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ABSTRACT- The role of silicon availability on cell-cycle progression in marine diatoms was examined 
using flow cytometric methods. Silicon deprivation halted the progression of cells through the cell cycle 
with cells arresting in G1. G2 and M in 6 of 7 species examined (5 centric and 1 pennate species). The 
exception, Phaeodactylurn tricornutum, did not require silicon for growth and did not have a silicon- 
dependent segment within its cell cycle. T h s  species was also the only one lacking a light-dependent 
arrest point late in its cell cycle suggesting that the arrest of diatom cells in G2 and M in the dark is 
related to silicon metabolism. Chaetoceros spp. were unique in that they had 2 silicon-dependent 
segments In G1: one at  the GI/S  boundary apparently associated with a silicon requirement for DNA 
synthesis and a second earher In G1 associated with the d e p o s ~ t ~ o n  of siliceous setae. Silicon limitation 
of Thalaseoslra weissflogii led to an increase in the duratlon of G2 with the duration of G1, S and M 
remaining as observed under nutrient-replete conditions. In severely llmited cells, G2 comprised 82 % 
of the cell cycle and lasted for over 2 d ,  hlore complicated responses were observed for Cylindrotheca 
fusiformis and Chaetocel-OS simplex. Modest silicon limitation of C. fuslf01-1111s led to increases in the 
duration of G2 and posslbly M. More severe silicon stress did not lengthen M further, but both G2 and 
G1 increased in duratlon. For C. simplex, modest silicon l~mitation led to the expansion of G1 alone, 
while more severe limitation lengthened G1, G2 and M.  Changes in cell cycle durations in this species 
appeared related to a decline in the silicon content of siliceous setae deposited during G1 These results 
corroborate past observations that silicon metabolism is linked to specific segments of the cell cycle, but 
indicate that these regions can lengthen dramatically in response to silicon limitation. 

INTRODUCTION 

Diatoms are abundant, often dominant, members of 
the phytoplankton. Since they have an obligate silicon 
requirement for growth (Lewin 1962), the availability of 
silicic acid can strongly affect their population 
dynamics. Silicic acid concentrations in the surface 
ocean are often depleted to levels known to limit the 
growth of diatoms in culture (Guillard et  al. 1973, 
Paasche 1973, Harrison 1974, Thomas & Dodson 1975). 
Direct demonstrations of substrate limitation of silica 
production in natural diatom assemblages have been 
made in a variety of ocean habitats (Goering et  al. 1973, 
Azam & Chisholm 1976, Nelson et. al. 1981, Brzezinski 
& Nelson 1989) verifying the close ties between silicon 
metabolism and the ecology of diatoms. 

Silicon uptake and deposition appear to be largely 
confined to the period between cytokinesis and daugh- 
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ter cell separation and are associated with the forma- 
tion of new siliceous valves just prior to cell division 
(Lewin et al. 1966, Eppley et  al. 1967, Darley et al. 1976, 
Sullivan 1977, Crawford & Schmid 1986). In some 
species, such as Chaetoceros gracilis, a large fraction of 
cellular silicon is located in siliceous setae which are 
deposited just after daughter cell separation (Rogerson 
et al. 1986), but the timing of silicon uptake for setae 
formation is unknown. Silicon is required in lesser 
amounts for other important aspects of cellular 
metabolism including DNA replication (e.g. Darley & 

Volcani 1969, Okita & Volcani 1980). 
The association of silicon metabolism with such key 

events a s  cell division and DNA replication creates a 
close coupling between silicon metabolism and the cell 
cycle. Diatom cell cycles follow the typical pattern of 
eukaryotic cells where mitosis (M) and cell division are  
separated from the period of DNA replication (S) by 2 
gap phases denoted G1 and G2 (Mitchison 1971). 
When growth ceases as a result of silicon deprivation, 
cells arrest at specific points within the cell cycle. 
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Silicon starvation of the pennate diatoms Navicula pel- 
liculosa, Navicula saprophila, Nitzschia angularis and 
Cylindrotheca fusiformis leads to the accumulation of 
cells near the point of frustule formation in G2 or M and 
just prior to DNA synthesis near the G1/S boundary 
(Darley 1969, Sullivan 1976, Okita & Volcani 1978, 
1980, Blank & Sullivan 1979, Blank et  al. 1986) with the 
percentage of cells arresting at each point being 
dependent on the culture conditions for some species 
(Darley 1969, Okita & Volcani 1978, 1980). 

Centric diatoms have not been examined to the same 
extent a s  the pennates. This is mainly because most 
studies of silicon metabolism and the cell cycle have 
relied on synchronized cultures, and centric diatoms 
are not amenable to synchronization (Chisholm et al. 
1980). Flow cytometry provides an  alternative to 
synchronous cultures in that the position of individual 
cells within the cell cycle is determined by their relative 
DNA content. Vaulot et  al. (1987) used flow cytometric 
methods to examine silicon-starvation arrest in the cen- 
tric diatom Thalassiosira weissflogii and discovered 
that silicon deprivation blocks cells both near the Gl /S  
boundary and late in G2 or M as observed for the 
pennates. 

