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THE LIFE CYCLE OF THE CENTRIC DIATOM THALASSIOSIRA

WEISSFLOGII: CONTROL OF GAMETOGENESIS AND CELL SIZE

by

ELIZABETH VIRGINIA ARMBRUST

ABSTRACT

The predominant mode of reproduction in all unicellular algae
is via asexual reproduction, In diatoms, the physical constraints
of the cell wall, or frustule, during these mitotic divisions
generally result in a decrease in the average cell size of a
population over successive generations. The most common manner of
breaking this trend of diminishing cell size is through sexual
reproduction; meiosis replaces mitosis and the resulting male and
female gametes fuse to create a zygote or auxospore which then
develops outside the confines of the frustule and forms a post-
auxospore cell many times larger than either parent, It is
traditionally believed that these newly created large cells are
unable to undergo sexual reproduction: theoretically, only cells at
the lower end of the size spectrum possess this capability.
However, most of the studies concerning diatom life cycles are
descriptive and in reality very little is known about what
determines if and when a cell will undergo gametogenesis and
subsequent zygote formation. The motivation behind this research
was a desire to understand more about this "decision making" process
in centric diatoms.

Using flow cytometric techniques, I showed that the marine
centric diatom, Thala.$Losira welasflogll, can be induced to undergo
spermatogenesis by exposing cells maintained at saturating
intensities of continuous light to either dim light or darkness,
From zero to over ninety percent of a population can differentiate
into male gametes depending upon both the induction trigger and the
population examined, regardless of cell size, Through the use of
populations representing distinct cell cycle distributions, it was
shown that responsiveness to an induction trigger is a function of
cell cycle stage: cells in early G, are not yet committed to
complete the mitotic cycle and can be induced to form male gametes,
whereas cells further along in their cell cycle are unresponsive to
these same cues,

T, weisoflogil can also undergo sexual reproduction under
constant environmental conditions as often as every 120 generations.
In the absence of any external induction signals, the ability of a
cell to undergo gametogenesis and subsequent auxospore formation is
linked with the obotainment of an appropriate cell size, However,
this permissive size range can vary between isolates and
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within a given isolate over time, Moreover, the size of the post-
auxospore cells created during these sexual eaents is also extremely
variable; absolute cell size predicts very little about the future
conduct of a cell. The unpredictable behavior of these cultures is
hypothesized to result from the fact that the genetic composition of
a diatom population changes over time, Since diatoms are diploid,
each round of sexual reproduction creates genetic diversity, thus
enabling the characteristics of a population to undergo frequent
transformations.

Thesis Supervisor: Prof. Sallie W, Chisholm
Professor, MI.T
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Preface

Diatoms are one of the most abundant eukaryotic microorganisms

found in the aquatic environment, Due to their photosynthetic

capabilities, these ubiquitous organisms are substantial

contributors to global primary productivity, And yet, despite their

obvious ecological importance, relatively little is known about the

details of the physiology of these cells. In fact, studies of the

life cycle of diatoms have not progressed beyond the descriptive

stage (Chapter 1); very little is understood about what determines

if and when a cell will cease asexual reproduction and undergo

gametogeneslis and subsequent zygote formation, The goal of my

thesis was to examine in more detail this "decision making" process,

The marine centric diatom, Thalassloalra welssflog1l, was used

as the model organism for this research due to a serendipitous

observation by Vaulot and Chisholm (1987), They found that a

portion of a T. welssflogll population was induced to undergo

spermatogenesis in response to a change in light conditions, What

fascinated me about this result was that a majority of the

population apparently ignored the induction signal and continued

dividing asexually. What differentiated these non-inducible cells

from the inducible ones? To address this question, the

responsiveness of a cell to an environmental induction trigger was

examined as a function of both cell size and cell cycle stage

(Chapter 2), I learned that the extent of spermatogenesis displayed

by a given population was influenced not by its average cell size as

expected but rather by its cell cycle distribution.

-11-



This lack of a correlation between cell size and

responsiveness to an induction cue was in direct conflict with the

work of numerous other researchers. To try to understand the source

of this discrepancy, I initiated a systematic examination of the

manner in which cell. size changed over time in a number of T.

welssfloglL isolates (Chapter 3), In the course of conducting this

study I found evidence that the genetic composition of diatom

populations varies over time, Thus, the characteristics of these

populations can undergo frequent transformations, a feature which

must be kept in mind as attempts are made to understand in more

detail the physiology of these organisms.

I have also included in this thesis a study which describes

cell cycle regulation in the procaryote, Synechococcus strain WH-

8101, an organism which is unrelated to diatoms and in fact belongs

to an entirely different kingdom (Appendix), This work is included

here as an example of the fact that an understanding of the behavior

of populations of cells requires an understanding of the behavior of

the individual cells within the population, This philosophy, the

"importance of the individuals", permeates each of the latter

studies conducted with T. weissflogi.

-12-



References

Vaulot, D, & Chisholm, S, W. 1987, Flow cytometric analysis of

spermatogenesus in the diatom ThalasslosLra welssflogll

(Bacillariophyceae), J. Phycol, 23:132-7.

-13-



-14-



Chapter One

Sexual Reproduction in Centric Diatoms
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Introduction

Diatoms (Bacillariophyta) are one of the most abundant groups

of aquatic, eukaryotic microorganisms found in nature with

approximately 100,000 described species disperved among over 250

genera (Round and Crawford 1989), These unicellular algae are

widely distributed among freshwater and marine habitats in both the

plankton and the benthos, in fact "anywhere water drips, collects,

or flows there is a diatom microbiota" (Round and Crawford 1989).

Due to their dominance in oceanic upwelling zones and the regions of

the continental shelves, diatoms are substantial contributors to

world net primary productivity (Werner 1977). Moreover, these and

other large phytoplankton have recently been hypothesized to play a

crucial role in the new production of oligotrophic waters (Goldman

1988).

Despite their obvious ecological importance, however, many of

the details of the physiology of these organisms remain mysterious.

In an era when model systems such as the budding yeast,

Saccharomyces cerevlslae, and the freshwater green alga,

Chlamydomonas reinharde.l, can be genetically manipulated at will

through techniques ranging from simplw matingo to intricate

transformations (eg, Herskowitz 1988, Boynton at al. 1988, Hall

1989), studiia of the diatom life cycle have progressed little

beyond the descriptive stage. And yet, the sexual cycle of diatoms

may be unique among unicellular algae since the vegetative cells are
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diploid and thus meiosis precedes gametic differentiatlon,

Moreover, the induction of sexuality in diatoms has traditionally

been thought to be linked with the obtainment of an appropriate cell

size. If this proves to be true, the diatom life cycle may not only

be unique among the phytoplankton but among the entire protist

kingdom as well.

Relatively few life cycle studies have been conducted in the

13 years since Drebes's review of diatom sexuality was published

(Drebes 1977b). This is perhaps due to the somewhat persnickety

nature of diatoms; sexual events serendipitously observed once are

frequently hard to replicate, Since 1977, however, research

techniques available to scientists have blossomed; for example,

painstaking microscopic observations are no longer the only means of

detecting sexuality (e.g. Vaulot and Chisholm 1987a, chapter 2).

Thus, we may now be able to move beyond simple descriptions of the

sexual process and begin to ask more detailed questions. For

instance, an understanding of the mechanisms underlying the

induction of sexual reproduction in the various diatom species may

enable us to someday predict how changing environmental conditions

will influence the extent of sexuality and thus the potential for

genetic variability in diatom populations in the field.
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Historical Perspective

The diatom literature dating from nearly a hundred years ago

overflows with wonderfully detailed descriptions and drawings of the

life histories of some of the larger, more easily observed organisms

(eg, Yendo and Ikari 1918, Persidsky 1935, Gross 1937), Towards

the end of the nineteenth century, researchers surmised that the

unique structure of the diatom frustule imposed potential

constraints on its life cycle. An assortment of cell sizes within a

given species were generally observed but it was initially unclear

whether calls gradually became smaller or larger over successive

gensrations. The diatom frustule is composed of two rigid,

unequally sized silica valves, the epitheca and the hypotheca, each

attached to a series of silicious girdle bands, MacDonald (1869)

and Pfitzer (Rao and Desikachary 1970) simultaneously surmised in

what has become known as the MaoDonald.Pfitzer hypothesis, that

since the valves of the new frustules are created within the

confines of the old, each mitotic division results in one daughter

cell which is smaller than either her sister or her mother thus

causing a gradual decrease in cell sue over successive generations.

