1 and
G2+M cells, separated by a region corresponding to cells in the S phase (figs 1, 2, 3). In T. weissflogii
the second peak also includes cells in the doublet stage D (see above). The G1 and G2+ M peaks are
assumed to have Gaussian distributions. In our samples, typical coefficients of vanation (CV) for the
G| peak were 6-8% for T. weissflogii (fig. 2) and 46 % for H. carterae (fig. 3). The analysis of such
distributions provides estimates of the proportion of cells in the three phases G1, S and G2+ M. In the
present case, the S phase was modelled as a sum of rectangles broadened by Gaussian distnbutions
having the same CV as the G1 and G2+ M peaks (figs 2, 3). This representation of the S phase is more
appropriate for the analysis of synchronous DNA distributions than a Gaussian integral or a broad-
ened polynomial [1). In order to cover optimally the S phase the number of S peaks was set as
inversely proportional to the width of the G1 peak (typically 3 S peaks fora 7% CV and 5 5 peaks for
a 4% CV). The set of fitting parameters (CV of G1, relative positions of G1 and G2+ M peaks, and
number of cells in G1, G2+ M and each S peak) was determined by a non-linear Macquart algorithm
(personal communication of P. Dean).

An anomaly in the data was noted in H. carterae. In cell populations stained with either PI (fig. 3}
or Hoechst 33342, many DNA distributions had a positively skewed G1 peak. Since the analysis
method assumes that the GI peak has a non-skewed Gaussian distribution, an unusually large number
of cells were found in the first S peak (called S1) when such a skew was present (fig. 3). The
mathematical analysis of such DNA histograms being necessarily ambiguous [1], it is not clear
whether the cells is S1 were actually in early S or in G1. If they were in S, this could reflect slow rates
of DNA synthesis in early S [15]. Alternatively, if they were in G1, then the skew in the G1 peak was
real and may have been the result of plastid DNA staining [8] or non-specific staining. The fact that H.
carterae cells were arrested in both G1 and S1, but never in the rest of the S phase (S2) or in G2+M in
prolonged darkness (see below) indicates that Gl and $1 have similar properties with respect to
light/dark control. We have therefore pooled the DNA phases as G1+8S1, S2 and G2+ M for the
analysis of H. carterae data. The basic conclusions of this work, however, are not dependent on the
inclusion of S1 cells in either G1 or S.

Transit Times through Cell Cycle Phases

When the experimental conditions are such that there is no incoming flux of cells into one of the
DNA phases, but only an outgoing flux, one can compule the average transit time of the outgoing cells
through this phase assuming first-order exit kinetics [37]. A typical example is colcemid inhibition of
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Fig 2. DNA distnibution of an exponentially growing population of the diatom T, weivsflogi, sta ned
with propidium iodide (P/) and analysed by flow cytometry. The DN A distnbution was maodelled 15 a
sum of broadened rectangles fitted using a non-linear algornthm. The coefficient of varation of the (1
peak was 6.59%. (A) Raw data(- - - - ) and fitted curve (——)_ (B) Decomposition into G1, S (0 st S
peak), 52 {all other § peaks) and G2+M+D. D is a post-cytokinesis doublet stage in which daug iter
cells remain attached.

Fig. 3. DNA distribution of an exponentially growing population of the coccolithophonid #. carte ue.
The coefficient of variation of the Gl peak was 5.2%. (4) Raw data{ - - - and fitted curve (— —).
{8} Decomposition into G1, 81, 82 and G2+ M. Note that the S1 peak was more prominent than i T
weissflogii {fig. 2).

mitesis, for which there is no flux of newly divided cells into G1. If T, 1s the average transit 1 me
through phase P, X_{f) is the 1otal number of cells in phase P at time ¢, and 1= G015 the time at whick the
flux into phase P stops, then:

X, () = X 40)-exp (—4/T,) n

and thus T, can be computed easily from the slope of the curve:

¥ =In [X A0} =1n [X (0)-4/T,. (2)
RESULTS

Kinetics of Dark Arrest: T. weissflogii

T. weissflogii cells had an average generation time of about 7.6 h in continu« us
light under the conditions of these experiments (table 1}. The cells spent roug 1ly
the same amount of time in each of the four cell cycle stages we have identificc in
this species. When cells were placed in the dark, cell division within the popu la-
tion continued for 8 h (fig. 4 4). During this period average volume and prot “in
per cell did not change (fig. 4 ), but total cell volume and protein per volume of

Exp Cell Res 167 {1988}
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culture (i.e., the product of cell concentration and protein or volume per cell)
increased in the dark. The protein accumulation rate was slower in the dark than
in the light (0.7 vs 2.1 day™') as has been observed for natural plankton
communities [25, 13].