Flow cytometry can also be used to determine cell- 
cycle stage durations in asynchronously growing popu- 
l a t i o n ~  (Slater et  al. 1977). This technique has been 
used to examine changes in the duration of cell-cycle 
stages of marlne phytoplankton growing in chemostats 
under nitrogen limitation (Olson et  al. 1986a, b).  Nitro- 
gen limitation of the coccolithophore Hymenornonas 
carterae, the dinoflagellate Amphldinium carter1 and 
the diatom Thalassiosira weissflogii leads to the expan- 
sion of G1 exclusively (Olson et al. 1986a, b)  consistent 
with the arrest of nitrogen-starved cells in G1 (Vaulot et  
al. 1987). In contrast, silicon-starved cells arrest in both 
G1 and G2 and/or M (e.g. Darley & Volcanl 1969, 
Vaulot et al. 1987) suggesting that more than one stage 
of the cell cycle would increase in duration under 
silicon limitation. We examined this possibility using 
the marine diatoms T. weissflogii, Cylindrotheca 
fusiformis and Chaetoceros simplex. We also examined 
the response of the cell cycle to silicon starvation in 2 
pennate and 5 centric species representing a broad 
range in frustule morphology and degree of sillcifica- 
tion. The results indicate that the number and position 
of silicon-dependent arrest points varies depending on 
interspecific differences in the timing of siliceous hard 
part formation during the cell cycle. 

METHODS 

A culture of Minutocellus polymorphus was obtained 
from the collection of Robert Olson at the Woods Hole 

Oceanographic Institution (Massachusetts, USA). 
Cultures of all other species (Table 1) were obtained 
from the National Culture Collection of Marine Phyto- 
plankton at the Bigelow Marine Laboratory for Ocean 
Sciences (Maine, USA). All cultures were unialgal, but 
not axenic. They were maintained in f/2 enriched sea- 
water medium with added silicon (Guillard 1975) a t  
19°C under continuous illun~ination. All experiments 
were conducted at 19 "C in f/2 + Si enriched Sargasso 
Sea water. Illumination was provided continuously by 
Cool White fluorescent lamps covered with neutral 
density screens to provide a photon fluence rate of 100 
LIE m-2 S-' inside the culture vessels. None of the species 
were o b s e ~ e d  to form chalns durlng the experiments. 

Exponential growth. Batch cultures of each species 
were maintained in exponential growth in 30 m1 poly- 
carbonate culture tubes under the experimental culture 
conditions for 2 wk prior to each experiment. Then 
replicate 500 m1 polycarbonate flasks containing 300 to 
400 m1 of medium were inoculated to cell densities 
between lo3 and 104 cells ml-l. Cell abundances were 
monitored daily. The cultures were sampled during 
exponential growth when cell abundances were < 20 O/O 

of their maximum yield. Samples were taken for cellular 
silicon, carbon and nitrogen content and cell-cycle stage 
analysis and analyzed as described below. In addition, a 
minlmum of 20 cells of each species were measured 
under phase contrast microscopy using an  ocular mi- 
crometer and the average cell surface area calculated 
using geometric approximations of cell shapes (e.g. 
Brzezinski 1985). 

Silicon starvation. Replicate batch cultures were 
grown under the same conditions as described above 
except that the silicic acid concentration in the medium 
was adjusted to ensure silicon starvation during statio- 
nary phase. The appropriate Si : N: P elemental ratios 
were determined by growing each species, except 
Phaeodactylum tricornutum, in polycarbonate flasks 
containing f/2 medium with varying concentrations of 
silicic acid and determining the concentration range 
over which cell yield was linearly related to the initial 
silic~c acid concentration. The Si :N ratios (by atoms) 
used were 1 . l 0  for Thalassiosira rveissflogii, 1 . 18 for 
Thalassiosira pseudonana, 1 : 25 for Chaetoceros muel- 
leni and  Chaetoceros simplex and 1 ,200 for Minutocel- 
lus polynlorphus and Cylindrotheca fusiformis. A Si : N 
ratio of 1 : 880 was used for Phaeodactylum tricornutum. 
N : P ratios were held at  24 : 1 throughout. Cells were 
maintained in exponential growth for 2 wk in the 
appropriate experimental medium prior to inoculation 
into the experimental culture vessels. Initial cell 
densities were 1 to 10°/o of the final cell yield. Samples 
for cell abundance, ambient silicic acid concentration. 
and cell-cycle stage analysis were collected daily or 
every other day and analyzed as described below. 
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Samples for cell-cycle stage determination were pre- 
served in methanol for at least 24 h (e.g. Olson et al. 
1986a). Then an  aliquot containing ca 10\ells was 
suspended in 1.5 m1 of isotonic phosphate buffer (pH = 

7.5, 5 g 1-' NaCl), centrifuged and resuspended in 
0.5 m1 of the same buffer containing RNase (1250 units, 
Worthington) and propidium i o d ~ d e  (5 ug ml-l). The 
samples were incubated for 1 to 2 h at room tempera- 
ture, sonicated for 1 min (Bransonic Model B-1200R-1) 
and the cells analyzed for their relative DNA content on 
an  EPICS V flow cytometer as described by Olson et  al. 
(1986a). In some samples, seawater salts which had 
precipitated in the methanol picked up the stain and 
interfered with the analysis on the flow cytometer. This 
precipitate was dissolved by suspending a new aliquot 
of the methanol-preserved sample in isotonic acidic 
solution (0.05 N HC1, 5.0 g 1-' NaC1) for 5 to 10 min 
whereafter the cells were resuspended in isotonic 
phosphate buffer and processed as described above. 