Some sixty years later, Geitler (1935) reviewed the details of

the life cycles of a number of pennate diatom species and defined

three distinctive categories of cells (still used today),

characterized by their relative cell sie. His first category

consisted of the largest cells or post.auxospores, generally created

-19-



sexually, which were ce,,able only of asexual reproduction. Size

diminution of these vegetative cells created the second category,

cells characterized by a smaller size range that were capable of

both asexual and sexual reproduction. Individuals that passed

through this size range without undergoing gametogenesis comprised

the third category. These cells were no longer capable of sexual

reproduction and simply continued to decrease in size; theoretically

this cell line wnti d eventually die, Thus by the early thirties,

the foundation of what appear to be the unique features of diatoms

had become well established: sexual l ty and perhaps ever. cell vigor

are intimately associated with cull size.

As ponnate diatoms became well characterized and were proven

to possess isogamous or morphologically equivalent haploid gametes,

arguments flourished as to the exact nature of sexual reproduction

in centric diatoms. Flagellated cells which are now known to be

sperm were observed (e, g, Gross 1937, Braarud 1939, Subrahmanyan

1946) but it was unclear exactly what role these cells played in the

life cycle, For example, Gross (1937) concluded definitively that

these "microspores" resulted from either an abnormal division

process or the "occasional presence and reproduction in dead diatom

cells of flagellates not necessarily of parasitic nature." Another

fifteen years of disagreements had to pass before von Stoach (1950),

through a detailed examination of field samples, firmly established

that centric diatoms are characterized by oogamy, the formation of

morphologically dissimilar sperm and eggs.

-20-



With the discovery that many diatoms require vitamin B12, the

number of bacteria-free clones of diatoms maintained in culture

increased dramatically during the fifties and sixties (Lewin and

Guillard, 1963). In keeping with this trend, life cycle studies on

contric diatoms moved from field observations to laboratory

experiments.

Oametogenesis and Zygote Formation

The predominant mode of reproduction in diatoms is mitotic

division, However, like many other sukaryotic microorganisms (Sager

and Oranick 1954, Esposito and Klaphols 1981, Pfiester and Anderson

1987) diatoms can exit the mitotic cycle and undergo gametogenesis,

Since diatoms are diploid, meiosis precedes gametogensis and thus

the gametes may be morphologically and physiologically quite

distinct from vegetative cells. Moreover, since diatoms are

monoecious, each cell can differentiate into either male or female

gametes. Drebes (1977b) presents a excellent summary of the

numerous possible steps leading to the formation of the sperm, egg,

and auxompore, Only a brief review will be presented here.

Soermatoasnavid

The first indication of spermatogenesis is a series of

specialized mitoses that creates within a single frustule, anywhere

from one or two diploid spermatogonia as in Skeletonena costatum

(Migita 1967b) to as many as 128 spermatogonia within a single

Cooc.lodlaoua pavlllardll cell (Findlay 1969). These spermatogonia
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may either swell and complete meiosis free of the mother frustule

(a. g. French and Hargraves 1985, chapter 2) or else remain enclosed

within the frustule until melouis is completed (eg. Findlay 1969),

As no growth occurs between the successive mitotic and meiotic

divisions, a male determined cell of Lithodesmlum undulacum, for

example, can complete four successive mitotic divisions and two

meiotic divisions in am little as 12 hours (Manton at al. 1970), an

interval comparable to the average doubling time of the vegetative

cell.s of numerous species, The final outcome of these divisions is

the creation of four uniflagellated haploid sperm from each

spermatogonium. Thus, a C. pavillardlL cell, for example, can create

as many as 512 sperm,

DgsnahLim

Oogonia, unlike spermatocytes, are formed directly from the

vegetative cell with no accompanying reductive mitoses, In the

ensuing melotic divisions, two eggs and two pycnotic or

disintegrating nuclei, one egg and a polar body, or one egg and two

pycnotic nuclei are formed depending on the species examined (Drebes

1977b), In certain species such as Stephanopyxla palmeorana (Drebes

1966) or Leptocylindrus danicus (French and Hargraves 1985), the

females can be differentiated from vegetative calls since they are

slightly elongated and can possess both at enlarged nucleus and an

increased number of chloroplastu, In other species such as

CoscInodiscus coclnnus (Holmes 1967) or Chaetoceroa diadems
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(Hargraves 1972), however, no conspicuous differences between

females and vegetative cells are observed.

Auxolnore Formt ion

A number of ingenious methods have been devised by different

diatom species to facilitate the necessary union, of the sperm and

egg since the egg is generally still enclosed within her silica

frustule, Often, the female bends slightly thus allowing the sperm

to enter through a opening between the two valve halves (e.g. von

Stoech 1950, Drebea 1966, French and Hargraves 1985). In other

instances, the sperm apparently slithers through a bristle opening

in the frustule (Drebeas 1977b),

Upon fertilization, the developing diploid zygote or auxospore

rapidly expands due to a sudden intake of water, squeezing the

organelles into a thin layer of cytoplasm within the suxospore

periphery (Hoops and Floyd 1979), and then escapes the confines of

the mother frustule. At this stage the auxospore is surrounded by

an organic wall frequently interspersed with siliceoum scales

(Crawford 1974, Hoops and Floyd 1979), The protoplasm eventually

contracts from the wall and two new silica valves are laid down,

Interestingly, an acytokinetic mitotic event (nuclear division

without cytokinesin) accompanies the formation of each valve and

thus two pyonotic nuclei are created (Drebes 1977b). The auxospore

envelope finally ruptures and the newly enlarged "Erslingszelle" or

initial cell is released, The relation between the size of the

post-auxospore cell and the parent cell can vary (e.g. Rao 1971,
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chapter 3), but the newly created cell may be as many as five times

as large as either parent (Findlay 1969).

Environmental Induction Signals

Diatoms can be induced to exit the mitotic cycle and undergo

sexual reproduction in response to a suite of environmental signals

including a sudden change in light intensity, temperature, nutrient

status, or salinity (Table 1). The motivation behind many of the

early studies on the induction of sexuality was either a

manipulation of a given species through its various life cycle

stages or a description of a serendipitously observed event rather

than an examination of the interaction between a cell and its

environment. The appropriate conditions for gametogenesis are often

presented simply as recipes and the use of "old" cultures is

frequently noted (eg, Drebeas 1966, Rao 1971, Drebes 1972, Hoops and

Floyd 1979), Only rarely is the population response to an induction

signal quantified, complicating any attempts to evaluate the

relative "strengths" of the various induction signals, Thus, it is

unclear whether or not the reported range of chemical and physical

signals all induce sexual reproduction via a common mechanism.

The duration of the photoperiod is frequently emphasimed as an

important component of many induction "mixtures", The results

obtained with one species, however, are often in direct conflict
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with results reported for another species, For example, Steal.