When division in the population finally ceased in the dark (t=8), cells still in S
slowly exited to G2+M with an average transit time through S of 6 h (computed

Table 1. Average duration of the cell cycle phases of T. weissflogii and H.
carterae in continuous light (all values in hours)

Generation
time Length of cell cycle phases®
Gl 5 G2+M D*
™ 7.6 1.7 2.5 1.2 21
GI+81° s24 G2+M
HC 12.9 7.2 3.1 2.7

2 DNA phase lengths are computed fromthe mean generation time and the percentage of cells in the
corresponding phase, assuming an exponential age distribution [27).

® Cells in the D phase of the cell cycle are unseparated post-cytokinesis doublets (see Methods).

< §1 is the first peak of S (see fig. 3 and Methods). G1, 4.9 h; §1, 2.3 h.

¢ 82 is the sum of all the S peaks but S1.

Exp. Cell Res 167 (1986
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Fig. 5 Dark arrest experiment combined with celcemuid block (7, weissflogi) A cuiture in ex onen-
tial growth was exposed to colcemid (0.02 mM; at r=0 and was divided into two ahquots Gne w 1s lefl
in the lght {open symbols). (A) Cell concentration as a function of time. (&) Percent of cellsin{ *) G1.
(C1 8.

applying eq. (1} in Methods to the data of fig. 4), which Is twice the ave age
transit time in continuous light {table 1). After 25 h in the dark 40% of the -ells
had accumulated in G1, 60% in (32+M and no cells remained in S or in the 7 ost-
cytokinesis doublet stage D (fig. 4 B). In prolonged darkness, protein per cell
decreased slowly at a rate of 0.10 day ! (fig. 4 C).

In this first experiment some cells completed their cell cycie in the dark ane re-
entered a new one. This created two types of Gl cells in the dark-arre led
population having different histories: some had entered G1 in the light and ot ers
had entered it in the dark. In order to assess the effect of darkness on those cells
which had entered GI in the light, we performed a second experiment in w: ich
mitosis was blocked with colcemid {35, 36] thus minimizing the appearanc « of
new G cells in the dark. In this experiment a culture of T. weissflogii grow 1 in
continuous light was exposed to colcemid (0.02 mM) at 1=0 and was immed:a ely
divided into twe ahquots: one was maintained in the light and the other place i in
the dark (fig. 5). Colcemid completely inhibited mitosis {fig. 5) but did not af ect
greatly the rate of cell progression through G1. This conclusion is based on the
agreement between the average GI transit times of cells in continuous light in the
absence of colcemid {table 1) and in the presence of colcemid (calculated apply ing
¢q. (1} to the data of fig. 5 B). The former was 2.1 h and the latter 3.0 h.

Almost immediately after colcemid addition, the percentages of ceils in G1 . nd
S differed between light and dark conditions (fig. 58, ), whereas this differc «ce
did not appear in the (G2+ M population until 2 h after colcemid addition (fig. 5 ).
This indicates that cells which were well advanced in their ¢cycle at £=0 were 10t
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affected by darkness, whereas some cells located earlier in the cell cycle were
blocked. Darkness had no influence on doublet (D stage) separation. At the end
of the experiment about 20 % of the cells remained arrested in G1 in the dark (fig.
5B). Those cells which left G1 in the dark did so after an average transit time of 3
h (eq. (1), fig. 5B), which is only slightly slower than the GI transit time in the
light (table 1). In the dark there were still some cells in the S phase after 6 h in the
absence of colcemid (fig. 4 B), while none remained in the presence of colcernid
(fig. 5C). We deduce that in the absence of colcemid, cells present in S after 6 h
in the dark must have been cells which re-entered the cell cycle and initiated
DNA synthesis in the dark. Thus some cells could traverse both G1 and S in the
dark, while others could not—and remained blocked in G1.

Kinetics of Dark Arrest: H. carterae

H. carterae had a longer average generation time in continuous light than 7.
weissflogii (12.9 vs 9.6 h; table 1). When placed in the dark (fig. 6) the rate of cell
division in the population decreased much more gradually than that of T. weiss-
flogii, reaching zero after 30 h in darkness (fig. 6). Cells placed in the dark
accumulated in GI1+S1 (fig. 6 B) and in contrast to the diatom, essentially no cells
arrested in G2+M.