The percentages of cells in G1, S and (G2 + M) were 
calculated from the frequency histograms of relative 
cellular DNA content according to Vaulot et  al. (1987). 
Since the configuration of our flow cytometer did not 
allow discrimination of post-mitotic cells from those in 
G2, the percentage of cells which had undergone 
karyokinesis, designated M, was determined by stain- 
ing the methanol-preserved cells with Hoechst 33342 
(5 pg ml-l) in isotonic phosphate buffer (pH = 6.8, 5 g 
1-' NaC1). The cells were sonicated as described above 
and the percentage of cells with double nuclei deter- 
mined by examining 500 cells using epifluorescent 
microscopy (excitation wavelength = 365 nm, emission 
wavelength = 420 mm). Thus, M is operationally 
defined and includes cells which have undergone 
karyokinesis, those in the cell wall forming stage and 
pairs of daughter cells which have completed cell wall 
formation but have not yet separated. The percent of 
cells in G2 was then determined by difference. The 
durations of G1, S,  G2 and M in the steady-state 
chemostats were calculated from the doubling time of 
the cultures and the percent of cells in each cell-cycle 
stage at steady state using the equations of Slater et al. 
(1 977). 

RESULTS 

Exponential growth 

There was considerable interspecific variability in 
the percent of the generation time occupied by each 
stage of the cell cycle during exponential growth 
(Table 1). The 2 Chaetoceros species spent most of their 
generation time in G1 while others such as Thalassio- 
sira pseudonana, Cylindrotheca fusiformis and Phaeo- 

dactylum tricornutum spent a greater fraction of their 
cell cycles in G2. Thalassiosira weissflogii appeared 
unusual in that both S and M comprised relatively large 
fractions of the cell cycle (Table 1). 

The need for diatoms to form a new siliceous valve 
before cell division suggests that the percent of the cell 
cycle occupied by (G2 + M) might be related to the 
degree of silicification of the frustule. This expectation 
was not supported by the data. There was no relation- 
ship (p  = 0.05) between either the absolute time spent 
in (G2 + M) or the percent of the cell cycle occupied by 
these stages and the cellular silicon content. These 
relationships were not improved when cellular silicon 
was normalized to cellular carbon, cellular nitrogen or 
cell surface area. 

Silicon starvation 

When Thalassiosira weissflogii cells were starved for 
silicic acid high percentages of cells arrested in both G1 
and G2 (Fig. lA, B). The percent of T. weissflogii cells 
blocked in G1 was about the same as present in this 
stage during exponential growth, while the percentage 
of cells blocked in G2 was over a factor of 2 higher 
(Fig. 1A). The increase in the fraction of cells in G2 was 
paralleled by an equally strong decline in the percent 
of cells in S (Fig. 1A) indicating that cells were able to 
move through S as silicon availability decreased, but 
arrested late in the cell cycle. A significant percentage 
of cells were in M when silicic acid was first depleted 
(Fig. lA ,  B). The percent of cells in M declined slowly 
during the next several days (Fig. 1A). This decline 
may reflect the separation of daughter cells in G1 since 
T. weissflogii cells spend up to 25 % of their cell cycles 
as postmitotic doublet cells (Vaulot 1985) which would 
have been included in our operationally defined M. 

Cylindrotheca fusiformis cells were mainly present in 
G1 when silicon was first depleted (Fig. lC ,  D) consist- 
ent with the strong silicon-dependent arrest point at 
the Gl /S boundary in this species (Darley 1969, Darley 
& Volcani 1969). As was the case for Thalassiosira 
weissflogii, cells in S were able to complete DNA 
synthes~s despite low ambient silicic acid concen- 
trations. The rise in the percent of cells in M below an 
ambient silicic acid concentration of about 1 yM sug- 
gests that valve formation was suppressed at these 
substrate concentrations (Fig. 1C). The subsequent 
decline in the percent of cells in both M and G1 and the 
corresponding rise in the percent of cells in G2 indi- 
cates that some cells completed mitosis and divided. 
Many more completed G1, passed through S and 
arrested in G2. The lack of an increase in the percen- 
tage of cells in S despite the movement of many cells 
through this stage suggests that cells spent little time in 
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Thalassiosira weissflogii 

) O I  A 
Cylindrofheca fusiforrnis 
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Fig. 1 (A ,  B )  Thalassiosira , 
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abundance ( A )  and abundance 5 - O  c3 
of empty frustules (0) during g P, 
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bars represent 1 standard dew-  
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0 

S consistent with the short duration of this stage during 
exponential growth (Table 1) and the insensitivity of 
this stage to silicon deprivation. Large numbers of 
empty frustules were observed on Day 11 in both 
cultures of C. fusiformis (Fig. ID). Empty frustules were 
not observed in the T. weissflogii cultures. 