(1965) found that only when Stephanopyxia palmerLana was maintained

on a 16:8 L:D cycle (rather than a 12:12 or an 8:16 L:D cycle) would

cultures form sexual cells. Similarly, Furnas (1985) reported that

higher proportions of Chaetoceros curvIsetum cultures underwent

spermatoSenesis when maintained on L:D cycles of 16:8 rather than

either 12:12 or 8:16, This preference for sexual reproduction over

asexual reproduction under long photoperiods is exactly the opposite

of what Holmes (1966) found in his systematic study of CoacLnodl#cus

concInnus, lie exposed cultures to sixty-four different light and

temperature combinations at L:D cycles of 16:8, 12:12, and 8:16,

The extent of both spermatogenesis and auxospore formation was

always enhanced under the short photoperiods, This sort of

contradictory behavior unfortunately adds to an apparent

intractability of diatom life cycle studies.

Perhaps a little of the mystery can be removed, however, based

on recent results obtained with the marine diatom, Thalasaloslra

welssflogIl. This diatom can be induced to undergo spermatogenesis

when cells are transferred from saturating levels of continuous

light to either dim light or darkness (chapter 2), Responsiveness

to this induction signal, however, is a function of cell cycle

stage, Only when cells are in early 01 can they be induced to

undergo spermatogenesiL; cells further along in their cell cycle are

unresponsive to the same induction cues and simply divide

mitotically (chapter 2), If the response of C, cocLnnus, S.
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palmerlana, and C, curvLsetum to a change in light conditions is

also limited to cells in a particular stage of their cell cycle this

may explain some of the conflicting photoperiod results.

In order to predict how the duration of the photoperiod can

influence the number of cells induced to undergo gametogenesis, the

manner in which light affects cell cycle progression must first be

understood. Diatoms posses at least one and more often two light

dependent regions, located in G1 and/or C2 , where continued cell

cycle progression requires light (Vaulot at al. 1986, Olson et al.

1986, M. Brzezinski, pars. coirm,), Light/dark cycles align the

cells cycles of a culture depending on the length of the various

cell cycle stages, the location and the duration of the light

requiring segments, and the duration of the photoperiod (Vaulot and

Chisholm 1987b), The proportion of a population that is induced to

undergo gametogenesis under a given photoperiod is a function on the

number of cells which are in the appropriate cell cycle stage during

induction. If for example, the durations of the light requiring

segments differ between Chaetoceros curvIsetum and Cosclnodlscus

coicinnus, the cell cycles of these two organisms will be

differently aligned to a given light dark cycle and thus different

proportions of cells will move through their inducible region during

the induction signal and be triggered to undergo sexual

reproduction.
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Nu-trient CUBS

Two diatoms that have been observed to undergo sexual

reproduction in response to nutrient limitation are Leptocyllndrux

danlcus (French and Hargraves 1985, 1986) and Skeletonema costatum

(Davia et al. 1973). S. coatatum cells can become sexual under

silica limited continuous culture conditions. On the other hand,

nearly one hundred percent of L. danLcus populations are induced to

undergo sexual reproduction in response to nitrogen limitation. The

highly unusual feature of this system, however, is that immediately

after zygote formation and cell enlargement, the auxospore always

develops into a resting spore. Nitrogen deprivation apparently set

into motion two new developmental pathways.

Salinit UU

One final species which holds promise for studying induction

signals but has apparently not been examined since the late sixties

and early seventies, is an estuarine species, Cyclotella

meneghlnlana, Sexuality in C. meneghInlana is triggered by a change

in Na+ concentrations (Schultz end Trainor 1968, Schultz and Trainor

1970, Rao 1971), Interestingly, only male gametes wore formed on a

15:9 L:D cycle whereas in continuous light, all stages in the sexual

cycle were formed (Schultz and Trainor 1970) (see section on Sex

Determivation),
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Size and Sexuality

A remarkable feature of the diatom life cycle is that the

ability to undergo sexual reproduction is apparently linked to the

size of a cell (Drebes 1977b), Over successive generations the mean

cell size of a population generally decreases (Rao and Desikachary

1970) and the standard deviation about this mean increases (for

exceptions to this general rule of size reduction see for example,

Rao and Desikachary 1970, Round 1972, Crawford 1980)), It is

commonly observed that only when cells obtain a diameter less than

about 30-40% of their species' maximum, can they undergo

gametogenesis and subsequent auxospore formation 'Drebee 1977b),

This newly enlavged cell then proceeds along the askxual path until

size once again permits sexuality and thus ensuring the periodic

nature of diatom sexuality (Lewis 1984),

The ideal way to test the relationship hbtween cell size and

the ability to undergo gametogenesis is to examine genetically

identical population of cells that differ only in their size

distributions. This is nearly impossible to do, though, since

diatoms are monoecious and thus sexual reproduction can occur in

populations originating from a single cell, Von Stosch (1965)

circumvented this problem by artificially eliciting size changes

through nutritional and other cultural manipulations. He found that

newly enlarged cells were not receptive to induction signals,
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whereas cella which had been forced instead to decrease abruptly in

size were receptive (Drabe* 1977b), An examination of the response

of colls which have been exposed to extreme conditions, however, is

often problematic; the possibility of transient behavior unrelated

to absolute cell size can not be eliminated. For example, enlarged

cells were obtained by transferring cells to media essentially

devoid of silica. Cells discarded their frustules to form

"protoplasts" and only formed a new larger, but often misshapen

frustule upon a return to silica replete conditions, It is unclear

what other physiological changes may have accompanied these

conditions,

An alternative method employed to examine the relationship

between cell size and sexuality is to periodically remove aliquots

from an isolate in the process of site diminution and thus expose

populations with different size distributions to a given induction

signal. Rao (1971) monitored call size and susoeptibility to a

salinity induction signal in Cyolotella moneghInlana for 18 months

and found that only cells less than approximately 38% of the maximum

formed gametes, However, a single round sexual reproduction and

auxospore formation did not always lead to the obtainment of the

cells' maximum size, Instead, at least two size steps were

observed; a portion of the cells that had undergone one round of

sexual reproduction immediately underwent a second round to form

even larger calls.
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Similarly, Findlay (1969) followed a isolate of Cosclnodlscus

pavillardLI for 15 months and found that sexuality occurred only in

cells ranging from 20-63% of the maximum diameter. Although he did

not mention the actual proportions of the populations that were

induced as the average cell size of the isolate decreased, he did

note that sexuality did not occur in all the cells within the

inducible range; some cell lines continued dividing vegetatively and

eventually died, This heterogeneous response of a population

theoretically within the inducible size range has frequently been

observed (eg. Werner 1971) and obviously complicates any simple

relationship between cell mize and susceptibility to an induction

trigger.

In a slight twist to this experimental design, I (chapter 2)

isolated a number of Thalassuomira we.saflogil populations

displaying a range of size distributions, In contrast to

expectations, no relationship was observed between the average size

of the various isolates and the proportion of cells that were

induced to undergo spermatogenesis in response to a change in light

conditions, In a subsequent follow-up study, I monitored the

changes in cell size in these various isolates during approximately

two years of exponential growth in constant conditions (chapter 3).

Each isolate displayed periodic increases and decreases in mean cell

size as expected for populations alternating between asexual and

sexual reproduction, However, the overall patterns of cell size

change varied dramatically between the various populations despite
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the fact that each culture was maintained under identical growth

conditions, The only feature common to these patterns was the rate

of decrease in mean cell size, a parameter which is apparently

determined by the physical constraints of the frustule during

asexual reproduction, The rest of the components, i,e., the timing

of the sexual episodes, the rate of increase in average cell size

and the size of the post-auxospore cells created during a sexual

event could vary among isolates and even within a given isolate over

time, Both the size at which a cell can undergo sexual reproduction

and the site of the post-auxospore cells created during these sexual.

intervals could display genetic variability, I hypothesized that

the extent of variation in the patterns of cell size change

exhibited by the different populations resulted from the fact that

the genetic composition of a population can vary over time,

Sex Determination

As mentioned previously, diatoms are monoecious and thus each

cell can form either male or female gametes, Essentially nothing is

known about how this decision making process is achieved in diatoms.