Mean volume and protein per cell declined rapidly until 1=15 (fig. 6C), but
total cell volume and protein per volume of culture remained constant. The
decrease in volume and protein per cell was thus totally accounted for by cell
division. This absence of net accumulation of protein in the early part of dark
exposure was in direct contrast to the behavior of the diatom (fig. 4). In pro-
longed darkness (i.e. after 30 h in the dark) protein decreased at a steady rate of
0.11 day~' (fig. 6C), which was very similar to that of the diatom (0.10 day™';
fig. 4 C).

We were unable to inhibit mitosis with colcemid in H. carterae, as we did in T,
weissflogii.

Kinetics of Dark Release: T. weissflogii

The experiments described thus far have demonstrated that T. weissflogii cells
can be blocked in both G1 and G2+ M in the dark, while H. carterae cells are only
blocked in G1+S1. We now ask: are blocked cells able to resume cycling
immediately and at a normal rate when resupplied with light, or does this arrest
bring the cells to a resting state (equivalent to GO in mammalian cells [33]) from
which they re-emerge very slowly?

To address this question, cultures which had been arrested in the dark for 34 h
were transferred back into continuous light. (In the process of doing this set of
experiments, we learned that when T. weissflogii was re-exposed to light after
prolonged darkness, part of the population underwent gametogenesis. This aspect
is discussed elsewhere [41] and we will only consider the non-gametic part of the
population here.) T. weissflogii cells blocked in G1 synchronously initiated DNA

Exp. Cell Res 167 ([986)




46 Vauwlot, Olson and Chisholm

Cells/pl

H rcarterae

yo bl v oo N " " P T S G R

W0 » = T 1T
L et j

123 O B,+5,

ceiis

40 AG+N

20
el |¥::_:;::::J —a———3:11-q;4j

%

Fig. 6. Dark arrest experiment (M. carter, ¢).
Caption as in fig. 4.

1
1
4
i
m
[=]
relative Srpbein

-
-h 0 0 20 3Cc  4c¢ RC &0 7o B0
imE (Mowrst

synthesis less than 2 h after being released from darkness (figs 7, 8). No m:jor
increase in protein or velume took place during this short lag phase. The aver ige
trapsit time through S was roughly 2 h, as evidenced by following the syncl ro-
nous wave of cells going through § (fig. 8). All celis initially arrested in G1 1ad
divided by (=7 (fig. 7A). The transit times of these cells through the cell cycle
compare well with those established in continuous light (G1, 1.7 h, §, 2.5 h . nd
generation time, 7.6 h; table 1}, Thus, we conclude that cells released from GI
were blocked at the beginning of this phase, did not show any signs of s ow
emergence from a resting state and behaved very similarly to celis in balan :ed
growth.

Is the release behavior of cells blocked in G2+M in the dark different fr om
those blocked in G1I? This is difficult to assess from the previous experim :nt
because Gl cells synthesized DNA almost immediately when released (figs 7 8)
and entered G2 to merge with the cells originally blocked in G2+ M. To circt m-
veat this problem, we performed another experiment in which we stopped el
flux from G1 to G2+ M by inhibiting DNA synthesis with hydroxyurea [33]. Wiien
the drug was applied to a population in exponential growth in continuous ligh , it
completely inhibited DNA synthesis, but cells in G2+M and D progres .ed
normally in their cycle (data not shown). No cells remained in these phases by
t=14 (fig. 9A4). When the same treatment was applied to a dark-arrested popi la-
tion at the time of release into light, DNA synthesis was also inhibited but a la ge
proportion of cells were still in G2+M after 14 h (fig. 94) and only 409 of he
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Fig. 7. Dark release expeniment (T, weissflogi). A cell population held in the dark for 42 h, was re-
exposed to light at r=0. Caption as in fig. 4.

Fig. 8. Evolution of the DNA distributions over the first 4 h of the dark release experiment described
in fig. 7. Note the wave of cells proceeding through S at 1=3.

cells in G2+M had divided and separated after 27 h (fig. 10). These cells
proceeded through G2+M with an average time of 32 h (as computed from eq. (1)
applied to fig. 10) vs 1.7 h in continuous light (table 1). Cells arrested in the dark
had thus very different behaviors depending on whether they were in GI or
G2+ M: cells arrested in G1 resumed cycling at the same rate as before arrest, but
cells arrested in G2+M cycled about 18 times more slowly.