The percent of Thalassiosira pseudonana and 
A4inutocellus polymorphus cells arresting in G1 was 
high (70 to 80%) and nearly equal to that present in G1 
during exponential growth (Fig. 2). Cells of both 
species were able to complete DNA replication at low 
ambient silicic acid concentrations as observed for 7. 
weissflogii and Cylindrotheca fusiformis. Residual 
silicic acid concentrations increased and large numbers 
of empty frustules appeared in cultures of both species 
after silicic acid depletion (Fig. 2B, D) indicating that 
cells were dying. Empty frustules would be expected to 
dissolve at significant rates at lg°C (Kamatani et  al. 
1981, Kamatani 1982) and increases in the ambient 
silicic acid concentrations were observed (Fig. 2B, D). 
The introduction of this new source of silicic acid may 
have released cells from silicon-starvation arrest caus- 
ing the movement of cells within the cell cycle (Fig. 2A, 
C). Some G2 cells appeared to move into M after silicic 
acid depletion (Fig. 2A, B). In the case of T. 
pseudonana, some cells then divided, and cells in G1 
moved through S into G2 (Fig. 2A). Alternatively, cell 
death could have given the appearance of cell cycling 
provided there was disproportionate mortality among 

G2 

- A-A-A G2 

/ 
A' A 

- 
M 

0.. v-v 
- Q.~'O-O S ,  

cells in different stages of the cell cycle. The latter was 
an insignificant factor as the number of dead cells 
never exceeded 3 O/O of the living population. 

The 2 Chaetoceros species responded similarly to 
Thalassjosira pseudonana and Min utocellus polymor- 
phus in that cells arrested mainly in G1 when silicic 
acid was depleted (Fig. 3).  Then ambient silicic acid 
concentrations rose and large number of empty frus- 
tules were observed (Fig. 3B, D). The rise in the 
number of dead cells matched the decline in the 
number of living cells for both species indicating that 
little cell division was occ.urring. The G1 and G2 peaks 
in the DNA histograms broadened severely with the 
appearance of the dead cells making it impossible to 
calculate the percentage of C. simplex cells in each 
stage of the cell cycle beyond Day 4. Empty frustules 
were also abundant in the C. muellerii cultures follow- 
ing silicic acid depletion, but the number of living cells 
did not decline as dramatically as in the C. simplex 
cultures (Fig. 3D). There was a slight rise in silicic acid 
concentrations after Day 8 and C. muellerii cells 
appeared to move through G1 and S and accumulate in 
G2 and M (Fig. 3C, D). However, cell mortality was 
sufficient to have given the appearance of cell cycling 
provided that the mortality rate was not equal among 
stages of the cell cycle (Fig. 3D). 

Microscopic examination of exponential cultures of 
Chaetoceros simplex and C. muellerii revealed that the 
daughter cells were pushed apart by the newly forming 
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TIME (hr) 

85 % measured for C. gracilis by Rogerson et al. (1986). 
We performed a series of experiments to determine 
whether the silicon-dependent arrest point in G1 in 
Chaetoceros actually represented 2 separate arrest 
points: one located at the G l / S  boundary associated 
with the silicon requirement for DNA synthesis and 
another earlier in G1 associated with the deposition of 
siliceous setae. The presence of 2  arrest points in G1 
would not have been detected by the flow cytometer 
since cells at all locations within G1 have the same 
amount of nuclear DNA. 

The silicon starvation experiments with Chaetoceros 
simplex and C. muellerii were repeated and again 
almost all of the cells were arrested in G1  at  the time of 
the silicic acid minimum (94 O/O for each). Microscopic 
examination of 500 arrested cells of each species 
showed that many cells had only one pair of setae (i.e. 
the pair inherited from the mother cell). The percent of 
cells with only one pair of setae rose from 3.8 % during 
exponential growth to 53 % at the time of silicic acid 
depletion for C, simplex. The corresponding data for C. 
muellerii are 3.3 and 28 O/O. The fact that setae begin to 
form just after daughter cell separation in Chaetoceros 
(see above) suggests that the increase in the percent of 
cells with only one pair of setae under silicon starvation 
was due to the arrest of cells early in G1. 