The reported environmental cues often differ slightly between males

and females (Steele 1965, Holmes 1966, Migita 1967b), For instance,

in Haloalra mon.l.Lormle (Migita 1967) and Skeletoneme oostatum

(Migita 1967b), cells maintained in higher light intensities form

females rather than males, whereas in Stephanopyxls palmerlana

(Steele 1965), just the opposite is true, Cell size has also been
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observed to influence the sex of a cell, For example, in Cyclotells

meneghlnlana (Rao 1971), cells within the low end of the inducible

size spectrum form males whereas the larger inducible cells form

females, As with environmental cues, exactly the opposite response

can be found in other diatoms; Chastoceroa dladema forms females

from small cells and males from larger cella (Hargraves 1972),

Future Studies

Our understanding of those factorn which allow a cell to be

exit the mitotic cycle and undergo sexual reproduction is still

quite limited. Although the obtainment of an appropriate cell size

is strongly correlated with an ability to respond to environmental

cues (e.g, Drebes 1977b), this permissive size range can vary among

different isolates of a single species (chapter 3), Moreover, not

all the cells within an appropriate size range respond to induction

triggers (eg. Findlay 1969, Warner 1971), For instance, I found

that only cells in the 01 stage of their cell cycle con initiate

sperivatogetiseis in response to a change in light intensities

(chapter 2), (see section on Environmental Induction Signals),

However, even within this Cl category, a portion of the cells may

still not respond to the induction signal. Other parameters besides

cell size or even cell cycle state must differentiate small

inducible cells from small uninducible ones, Could this aloo be what
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differentiates post-auxospores from inducible calls? In Rao's dtudy

(1971), what permitted cells to form sequential sets of auxospores?

Many of these types of questions require an understanding of

the underlying mechanisms of the induction of sexual reproduction,

However, as is apparent from an inspection of Table 1, a common

component of sexual cues is some form of environmental stress, This

fact makes an assessment of the processes underlying the

environmental induction of gametogensis quite complicated since the

cues generally elicit a host of physiological responses, most of

which are unrelated to the inaduction of gametogenesis (eg,

Goodenough 1983), Assuming, however, that certain cells for at

least a portion of their life cycle are unresponsive to induction

signals (see section on Size Control of Sexuality), details of the

physiological changes preceding the onset of gametogenesis can be

compared between inducible and these unresponsive cells, Those

changes which are unrelated to the induction of gametogenesis will

be common to both populations, Early changes found only in the

responsive population should be associated with induction,

CONCLUSIONS

Diatoms are apparently unique among the phytoplankton because

they are diploid and because they display a gradual decrease in cell

size over successive generations. Numerous studies have linked the

obtainment of an appropriate cell size with susceptibility to these
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induction signals. The fact that often only a portion of the cells

within an inducible size range responds to a given signal indicates

that other factors besides cell size must control sexuality. It is

now clear that the cell cycle distribution of a population upon

induction can influence the proportion of cell@ that can respond to

an induction signal, In addition, both the size at which a cell can

undergo sexual reproduction and the maximum size of a post auxospore

cell can display genetic variability,

Since diatoms are diploid, genetic recombination during sexual

reproduction will generate variability in the genotypes and perhaps

even the phenotypes of the individual cells within a given

population over time, This means that many aspects of the behavior

of diatoms may be quite variable, a feature of diatom populations

which must be kept in mind as attempts are made to understand the

details of the physiology of these organisms,
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Chapter 2

Induction of Spermatogenesiu in a-Centric Diatom: The Role of Light

and the Call Cycle
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ABSTRACT

The centric diatom, Thalassloa.ra velaufloSgI Orun,, can be

induced to undergo spermatogenesis by exposing cell# maintained at

saturating levels of continuous light to either dim light or

darkness, Using flow cytometry to determine the relative DNA and

chlorophyll content per cell, the number of cells within a

population which responded to an induction signal was measured,

From 0 to over 90% of a population could differentiate into male

gametes depending upon both the induction trigger and the population

examined, regardless of cell size,

Through the use of synchronized cultures, we demonstrated that

responsiveness to an induction trigger is a function of cell cycle

stage; cells in early 01 are not yet comomitted to complete mitosis

and can be induced to form male gametes, whereas cells further along

in their cell cycle are unresponsive to these same cues. A simple

model combining the influence of light on the mitotic cell cycle and

on the induction of spermatogenesin has been developed to explain

the observed diversity in population responses to change. in light

conditions,

Key index words: cell cycle, diatom, light, sexual reproduction
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Diatoms, like all unicellular algae, reproduce predominantly

via mitotic division, The diatom frustule is generally unable to

expand apically during these mitotic divisions resulting in a

decrease in the mean cell size of a population and an increase in

the standard deviation about this mean over successive generations

(MacDonald 1869, Rao and Desikachary 1970, Round 1972), The most

common manner of escaping this trend of diminishing cell size is

through sexual reproduction, It is commonly believed that once

cells reach a diameter leoss than 30-40% of their species' maximum

diameter, they can be induced by an environmental trigger to exit

the mitotic 6yele and undergo gametogenesis (eg, Drebes 1977), The

resulting male and female haploid gametes combine to create a

diploid auxospore which enlarges outside the confines of the

parental frustule to produce a cell many times larger than either

parent (eg, Higita 1967, Rao 1971). This newly created cell then

proceeds along the asexual pathway until an appropriate trigger once

again elicits gametogenesis,

Although the developmental pathways of both spermatogenesin

and oogenesis have been well documented in a number of diatom

species (von Stoech 1950, Manton et al. 1969a,b, 1970a,b, Drebes

1972,), the underlying mechanisms for triggering these pathways

remain elusive, A suite of factors including light (e.g. Drebes

1966, Furnas 1985, Vaulot and Chisholm 1987), nutrients (e.g, Davis

1973, French and Hargraves 1985), salinity (eg, Schultz and Trainer

1968) and temperature shifts (eg., Holmes, 1966) have all been
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implicated in initiating this switch from asexual to sexual

reproduction.

We recently discovered a means of inducing the centric diatom

Thalaa#IosIra welmuflogli to undergo spermatogenesis (Vaulot and

Chisholm 1987), Upon the return of a dark arrested population to

continuous light, a portion of the cell# differentiated into male

gametes, The majority of the population, however, apparently

"ignored" this cue and continued dividing asexually. This

heterogeneous response of diatom populations to an environmental

signal has been observed frequently and is often attributed to the

non.-esponsiveness of large cells, However, even within a

purportedly appropriate size range, often only a fraction of a

culture responds to the cue (e.g, Findlay 1969, Werner 1971), This

observation complicates any simple relationship between relative

cell size and susceptibility to an induction trigger and suggests

that additional factors must underlie the heterogeneous responses of

populations. The goal of our study with T, ve.laafloZl was to

explore responsiveness to an induction signal an a function of both

cell misi and cell cycle stage.

MATERIALS AND METHODS

Clonal isolates of T, wel#aflogll clone Actin (from the

Culture Collection of Marine Phytoplankton, Bigelow Laboratories for

Ocean Sciences) were obtained by Isolating colonies from 2t agar
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plates and transferring them to f/2 enriched seawater media

(Guillard 1975) with nitrate an the nitrogen source, Cultures of

these isolates were obtained whose volumes ranged from approximately

600 to 1200 pm3 (as determined with a Coulter Electronios Model

Z./C256 electronic particle counter). Although Coulter values are

determined by assuming that each particle is a sphere, these

diameters accurately predicted the apical diameter of cells measured

independently with a microscope, Each experiment began with semi-

continuous cultures of the various isolates maintained at 20 0 C in

saturating levels of continuous illumination (cool.white

fluorescent), In all instances, unless specifically stated, the

photon flux density (PFD) was constant at 250 $AK'm' 2 'sc" 1 as

measured with a Biospherical Instruments model QSLIOO irradiance

meter, A Turner fluorometer was used to monitor daily changes in

the In vivo fluorescence of the cultures to determine growth rates

(Brand et al, 1981), During the sorting experiments, cell number

was determined microscopically with a 1uchs/Romenthal hemocytometer.