Kinetics of Dark Release: H. carterae

In contrast to T. weissflogii, H. carterae displayed a long lag phase between re-
exposure to light and the beginning of cell division (figs 11, 12). Protein accumula-
tion and volume growth took place during this lag such that cell volume (fig. 11 0)
regained the level it had prior to dark arrest (fig. 4 C). DNA synthesis began about
4 h after release from darkness (fig. 12) and the rate of cell entry into $2 was
maximal at =7 (fig. 11 B). Division began at r=10 and half of the dark blocked
population had divided by r=16. The transit times of an ‘average cell’ between
release and division was thus 16 h. A comparison with transit times in continuous
light (table 1) suggests that: (1) all cells were dark-blocked very early in the cycle
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Fig. 9. Efiect of hydroxyurea (6.5 mM) on the evolution of DNA distnbution in T weissflogii (A4, Al
=0, hydroxyurea was added to a population grewing in continuous hight, After 14 h all the cell n
2+ M had divided and cells were either in Gi ¢r in 5. (B) At r=0, a population previously helc tn
darkness for 2 days was released into the light and hydroxyvurea was added. Afier T4 hin the light o Iy
a small fraction of the cells in G2+M had divided
Fig 10 Darh release expenment combined with bydroxyurea addition (7. weissflogiii. A populaticn.
dark arrested for 2 days, was re-exposed to light at 1=0 and simultaneocus!ly exposed to hydroxyur :a
{6 S mM). Sce aisofig. 9 8. {A) Cell concentration as a function of time (8) Changes in percent of ce ls
in the different cell cvele stages as a function of tme.

since # took them 7 h to reach the G1+S1/S2 boundary and (2) upon release the s
transited slightly more slowly through their cycle. A similar increase in cell ¢yl
transit time after release from darkness was also observed in cyclostal perturba-
tion expeciments {41].

DISCUSSION

In the two species examined, 7. weissflogii and H. carferae. both light-
dependent and light-independent segments exist in the cell cycle. This has been
postulated for other species [38, 16, 23, 21, 29] and cast in the cell ¢cycle transition
point framework by Spudich & Sager {38]. This framework as applied to Chlamy-
domonas {38] stipulates three criteria for the concept of transition point to apply
strictly: (1) cells exposed to darkness while they are in the light-independent part
of their cell cycle must keep progressing at a normal rate; (2} in prolonged
darkpess cells must arrest in a discrete and continuous cell-cycle segment (AT,
fig. 1): (3) cells released into light must resume ¢ycling at a normal rate from their
arrest location. Our results for H. carterae deviate from these cnteria only 1o a
minor degree; T. weissflogii, on the other hand, exhibits some very significant
differences. These criteria will be used as a reference for the discussion below,
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Fig. 11. Dark release experiment (H. carterae). A cell population held in the dark for 42 h was re-
exposed to light at r=0. Caption as fig. 4.
Fig i2. Time evolution of the DNA distributions from the dark release experiment described in fig. 11.

In H. carterae, cells released into light after 34 h of dark arrest, progressed
through their cycle about 25% more slowly than unperturbed cells. This contra-
dicts the observations of Spudich & Sager [38] for Chlamydomonas, in which
cells were not retarded after release from 48 h spent in the dark. The increase in
cycling time in H. carterae was concentrated mostly in the later part of the cell
cycle and thus cannot be interpreted as reflecting the slow release of the dark-
blocked cells from a resting stage similar to the mammalian GO (2, 31, L1]. It is
likely rather that the prolonged dark exposure depleted metabolic reserves to a
point where progress toward division was retarded upon re-exposure to light.

In the diatom T. weissflogii, cells which arrested in the dark before completing
one cell cycle cycled at a normal rate until the time they were arrested (e.g. cells
in G2+M and D, fig. 5). In contrast, cells which completed one cell cycle in the
dark and re-entered a new one were slowed down during the second cell cycle
traverse (cells in S after =10 in fig. 4). As in H. carterae, this conflicts with the
first criterion discussed above, i.e. the rate of progression through the light-
independent segment of the cycle is not a constant. Inaddition, cells were arrested
in fine in both G1 and G2+M (fig. 4) and none of the cells were blocked in S (figs
4, 5). This violates the second criterion; i.e. that the light-dependent segment is
uninterrupted. Finally, cells blocked in G1 cycled normally upon release, while
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cells blocked in G2+ M cycled much more slowly than they would in continu >us
light, which contradicts the third criterion. Clearly, some additional hypothe scs
have to be invoked in order to account for these observations. A realistic
assumption is to postulate two light-dependent segments in T. weissflogii, on: in
G1, the other in G2+M, which have different physiological underpinnings.