The percent of cells with a single pair of setae was 
considerably less than the fraction of cells arresting in 
G1. The location of the remaining cells was determined 

c1.o. A 

Choetoceros sirnplex Chaetoceros rnuellerii 

TIME (hr) 

C 100 

Fig. 4.  (A, B) Chaetoceros sim- 
60 , p l e ~  and (C, D )  Chaetoceros 
2 rnuellerii. Time course of (A, C) 
g percent of cells in G1, S and 

50 c (G2 + M),  and (B, D) ambient - shcic acid concentration and 
cell abundance following the 

40 addition of fresh medium to 
cultures that had been starved 
of silicic acid. Fresh medium 

30 was added immediately prior 
to time 0. Symbols as in Fig. 1 

- 

by diluting a portion of the cultures with fresh medium 
on the day of silicic acid depletion and monitoring cell 
numbers, ambient silicic acid concentrations and the 
movement of cells through the cell cycle for the next 16 
h .  A wave of cells of both species entered S  shortly after 
the addition of fresh medium (Fig. 4) indicating that 
these cells were arrested close to the G l / S  boundary. 
The percentages of cells exiting G1  with these initial 
waves were estimated from the increase in the percent 
of cells in S  and G2 following release after correcting 
for cell division. Thirty-four percent of the Chaetoceros 
sirnplex cells and 52 O/O of the C. muellerii cells initially 
present in G1 entered S with the initial waves. The cells 
arrested at  the G l / S  boundary together with those 
arrested at the setae formation stage account for 90 O/O 
of all C, sirnplex cells and 82 % of all C. muelleni cells 
originally arrested in G1, indicating that most cells 
blocked in G1  were present either at the setae forma- 
tion stage or near the G l / S  boundary. The remaining 
G1  cells may have been blocked shortly after the initia- 
tion of setae deposition since cells with 2 pairs of setae, 
but of different length, were also observed. 

A second wave of S  cells associated with the passage 
of cells arrested in the setae forming stage was not 
observed for either species (Fig. 4A, C). These cells 
may have been arrested near the beginning of G1 and  
resumed their movement through the cell cycle at 
different rates or they may have arrested over a large 
segment of G1. In either case, large fractions of the 
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Fig. 5 Percent of cells arrested in G 1  and (G2 + M) after cell 
cycle progression ceased due to prolonged darkness. Cells did 
not arrest in S. Error bars represent the standard deviation of 

duplicate cultures 

cells arresting in G1 (66 O/o and 48 % for Chaetoceros 
simplex and C. muellerii, respectively) arrested before 
the Gl /S boundary and many of these (56 and 30 O/O for 
C. simplex and C. muellerii, respectively) possessed a 
single pair of setae. 

Phaeodactylum tricornutum had a unique response 
to silicon starvation. The division rate of this species is 
not retarded by silicon deprivation (data not shown) 
indicating the lack of a silicon-dependent segment 
within its cell cycle. This observation agrees with that 
of D'Elia et al. (1979) who also found that the division 
rate of this diatom was unaffected by a lack of silicon. 

Dark arrest 

With the exception of Phaeodactylunl tricornutum, 
cells placed in the dark arrested in both G1 and (G2 + 
M), but not in S (Fig. 5). This pattern is similar to that 
observed under silicon starvation (Figs. 1 to 3). Cells of 
P. tricornutum arrested in G1 only (Fig 5) which is 
identical to the behavior of other species that lack a 
silicon requirement for growth (Olson & Chisholm 1986, 
Olson et  al. 1986a). The precent of cells of each species 
arresting in G1 and (G2 + M) in the dark was signifi- 
cantly correlated to the percent of cells arresting in the 
corresponding stages under silicon starvation [r = 0.89, 
p = 0.01, n = 7 for G l ;  r = 0.78, p < 0.05, n = 7 for (G2 + 
M)] suggesting a common basis for the patterns of cell 
arrest in the dark and with silicon starvation. 

Silicon limitation 

Whereas progression through the cell cycle ceases 
when a silicon-starved cell reaches a stage where a 

0 10 20 30 40 50 60 70 

DOUBLING TIME (hr) 

Fig. 6. Thalassioara weissflogii. Change in (A)  cell-cycle stage 
durations, (B) cellular silicon content, and (C) residual silicic 
acid concentration as a function of the average population 
doubllng time under silicon limitation. Data at the maximal 
growth rate was obta~ned from an exponential batch culture. 
Data at all other doubllng times were obtained from steady- 
state chemostat cultures. Llnes drawn in (A) were calculated 
from a linear regression of stage durations on doubling time, 
tD. Only the regression line for tGZ on tD had a slope which was 

significantly different from zero (p  = 0.05) 

need for the missing nutrient exists, a nutrient-limited 
cell moves through the cell cycle continually, but its 
rate of progression through stages of the cell cycle 
requiring the limiting nutrient is slowed by the low 
availability of that nutrient. In the case of Thalassioslra 
~7eissflogii, silicon limitation caused a dramatic 
increase in the duration of G2 with increasing silicon 
limitation (Fig. 6A)  The durati0n.s of S, G1 and M 
remained nearly the same as observed at the maximum 
growth rate (Fig. 6A). For the most severely silicon- 
limited culture, G2 comprised over 82 "/D of the genera- 
tion time and lasted for over 2 d (Fig. 6A). There was a 
large decrease in both cellular silicon and ambient 
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sllicic acid concentration between the batch culture 
growing at the maximal rate and the silicon-limited 
chemostats (Fig. 6B, C). There was little difference in 
cellular silicon contents as a function of silicon-limited 
growth rate (Fig. 6B), whereas the highest dilution rate 
chemostat [doubling time (tn) = 15.8 h] did have a 
significantly higher residual silicic acid concentration 
than the others (Fig. 6C). Most of the increase in the 
duration of G2 occurred while both cellular silicon and 
residual silicic acid concentrations were low and nearly 
constant. 