A minimum of 300 cells were counted for each sample. For all other

experiments, cell number and volume distributions were determined

with the Coulter Counter.

To determine DNA content per cell, live samples were stained

with 10 pg'ml" 1 of the DNA fluorochrome Hoescht 33342 (Calbiochem,

La Jolla, CA) for at least 10 min and relative DNA and chlorophyll

fluorescence were measured with either a microscope based (Olson at

al, 1983, Frankel et al, 1988) or a Coulter Epios V flow cytometer,
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In both systems, UV excitation was 365 nm and chlorophyll

fluorescence *mission was measured between 660.700 nm,. DNA

fluorescence emission (Hoescht 33342) was measured between 430-470

nm on the microscope based flow cytometer and between 418.530 nm on

the Epics V. All sorting experiments were conducted using the

sorting capabilities of the Epios V.

Because some of the stages in the formation of male gametes

are not enclosed within a frustule and are therefore particularly

sensitive to the fixation process normally used for DNA analyses

(Olson et al, 1983), only live samples were analyzed, This also

allowed us to measure chlorophyll fluorescence per cell which

increased our ability to discriminate between the various sexual

stages, Because the coefficient of variation of DNA measurements in

greatly increased in live calls (Olson et al, 1983), however, we

could only divide the oall cycle of the vegetative cells into the 01

and 02 stages which are assumed to represent a DNA content of 2c and

4c, respectively (where a represents chromosome complement),

A known quantity of preserved nuclei from calf thymocytes

(Ortho Diagnostic Systems) was added to each sample to act both as

an internal staining standard and to permit a calculation of the

density of cells within a given subpopulation, At least 30,000

cells were analysed for each treatment at a minimum of two separate

time points,

The flow cytometric data were stored as two parameter

histograms of correlated DNA and chlorophyll fluorescence of either
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64 X 64 (Epics V) or 128 X 128 (microscope based) channel

resolution, The data generated with either instrument were

transferred to an IBM 9000 computer for detailed analysis (Vaulot

1986).

RESULTS

DetectLon and analysis of #pormstogenoaol, When T.

we.IaflogL populations were maintained in saturating intensities of

continuous light, a typical flow cytometric "signature" of a

population revealed that the majority of the cells were located in

either the a, or 02 portion of the cell cycle (Fig, IA); few if any

male gametes wore produced in these cultures, as shown by a general

absence of cells with anything other than two or four oomplements of

DNA, Cells transferred from continuous light to prolonged darkness

did not undergo spermatogenesis in the dark, again as indicated by

the presence of cells in only the 01 or 02 phase of the cell cycle

(Fig. 1B). An interruption of growth in continuous light with 12 h

of darkness, however, induced a portion of a population to exit the

mitotic cell cycle and undergo spermatogenesis (Fig, 1 0.H).

At the end of the 12 h dark interval, the induced and non-

induced calls within the population were indistinguishable both

morphologically and flow cytometrically (of, Fig. 1A, C). After 3 h

of light exposure, however, a low chlorophyll subpopulation

developed creating a distortion in the flow cytometric signature of

the vegetative cells (Fig. 1D), Two h later, two subpopulations

emerged with lower chlorophyll fluorescence than either the 01 or G2
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cells; one consisted of cells with a G2 complement of. DNA (4c) and

the other consisted of cells with twice this amount of DNA (Be)

(Fig. 1). Soon thereafter, the new 4c and Be subpopulations were

well distinguished from the vegetative cells by virtue of the

increased chlorophyll fluorescence of the vegetative cells

(resulting from the return to continuous light) (Fig. IF), Twelve h

after the return to the light (Fig, 10), two more subpopulations

developed with 2c and le DNA contents. By this time, the flux of

cello from the vegetative to the low chlorophyll populations was

complete and the low chlorophyll calls simply flowed from the Bc to

the lo population. Approximately 30 h after the return to

continuous light, the majority of the low chlorophyll cells

contained a lo amount of DNA (Fig, 1H).

Morphological identification of those various uubpopulations

was obtained using the sorting capabilities of the Spies V flow

cytometer. The sorted cealls were examined microscopically (Fig. 2)

and were found to fit the descriptions in the literature of the male

sexual stages (e.g, Drebas 1977), The Bc population corresponded to

spermatogonangis containing two 4c spermatocytes within a single

frustule (Fig. 2B), The 4c population consisted of naked

spermatocytes free of the frustule (Fig, 20) and the 2c population

were small flagellated cells (Fig, 2D), The lc cells, which are the

culmination of this process, were motile sperm (Fig, 21), The

developmental pathway of T. welhaflogll adhered to the relatively

common hologenous type described by Drebes (1977), since each
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Fig. 1. Flow cytometric signaturea of relative DNA and chlorophyll
fluorescence per cell measured under three different light
regimes, A) An exponentially growing population maintained in
continuous light and B) transferred to an extended interval of
darkness (94,5 h). C.H) Time course of gametic
differentiation in a second population that had been
transferred to the dark for 12 h and returned to continuous
light at t-0 h. The contour levels represent 0,008, 0.012,
0.020, 0.036, 0.064, 0,108, and 0.158 % of the total cell
number,
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Fig. 2. Flow cytometric signature of an induced population
containing all four of the stages in the formation of male
gametes, The contour levels represent 28, 42, 63, 95, 142,
213, 320 and 480'colia, A) A vegetative cell, B) an Be

spermatogonangium containing two 4c apermatocyte., C) a 4c
spermatocyte remaining inside one half of the mother frustule,

D) a small 2c cell, and E) a Ic sperm, Scale bars 10 )m,
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meiotic division was accompanied by cytokinesim, This same general

time course of differentiation was observed regardless of the T.

welssflogIl isoiate examined and is similar to that observed by

Manton at al. (3970b) for LIthodesmlum undulatum,

With this understanding, we were able to calculate the number

of cells in a given population that was originally induced to exit

the mitotic cell cycle. At various times after the release of the

population into the light, the number of cells in each of the sexual

stages was determined (Fig, 3A), and the number of vegetative cells

that had therefore been triggered to differentiate into gametes was

calculated according to the following equations:

t < 8 h after release into the light: (1)

V - (A + B + C/4 + D/8)

t > 8 h after release into the light: (2)

V - (A + B/2 + C/4 + D/8)

where V - the number of vegetative cells that have exited the cell

cycle and are committed to undergo spermatogenesii; A, B, C, and D -

the number of 8c, 4c, 2c, and lo cells, respectively, present within

the population at a given time, Theme two equations differed

slightly because the 4c flow cytometry signature represented two

different cell types as exemplified by the bimodal distribution in

the number of 4c cells over time (Fig, 3A), Initially, the 4c cell

was derived directly from an induced parent cell and remained

enclosed within the frustuls (Eq, 1), A peak in the number of these
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cells occurred approximately 6-8 h into the differentiation process

(Fig. 3A), at which point the peak declined rapidly as premeiotic

DNA synthesis was initiated and the 8c cells were formed, A few

hours later, the number of 4c cells again increased as the two naked

4c spermatocytes were released from each spermatogonangium, Thus,

the number of these 4c cells reflected one half the number of

originally induced cells (eq. 2), The timing of this transition

from 4o cells within the frustule to naked spermatocytes varied only

slightly between experiments, However, to ensure that the plateau

in the number of induced cells was obtained (Fig, 3B), a minimum of

two time points were always analysed for each treatment,

Through this analysis the proportion of cells that were not

receptive to the induction cue was estimated (Fig, 3B).