The first light-dependent segment in Gi in T. weissflogii is similar 10 hat
observed in H. carterae, and also in Chlamydomonas [38, 23], and most li .ely
results from the energy requirement for the growth cycle. All cells did not
possess the GI requirement however; based on the results from the colce nid
cxperiment, some cells which completed their cell cycle and divided in the «ark
were able to progress through both GI and S without receiving any light en rgy
before arresting in G2+M. This could be explained by the inheritance by da 1gh-
ter cells of energy storage compounds (lipids, carbohydrates) from the mo her
cell such that those cells which have enough reserve at birth do not require any
supplementary energy input in order 1o progress through G1 and S.

The second light-dependent segment located in G2+M in T, weissflogii ¢ uld
be unique to diatoms. Diatom cells are enclosed in a silica frustule [42], whi b is
formed after cytokinesis; the required silicon is transported and assimilated rery
late in the cell cycle [39]. The silicon uptake system appears to be part ally
dependent on light, as evidenced by the Jower uptake rates generally observi d in
the dark {39, 9). In one¢ species, Nitzschia angularis, it has been demonsti ated
that the synthesis of the proteins involved in the transport system is interrunted
in the dark and that these proteins degrade with a half-life of about 12 h {4]. I this
observation applies to T. weissflogii, then cells would be able to take up siicon
and to complete their cell cycle immediately after transfer to dark conditions, but
they would lose this capability gradually, as the silicon transport systen de-
prades, and would remain blocked at the end of the cell cycle. Darkness doe . not
seem to affect the final phase before cell separation {stage D), as demonstrated by
the absence of cells blocked in D in the dark (fig. 4) and by the results ¢~ the
colcemud expenment (fig. 5). The retardation of cell cycle progression “vhen
G2+ M-arrested cells are released into light could result from the sjow restor ition
of the silicon transport system [4].

Environmentally controlied transition points in S or G2 are exiremely ub 1sual
in other cell types such as mammalian cells [31] (but for exceptions see [4 | 34,
22]). In consequence, G2 is gencrally viewed as a simple lag between JINA
replication and mitosis, which can proceed independently of external condi ions.
For example, the ‘continuum model’ of Cooper [10] states that a certain le el of
an ‘initiator’ protein triggers irreversibly progression through the sequence 3, G2
and M. This is not consistent with our observations on T. weissflogii. The slow
reversibility of G2+M arrest is reminiscent of that of GO arrest in mamn alian
celis {31]. In both cases the cause of the slow reversibility could be identi:al: a
missing cell component has to be synthesized de novo before cells can cycle
again.
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In summary, H. carterae possesses only one cell cycle segment controlled by
light, located in G1, while T. weissflogii has two such segments, one in G1 and
the other in G2+M. This confirms a parallel study by Olson et al. [28] in which
only Gl was found to expand with decreasing light intensity in H. carterae,
whereas both G1 and G2+M were found to expand in the diatom. In the present
study, the two species also revealed marked differences with respect to their
growth behavior in terms of cell volume and protein. While T. weissflogii kept
accumulating protein immediately after transfer to darkness, H. carterae did not.
Conversely when diatom cells were released into light very little growth took
place during the lag phase, whereas in the coccolithophorid both volume and
protein content increased at a faster rate than before arrest. These differences can
be related to the differences observed in the cell cycle patterns: continued growth
in the dark in T. weissflogii may explain the absence of a lag phase upon release
into light and conversely the lag phase in H. carterae may result from the absence
of cell growth in the dark.

CONCLUSION

These experiments have revealed two essential elements which have to be
incorporated in a model of the light-dependent phytoplankton cell cycle. First,
dark arrest and release is not a simple ‘stop or go' mechanism: cycling rates
through specific cell cycle stages are altered by darkness and vary from cell to
cell. Second, several transition points exist in the cell cycle corresponding to
different cellular mechanisms regulated by light. The differences observed in the
number of light-dependent segments and in the growth patterns between T.
weissflogii and H. carterae paralle] those observed in the division patterns of the
two species in light—dark regimes [5, 41]. Since these patterns are typical of the
taxonomic groups to which these species belong [6], it is likely that the mechan-
isms of cell cycle control elucidated here are typical of these groups and are
linked to their specific structural and biochemical properties, such as the diatom
silicon requirement,
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