Chaetoceros simplex exhibited a more complex 
response to silicon limitation than Thalassiosira weiss- 
flogii (Fig. 7 ) .  Under mild silicon limitation [i.e. tD 
< 20 h ,  ratio of growth rate/maximum growth rate ( p /  
p,,,) > 0.481, nearly the entire increase in generation 
time was due to the lengthening of G1 (Fig. 7A). The 
duration of G2 and M also increased under more severe 
silicon limitation (Fig. ?A) .  The rate of lengthening of 
G1 declined with increasing generation time, but G1 
continued to comprise the majority of the cell cycle. 
Most of the increase in the duration of cell-cycle stages 
occurred while both cellular silicon and residual silicic 
acid concentrations were low and relatively constant 
(Fig. ?C, D). 

Changes in the duration of cell-cycle stages 
appeared to be related to the formation of siliceous 
setae in G1. The percentage of cells with at  least one 
seta was determined under phase contrast microscopy 
from examination of 300 to 500 cells. Of the cells in the 

Fig. 7 Chaetoceros sim- 
plex. Change in (A)  cell- 
cycle stage dui-at~ons, (B)  
percent of cells with at least 
one seta, (C)  cellular silicon 
content and (D) residual 
silicic acid concentration as 
a function of the average 
population doubling time 
under silicon limitation. 

batch culture growing at their maximum rate, 100 % 
had 4 setae (Fig. ?B). The percentage of cells with at 
least one visible seta declined sharply between tD = 10 
and 40 h coincident with the increase in the durations 
of G2 and M (Fig. ?A,  B). The change in the duration of 
G1 was inversely correlated with the percent of cells 
with setae (r = -0.94, p < 0.01, n = 7;  Fig. 7A, B). 

We believe that the variable number of setae 
observed reflects setae breakage rather than differ- 
ences in physiological state among cells. The large 
drop in cellular silicon between the batch culture and 
the chemostats suggests that the silicon content of the 
setae was severely reduced since the setae contain the 
majority of cellular silicon (see above). Thus, setae 
deposited under silicon limitation would be fragile 
compared to those produced under silicon-replete con- 
ditions making them more susceptible to breakage in 
the vigorously mlxed cultures. Setae breakage was 
indeed occurring as many cells with broken or odd 
numbers of setae were observed in samples from the 
chemostats. 

Modest sllicon limitation of Cjdindrotheca fusiformis 
(i.e. mean generation times < 2 0  h,  ji/p ,,,, >0.73)  
resulted in the lengthening of G2 and possibly M, while 
the durations of G1 and S remained constant (Fig. 8A). 
Under more severe limitation, G1  also increased in 
duration (Fig. 8A). The lengthening of G1  occurred 
when the rate of decrease in cellular silicon levels and 
the ambient silicic acid concentrations with increasing 
doubling time slowed dramatically (Fig. 8C, D). There 
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Fig. 8. Cylindrotheca 
fusiformis. Change in (A)  - 
cell-cycle stage durations, 
(B) average cell volume, (C) 

- residual silicic acid concen- 
tration and (D) cellular sili- 
con content as  a function of 

0 the average population 
0 O doubling time under s~licon 

limitation. Data at the max- 
, imal growth rate was ob- 

tained from an exponential 

was also a sharp decline in the rate of increase in cell 
volume as a function of mean generation time at tD = 

20 h coincident with the lengthening of G1 (Fig. 8B). 
The increase in cell volume with increasing doubling 
hme (Fig. 8B) confirms past observations of large 
increases in cell volume in silicon-starved cultures of 
this species (Lewin et  al. 1966). The increase in cell 
volume was strongly correlated with the percent of 
cellsin (G2 + M) (r = 0.97, n = 7, p < 0.001). 
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Exponential growth 
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It was surprising that Phaeodactylum tricornuturn 
and Cylindrotheca fusiformis spent the longest time 
and relatively high percentages of their cell cycles in 
G2 and M (Table 1) since there are several reasons to 
expect these species to move relatively rapidly through 
the stage when valve formation occurs. Only a small 
portion of the valve of C. fusiforrnis is silicified 
(Reimann et  al. 1965) and only the ovate form of P. 
tncornutum, which was not observed In our cultures, 
deposits a siliceous valve (Borowitzka et  al. 1977, 
Borowitzka & Volcani 1978). Not surprisingly, P. tricor- 
nutum did not have a sihcon-dependent segment in its 
cell cycle. 