Approximately 3.5 h after the dark induced population was returned

to the light, the number of vegetative cells suddenly declined as a

portion of the population exited the mitotic cell cycle and

initiated speormatogsnesis (Fig. 3B). The entrance into gamete

formation was fairly synchronous, occurring within a 3-5 h window.

After the initial decline in vegetative cell number, asexual

division continued at approximately the same rate as before

induction (doubling time-10, h, Fig. 3B). A plateau in the number

of induced cells occurred between 10 and 18 h after the population

was returned to the light. The number of induced cells then

declined and the sperm began to disappear, The male sexual cells

had disappeared from the media approximately 50 h after the dark
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Fig. 3. Mitotic division and the formation of the male sexual
stages as a function of time in a population induced to
undergo spermatogenesis with twelve h of darkness (as
described in Fig. 1), t-O h in the time of the release of the
population into oontinuous light, A) The mean denuity (of
replicate flauks) of each of the stages in t-vi formation of
male gametes, B) The number of cells in the original
population which continued reproducing asexually (o) and the
number of cells which formed male gamete. (&), Error bars
larger than the symbol isne are shown and repreaent the
standard deviation of replicate flanls,
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induced population was returned to continuous light, Presunably the

sperm simply disintegrated, as no sign of auxospore formation wax

observed during or for approximately one week after this interval,

RelatlonzhLp between cell #aIs and responsLveness to a dark

lnductlon xignal, Isolates with mean Coulter volumes ranging from

600 to 1200 jAm 3 (see Methods) were exposed to 12 h of darkness, and

the percentage of each population which underwent spermatogenesis

was determined (Fig. 4A), No relationship between the percentage of

cells which formed gametes and the mean Coulter volume of a culture

was observed, Cultures representing widely different sits

distributions (Fig. 4B) yielded a comparable percentage of induced

cells whereas other cultures representing nearly identical site

distributions (Fig, 4C) resulted in very different responses, We

concluded that in the isolates we examined, the Induction of

spermatogenesis was unrelated to cell site. We should note,

however, that the average Coulter volume of the largest T,

velaaflog$l isolate that we have observed in culture is 2000 um3

(Armbrust and Chisholm unpubl, data), thus many of the cultures used

in this experiment contained cells that were less than the maximum

sine. Very large cells may be unresponsive to induction signals.

Influence of dark Interval duratIon on spermatogeneola, We

examined whether the duration of dark exposure influenced the

proportion of a culture that was induced to undergo spermatogenexis
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by subjeating populations to a range of different light/dark

reaime.. A culture maintained in continuous light was transferred

to the dark for a total of 16 h and submamples wore removed every 2

h and returned to continuous illumination. The resulting percentage

of cells induced to under&o spermatogenesis was then determined for

each population, Because cell division continues for some time in

the dark, the proportion of the population induced to undergo

spermatogenesis was normalimed to the number of cells present at the

end Qf each dark interval,

Cell division continued for approximately 10 h in the dark

(Fig. 5A) until all the oells vere blocked in either 01 or 02 (Fig-

1C; Vaulot at al, 1986). Interestingly, the percentage of cells

that underwent spermatogenesis also increased as the duration of the

dark interval was lengthened to 10 h (Fig. 55), indicating that

cells continued to be induced during the dark period and not simply

upon a transfer to darkness, A strong positive correlation was

observed between the number of calls that divided during the dark

interval and the number of cells that subsequently formed gamoets In

the light (Fig. 30). Once cell division stopped in the dark no more

cells were induced to undergo spermatogenesis thus suggesting that

cell cycle progression during the dark interval is a necessary

component of induction,

The role of lgLht Intensity, Morphological differentiation

did not begin in any of the isolates examined until the dark induced
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Fig. 4. The influence of cell size on the induction of
spermatogenesis. A) Maximum percentage of populations induced
to undergo spermatogenesis as a function of the mean Coulter
volume of the population, Each population was induced to
undergo spermatogenauis with 12 h of darkness, Closed circles
and arrows indicate cultures examined in B and C, Error bars
larger than the symbol amin are shown and represent the
standard error of triplicate flasks, B) The Coulter volume
distributions of the two isolates marked 'BI" in A that
displayed a comparable level of induction, Sixty-six percent
of a population with a mean Coulter volume of 660 pm3

underwent spermatogeneies; a similar percentage of the
population with a much &rvater mean Coulter volume was induced
to form male gametes, C) The Coulter volume distribution of
the isolates marked "C" in A, For these two isolates, 7%
versus 33% of the populations underwent spermatogenesis even
though they displayed the same file distribution,
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FiS, 5, Induction of spermatogmnesis within a single culture as a
function of the duration of dark treatment, A) Cell number as
a function of time in the dark, The population was
transferred from continuous light to darkness at t-O h, and
replicate subsamples wore removed from the dark every 2 h and
returned to continuous light, B) Maximum percentage of cells
induced to undergo spermatogenesis as a function of the amount
of time in the dark. The percentage is calculated using the
"plateau" region of the induction curve (of, Fig. 31). C)
Number of cells which divided during the dark interval versus
the number of cells which formed gametes after the population
was returned to the light., rror bars larger than the symbol
size ave shown and represent the standard deviation of
replicate cultures,
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population was returned to the light (Fig, 1) suggesting that light

functioned either as an additional signal (Kuhlemeier ot al, 1987)

which allowed differentiation to proceed, or as a necessary energy

source for continued development. To distinguish between these two

hypotheses, cells were maintained in 250 ASIm'S's•" of continuous

Illumination (saturating for growth, sea below), placed in the dark

for 12 h, and shifted to a variety of saturating (Fig, 6A) and

submaturating (Fig. 6B) PFDs. The time course of gamete formation

was then determined for each light roeime,

To our surprise, we found that a much larger percentage of

cells were induced to undergo spermatogenesis when cultures were

shifted from darkness to submaturating rather than saturating PFDs

(Fig, 6A, B), Moreover, the dark induced populations that were

shifted to a variety of saturating PFDs each formed approximately

the same maximum percentage of gametes (Fig, 6A), In contrast, the

percentage of cells that formed gametes under mubsaturating PFDs was

a function of PFD: the higher the PFD (up to saturating levels), the

greater the percentage of cells which underwent spermatogenesis

(Fig, 6B), Subeaturating light itself appeared to function as an

induction signal,

To test this possibility, populations that had been placed in

the dark for twelve h and then shifted to a range of PFDs (Fig. 6C,

D) were compared with populations shifted directly to these same

PF1D without the preceding twelve h of darkness (Fig, 6E, F). Cells

shifted directly from maturating to subsaturating PFDs of less than
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100 #0'm' 2 seo" were induced to undergo spermatogenesis; a transfer

to darkness was not a necessary stop (Fig. 6F). Moreover, the

magnitude and the time course of the response of each population

shifted to subsaturating PFDs was almost identical regardises of

whether or not darkness was included as a part of the induction

scheme (of. Figs, 6D, F). In each instance, a peak in the

percentage of ti- population induced to undergo spermatogenes$s was

observed approximately one day after the cultures were shifted,

The maximum percentage of a population induced to undergo

spermatogenesis was many times higher in the iopulations shifted to

subsaturatin5 rather than saturating PFDs (Fig. 7) regardless of

whether or not dark induction was included, The pereontage of cells

induced to form gametes increased as the PF) of the shift and thus

the growth rate in these new conditions Increased (Fig. 7, inset)

until saturating 7FD7 were approached, At this point a drastic

decrease was observed in the proportion of the population that

underwent spermatogenesis (Fig, 7).

The role of the cell cycle. The dark induction and light

intensity experiments suggested that a transfer to dim light or

darkness functioned as an induction signal only when cells moved

into or through a particular portion of their cell cycle.

Populations of cells representing distinct cell cycle stages were

necessary to test this hypothesis. Since T, vetlaafloLl cells

arrest in both 01 and 02 in the dark (Vaulot et al, 1986), in
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Fig. 6. Percentages of cells induced to undergo spermatogenesis as
a function of time under a range of different light regimes,
Populations maintained in 250 pE'm*'2e. of iht were'I

placed in the dark for twelve h and then shifted to either (A)

saturating or (B) s4bsaturating photon flux densities, The

number of cells induced to undergo spermatogenesis was

normalized to the number of cells present at the end of the
dark interval, C, D) Since subsaturating light can function
as an induction signal, the same data as in A and B were
normalized to the number of cells present at the time the
culture was sampled (note the change in scale) to pormit
direct comparison with populations transferred directly to the
various saturating (R) and subsaturating (F) PFDs without the
accompanying 12 h of darkness, Error bars larger than the

symbol size are shown and represent the standard deviation of

replicate flasks,
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Fig. 7. The maximum proportion of each population deneribed in Fig,
60, D, E, and F which underwent spermatogenesis when shifted
directly to the various light intensities (a) or first placed
in the dark for 12 h and then shifted (0), Error bars larger
than the symbol size are shown and represent the atandard
deviation of replicate flasks. Inset: Steady state growth
rate of T. weIssflogII as a function of light intensity,
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contrast to many other phytoplankton (Nelson and Brand 1979),

synchronized cultures could not be obtained by maintaining

populations on a light/dark cycle, Instead, populations

representing a range of cell cycle distribu,ions were obtained using

the sorting capabilities of the Epics V. Because chlorophyll

content appeared to vary with cell age ýFig. 1A), a number of

subpopulations were sorted based on their chlorophyll fluorescence

(Fig. 8). To determine in which phase of the cell cycle cells were

most responsive to induction, each of these sorted subpopulations

was exposed to 2 h of darkness, and the cell cycle distributions

were determined at the end of the dark interval. This short period

of darkness was used as the cue to minimize the amount of cell cycle

progression that occurred during the signal,

The cell cycle distributions of the populations after the dark

interval were well correlated with the mean relative chlorophyll

fluorescence of the sorted samples (Fig, 9A), Those populations

with the lowest mean chlorophyll fluorescence represented

populations with the highest proportion of G1 cells, and those

populations with the highest mean chlorophyll fluorescence contained

the highest proportion of 02 cells. A strong correlation between

the proportion of cells in 01 after induction and the percentage of

the population which formed gametes in the light was observed (Fig,

9B) indicating that cells in 01 responded preferentially to the

induction cue.
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DISCUSSION

We found that the centric diatom, T. veluuflogll, can be

induced to undergo spermatogenesis in response to a decrease in

photon flux density. Responsiveness to this cue is unrelated to

cell size in the populations we examined. Rather, our evidence

strongly suggests that cells preferentially respond to induction

signals during a limited portion of their cell cycle, This

dependence of developmental options on the location of a cell in its

cell cycle has been observed in a number of other eukaryotes (e,g.

Kates and Jones 1964, Schmeisser et al. 1973, Pringle and Hartwell

1981, Clegg et al. 1987, Gomer and Firtel 1987, Hoffmeister and

Schaller 1987), and translates into an enormous amount of diversity

in the behavior of diatom populations under changing light

conditions,

The evidence supporting the hypothesis that the susceptibility

of a T, velaaflog1L cell to an induction signal is dependent on the

cell cycle has several dimensions, First, within a given

population, the maximum number of cells that form gametes when

returned to the light is proportional to the number of cells that

divide in the dark; once cell division stops in the dark, no more

cells are triggered to undergo spermatogenemis even if the duration

of the dark interval is lengthened (Fig, 5), Cell cycle progression

is thus implicated as a necessary component of induction, Second,

the use of populations with discrete cell cycle distributions

-73-



Fi8, 8, A) Distribution of chlorophyll fluoresoence per cell of an
exponentially grovLn& population, The vertical lines indicate
the boundaries of sorting windows, B) Distribution of
chlorophyll fluorescence per cell of the sorted samples.
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Fig. 9. A) Mean chlorophyll fluorescence of the sorted samples
described in Fig. 8 versus the percentage of 01 cells in each

sample after the 2 h dark induction interval, (B) Maximum
percenta&e of each of the sorted subpopulations which
underwent spermatogenesis after a 2 hour dark exposure, In

(B), samples were analyzed 14 h (0) and 18 h (a) after release
into continuous light.

-76-



S75-

0
so-- 0- 0o

,4 45

30 , , .
0 50 100 100 200 200
Mean Chlorophyll Fluorescenoe of Sorted Samples

(relative units)

30 p 0.001

20-0

10--

120

0-1
30 45 60 75 90

Peroent in G, after Dark Induction

-77-



indicates that the magnitude of a population response is directly

related to the number of 01 cells present within the culture when

the dark induction oue is imposed (Fig, 9B), This suggests that 01

cells are more responsive to the induction signal than cells in

other stages of the cycle, Furthermore, the non-sero X axis

Intercept of Fig. 9B indicates that even within the 01 population,

all the cells are not equally responsive to the cue. Assuming that

chlorophyll fluorescence is a measure of cell age (Fig. 9A), younger

01 cells will be in those populations with the highest proportion of

01 cells whereas older 01 cells will be in those populations with

the lowest proportion of these cells. This suggests that

populations with a high proportion of young 01 cells are the most

responsive to the induction signal, Taken together, these results

indicate that, similar to the freshwater alga, Gh.amydomonaa

rtlnhardtUl (Kates and Jones 1964, Schmeisser at al, 1973), T.

v.•.aflogI l responds preferentiAlly to an induction trigger during

an inducible region located in early 01; cells in the remaining

portions of the cycle essentially Ignore the signal and continue to

divide mitotically (Fig. 10).

To fully explain each of the observed responses of populations

to a change in light conditions in terms of this model, the manner

in which light affects cell cycle progression must first be

examined, The r. v.elallogl. cell cycle contains two light

dependent regions, one in 01 and another in 02, where continued cell

cycle progression requires light (Vaulot et al, 1986, Olson at al,
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1986) (Fig, 10). The amount of time necessary to traverse theme

segments increases when light is limitinS, Zn the dark, cell cycle

progression ceases completely, and cells arrest in either 01 or 02.

With this am a framework, the behavior of populations under a

range of light regimes can be interpreted, A key predictor of a

population response under a given set of conditions is the number of

cells which move through the inducible region, When a culture which

has been maintained in exponential growth is transferred to an

extended period of darkness, the total number of cells which are

past the 02 but before the G0 light dependent region determines the

maximum number of cells which can move into the inducible region

during the dark interval (Fig, 10). The longer the population is

maintained in the dark, the greater the number of cells which will

move through the inducible region until eventually cell cycle

progression ceases in each cell. At this point, all the induced

cells will be located in the light dependent region of G0 (Fig, 10),

and one can not further increase the percentage of the population

induced to undergo spermatogenesis by extending the dark period

(Fig, 5), Since gametic differentiation does not occur until the

population is returned to the light (Fig, 1), cells must exit the

mitotic cycle somewhere after this 01 dark arrest point, A burst in

the initiation of spermatogenesis is thus observed as the induced

cells move out of the light dependent region and exit the cell cycle

(Fig. 3B).
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Fig, 10. Schematic of the relationship between the mitotli cell
cycle and responsiveness to an induction signal, Location of
the light dependent segments of the cell cycle is based upon
studies by Vaulot at al. (1986). The important features of
this model are the relative positions of the various segments
rather than the actual durations of each segment,
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A major difference between a transfer to darkness and a

transfer to subsaturating PFDs is that iell cycle progrius~jon

eventually ceases in cells kept in the dark, whereas it merely slows

in cells maintained in dim light, After a transfer to low light,

therefore, each cell within a given population should eventually

move through che inducible region; more time will be required for

this to occur under more light limiting conditions, The fact that

the proportion of cells that undergo gametogenesis does vary with

the light intotisity of -he shift (Figs. 6, 7) therefore indicates

that at least one other factor must limit the number of cells which

are actually induced, We hypothesize that the apparent "decay" of

the cue (Fig. 6) results from the fact that phytoplankton are able

to photoadapt to new light conditions (e.g, Falkowski 1980);