Thalassiosira weissflogii cells spent an unusually 
long time and large fraction of their cell cycles in S and  

DOUBLING TIME (hr) 

M during exponential growth (Table 1). Vaulot et  al. 
(1987) also observed high percentages of T, weissflogii 
cells in S during exponential growth (see their Fig 2) ,  
but the reason for this remains unclear. The unusually 
high percentage of cells in M corroborates observations 
by Vaulot (1985) that nutrient-replete T. weissflogii 
cells spend up to 25 % of their cell cycles as post-mitotic 
doublet cells which would be included in our opera- 
tionally defined M (see 'Methods'). 

Silicon starvation 

Interprehng the data from the sillcon starvation 
experiments is hindered by the rise in the ambient silicic 
acid concentrations and the appearance of empty frus- 
tules following silicic acid depletion in many of the 
cultures. Silicon-starved cells can be  more susceptible to 
bacterial attack ( b l h a m  1975, Tllman & Kilham 1976) 
which may explain the appearance of empty frustules 
during stationary phase in our non-axenic cultures. 
Dissolution of the frustules of dead cells would resupply 
silicic acid to the survivors allowing the observed move- 
ment of cells within the cell cycle. Alternatively, cell 
death could give the appearance of cell cycling if cells 
from a particular stage of the cell cycle died preferen- 
tially. To avoid the problems in interpretation intro- 
duced by these potential artifacts, we confine our dis- 
cussion of these results to the period from exponential 
growth to the time where silicic acid was first depleted. 
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Silicon-starved cells of Thalassiosira weissflogii and explain why the light dependency of G2 progression in 
Cylindrotheca fusiforn~is arrested in G1 consistent with Cylindrotheca fusiforniis (Fig. 5) is eliminated when the 
their known silicon-dependencies near the Gl /S  cells are grown heterotrophically in darkness (Lewin & 
boundary associated with an apparent silicon require- Hellebust 1970). 
ment for DNA synthesis (e .g .  Darley & Volcani 1969, 
Vaulot et al. 1987). They also arrested in G2 and/or M, 
probably due to the silicon requirement for valve for- Silicon limitation 
mation (e.g. Darley & Volcani 1969, Vaulot et al. 1987). 
The 2 Chaetoceros species exhibited a unique pattern Slow progression through a stage of the cell cycle 
of silicon-starvation arrest in that cells arrested both at under silicon limitation could result from substrate limi- 
the Gl /S  boundary and earlier in G1. The block point tation of silicon transport. A low rate of supply of silicon 
at  the Gl /S  boundary is known to exist in many to the site of deposition inside the cell could lengthen 
diatoms (Darley 1969, Darley & Volcani 1969, Sullivan the time spent constructing of the frustule. Cells could 
1976, Okita & Volcani 1978, 1980, Blank & Sullivan theoretically compensate for this low rate of supply by 
1979, Blank et al. 1986, Vaulot et al. 1987), but the producing thinner frustules. This may be the case for 
presence of a silicon-dependent block point located Chaetoceros simplex, where the drop in setae produc- 
earlier in G1 is a new discovery. The fact that this block tion with increasing silicon limitation during G1 may 
point involved the deposition of siliceous setae have reduced the rate of increase in the duration of G1 
emphasizes that the number and position of silicon- (Fig. 7). A similar situation occurred in Cylindrotheca 
dependent block points within the cell cycle of diatoms fusiformis where the drop in cellular silicon under 
depends upon the timing of silicon uptake and deposi- modest silicon limitation (Fig. 8C) may have delayed 
tion. the expansion of G1 as the generation time increased 

All specles examined, with the exception of (Fig. 8A).  
Phaeodactylurn tricornutum, arrested in G2 and/or M Nutrient transport and assimilation can be coupled in 
when deprived of silicon reflecting the need for at least 2 ways and yield the same pattern of cell-cycle 
diatoms to form siliceous valves following cytokinesis, stage expansions under nutrient limitation. Transport 
The presence of a nutrient dependency late in the cell may occur continually with progression through the 
cycle of diatoms appears unique among the eukaryotic cell cycle slowing only during stages when assimilatory 
phytoplankton and eukaryotic cells in general. Nitro- demands exceed internal reserves. Alternatively, the 
gen starvation and limitation of the diatom Thalassios- processes of transport and assimilation may be tempor- 
ira we~ssflogii, the coccolithophore Hymenornonas car- ally coupled and confined to specific stages of the cell 
terae and the dinoflagellate Amphidinium carteri cycle. In the case of silicon, uptake and deposition are 
affects G1 exclusively (Olson & Chisholm 1986, Olson nearly coincident and appear confined to discrete por- 
et al. 1986a, b, Vaulot et  al. 1987). The presence of a tions of the cell cycle (Sullivan 1977), with deposition of 
silicon-dependent arrest point late in the cell cycle of siliceous valves beginning just after cytokinesis prior to 
the 5 centric diatoms studied here, together with simi- daughter cell separation (e.g. Werner 1977, Crawford & 
lar results for several pennate species (Darley 1969, Schmid 1986). Thus, the lack of a change in the dura- 
Sullivan 1976, Okita & Volcani 1978, 1980, Blank & tion of M for Thalassiosira weissflogii cells under sili- 
Sullivan 1979, Blank et  al. 1986, this study) suggests con limitation implies that the processes of karyo- 
that this is a general feature of all diatoms which kinesis, cytokinesis, valve formation and daughter-cell 
deposit siliceous frustules. separation occurred at  maximal rates irrespective of the 

The silicon dependency late in the cell cycle may be degree of silicon limitation. A silicon reserve must have 
related to the light-dependent segment within G2 in been present immediately before karyokinesis, poss- 
diatoms (Vaulot e t  al. 1986). All of the species we ibly accumulated at  very slow rates during the hours to 
examined, with the exception of Phaeodactylum tricor- days spent in G2 (Fig. 6A). The formation of such a 
nuturn, had a light-dependent segment within G2 and/ large persistent internal pool of dissolved silicon would 
or M. This light dependency late in the cell cycle of contradict past observations that internal pools of dis- 
diatoms appears to be unique among the eukaryotic solved silicon are  both relatively small and short-lived 
phytoplankton (Chisholm 1981, Chisholm & Brand (Coombs & Volcani 1968, Azam et  al. 1974, Sullivan 
1981, Chisholm et al. 1984) and may be linked to the 1979, Binder & Chisholm 1980). We speculate that 
energetic requirements for silicon transport and depo- silicon pool sizes may be  significantly larger in cells 
sition during valve formation prior to cell division (Vau- that have acclimated to silicon-limiting conditions than 
lot et al. 1986). This would explain why P, tricornutum, in the rapidly growing or silicon-starved cells used in 
which does not require silicon for growth, lacks a light- previous studies. 
dependent segment late in its cell cycle. It would also Modest silicon limitation of Chaetoceros s in~plex 
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lengthened G1 almost exclusively suggesting that 
internal silicon reserves present after daughter cell 
separation were insufficient to drive setae formation at 
its maximal rate. Moreover, it implies that significant 
silicon uptake occurred during G1 to complete the 
setae. The expansion of G2, M and G1 under more 
severe limitation suggests that silicon uptake began in 
G2, continued through M and into G1 until the comple- 
tion of the setae. This scenario is consistent with past 
studies showing that silicon uptake occurs mainly du- 
ring valve formation stage (Eppley et  al. 1967, Sullivan 
1977) since the setae of Chaetoceros are actually exten- 
sions of the valve and their deposition can begi.n prior 
to daughter cell separation (Li & Volcani 1985). It dif- 
fers from past observations in that much of the silicon in 
the setae appears to be taken up  and deposited in early 
G1 rather than late in the cell cycle. 

A major finding of our study was that severely sili- 
con-limited cells spend the majority of their lives in 
stages of the cell cycle known to be associated with 
silicon metabolism. We believe that the lengthening of 
these stages reflects prolonged silicon uptake and/or 
deposition which can last for days in severely limited 
cells. This expands on past results from synchronized, 
s~licon-replete batch cultures which showed that silicon 
uptake and deposition occur quickly (20 min to 2 h) 
during a restricted portion of the cell cycle (see review 
by Sullivan & Volcani 1981). Our data corroborate that 
silicon metabolism is linked to specific portions of the 
cell cycle, but indicate that these regions can lengthen 
dramatically in response to silicon limitation. 

The response of the cell cycle of Thalassiosira weiss- 
flogii to silicon limitation differs markedly from that 
under nitrogen limitation. Increases in the generation 
time under silicon limitation were due to an expansion 
of G2, while nitrogen limitation lengthens G1 only 
(Olson et al. 1986a). Thus, depending on the identity of 
the limiting nutrient, an  entirely different part of the 
cell cycle can be affected. It has been argued that in an  
environment where both nitrogen and silicon are in 
short supply a T. weissflogii cell could experience ni- 
trogen limitation early in its lifetime during G1 and 
silicon l~mitation later on during G2 (Vaulot et al. 1987). 

In the simplest case, dual nitrogen-silicon limitation 
could occur if nitrogen uptake is confined to G1 and 
silicon uptake is confined to G2. While this may be 
largely true for silicon (Sullivan 1977), direct evidence 
of a cell-cycle dependency for nitrogen uptake in phy- 
toplankton is lacking. Some diatoms, such as 
Skeletonenla costatum, exhibit enhanced nitrogen 
uptake following bursts of cell division in cyclostat 
culture (Eppley et al. 1971), but it is presently unknown 
whether such periodic uptake reflects true cell-cycle 
dependent nitrogen uptake or the entrainment of 
uptake to the photocycle. A periodic ammonium supply 

can override the effect of a photocycle in entraining cell 
division in Thalassiosira weissflogii (Olson & Chisholm 
1983) suggesting some cell-cycle dependence for nitro- 
gen uptake in this species. Reconciling the evidence 
that 2 nutrient elements can control different stages of 
phytoplankton cell cycles with past studles which show 
that phytoplankton growth rates are controlled by the 
one nutrient in shortest supply (e.g. Droop 1974, Rhee 
1978, Rhee & Gotham 1980) requires further investiga- 
tion. 
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