eventually the shift to low light is no longer sensed as a new light

level, and all the cells divide mitotically. The maximum percentage

of cells induced to form gametes under subsaturating light will thus

be determined by the duration of the cell cycle in the new light

conditions relative to the length of time that low light functions

as a trigger,

The induction of spermatogenesis in T. ve.laflogll is

undoubtedly more complex than h-s been described thus far, For

example, the slope of Figure 5C indicates that approximately 600 of

the cells which divided during the dark interval and thus moved into

the inducible region autually formed gametes in the light, Alan,

the scatter observed in Figure 4A cannot be explained even if the
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responses of al owur val.,ouoi isolates are plotted against a measure

of the number of cells which move into the inducible region (the

number of cells which divided during the dark interval), Although a

statistically significant positive correlation ii obtained (r-0,549,

P<,O01, data not shown), a great deal of the variability remains

unexplained, This call cycle model can thus predict the responses

within a given population, but it is inadequate for predicting the

responses between different populations.

Induction of spermatogenesis in T. weLssfloSLL may in fact be

a two step process similar to the induction of meiosis in the

budding yeast, Saccharomyces cerevlulas (Mitchell 1988), In yeast,

nutrient limitation fulfills the first requirement for Induction,

but only those cells which are heteroxygous at the mating locus are

actually able to undergo meiosis (Herskowitz 1988). Perhaps

movement of cells through the inducible region of G1 in dim light or

darkness fulfills the first requirement in diatoms, but as with

yeast, the cell must also possess a particular genetic makeup in

order to fulfill the second requirement. If this is indeed the

case, it may explain the wide range of responses we observed among

our various cultures; our method of obtaining the original isolates

undoubtedly resulted in genetic differences among these populations,

Thus, certain populations may be particularly susceptible to an

induction cue whereas others may be relatively unresponsive,

Moreover, although diatoms are believed to be monoecious (i,e. both

males and females can result from a single clone), we have yet to
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observe any evidence of the presence of females in our induced

cultures. Perhaps these unresponsive or "sterile males" are

actually females awaiting a proper induction signal,

Predictions of the number of cells that will undo-go

spermatogenesis in response to an induction signal thus require that

at least three layers of complexity be taken into consideration:

first, the number of cells which move through the inducible region;

second, the amount of time that a shift in PFD functions as an

induction signal; and third, the number of cells which may be

functionally sterile in their response to a change in light

conditions,

What are the implications of these results for diatom

populations in the field which are exposed to a decrease in PFDs on

a daily basis? The maximum extent of gametogenesis in a population

depends not only on the presence of an induction signal but also

upon the manner in which this signal influences cell cycle

progression. If the cell cycles of a population of cells are

aligned such that few cells move through the inducible region during

the night, for instance, then a minimum number of cells will be

induced to form gametes, In this regard, it is interesting to note

that in contrast to other eukaryotio phytoplankton, diatoms divide

predominantly during the light interval (e.g, Nelson and Brand 1979,

Chisholm et a1. 1984), Horeover, Chisholm and Costello (1980) found

that in T. vsiaaflo$.1l, the timing of the division burst (i.e, an

approximation of the interval when cells should move through the
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inducible region) on a light/dark cycle varies with temperature, the

duration of the light interval, nutrient status, and even cell size,

Thus, realistic predictions of the extent of sexuality that occurs

in the field require a greater understanding of those factors that

function am induction signals and the manner in which these factors

influence cell cycle progression,
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PATTERNS OF CELL SIZE CHANGE IN A MARINE CENTRIC DIATOM
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Abstract

During nearly two years of exponential growth, isolates of the

centric diatom, Thaiaaloaslra welaeflog.l, displayed periodic

increases and decreases in mean cell size as predicted for diatom

populations alternating between asexual and sexual reproduction,

However, despite the fact that each culture was maintained in

constant, identical conditions, the overall patterns of cell size

changes displayed by the various populations were unique, complex

and unpredictable. The onset of sexual reproduction, the rate of

increase in average cell size, and the size of the post-auxospore

cells created during a sexual event varied among isolates and even

within a given isolate over time; the only constant feature among

the various cultures was the rate of decrease in mean cell size, We

hypothesize that the extent of the variability exhibited by the

various populations results ultimately from the fact that the

genetic composition of diatom populations varies over time,



Introduction

Beginning as early as the mid 1800's, studies have indicated

that the diatom life cycle is influenced by the unique configuration

of its cell wall, a frustule composed of two unequally sized silica

valves encircled by a seoies of siliceous girdle bands (e.g.

MacDonald 1869, Oeitler 1935, von Stoech 1965, Drebes 1977), Due to

the physical constraints of the frustule, each mitotic division

creates one daughter cell whose diameter is smaller than that of her

sister or her mother by twice the thickness of these girdle bands,

For most diatoms, therefore, the mean cell size of a population

decreases and the standard deviation about this mean increases over

successive generation@. Perhaps not surprisingly, though a number

of exceptions to this general rule of size reduction have been

observed (e.g. Rao and Deslkachary 1970, Round 1972, Crawford 1980),

The most common manner of escaping the trend of diminishing

cell size is through sexual reproduction (Drebes 1977), In response

to a range of environmental cues including sudden changes in light,

temperature, salinity or nutrient conditions (eg, Steele 1965,

Drebes 1966, Schultz and Trainor 1968, Furnas 1985, French and

Hargraves 1985, Vaulot and Chisholm 1987), diatoms can become

sexual; meiosis replaces mitosis and the resulting male and female

gametes fuse to form a zygote or auxospore, This auxompore escapes

its frustule to create a post-auxospore cell many times larger than

either parent (e9,, Findlay 1969). In addition to their new large

msie, post-auxospore cells apparently also possess an increased
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"vigor" since they are often observed to grow at faster rates than

those of the relatively small cells from which they were created

(Paasche 1973, Costello and Chisholm 1981). An alternative, but

rarely Observed means of'restOring cell site occurs asexually,$

generally in response to the alleviation of extreme nutrient

deprivation. In this circumstance, a vegetative cell simply

extrudes its cytoplasm into the surrounding waters and develops a

now and much larger frustule (e.g. Von Stosch 1965, Drebes 1966,

Gallagher 1983, French and Hargraves 1986),

Whether created asexually or sexually, large cells are

considered to be incapable of responding to sexual induction signals

for several generations, until a permissive site range,

approximately 30-40 percent of a species' maximum diameter, is

obtained (Drebes 1977), Within this permissive range, an even

further refinement of the size control of sexuality has been

observed: often, smaller cells appear to preferentially undergo

spermatogenesis while larger cells tend towards cogenesis (eg,

Geitler 1952, Kigita 1967, Rao 1971, French and Hargraves 1985).

Moreover, the signals inducing the cells to undergo either

spermatogenesis or oogenesis may differ slightly (Holmes 1966,

Drebes 1977), Thus, within an actively growing diatom population

there exists an assortment of cell sizes with distinctly different

physiologies (eg. Werner 1971) which makes the study of diatom life

cycles extremely complex,



We recently examined whether the putative size requirement for

sexual differentiation could account for the proportion of a

population that was triggered to undergo spermatogenesis in response

tc a change in light conditions (Armbrust et al. 1990), To our

surprise, we found that for a number of isolates representing a

broad range of size distributions, there was no correlation between

average cell size and the proportion of a population that could be

induced to undergo spermatogenesis. While attempting to interpret

these data, we found that no long term studies existed which

described in detail the evolution of cell size in an exponentially

growing diatom populations, Although there are many predictions for

the change in cell size over time, no data exists on the development

of these changes through more than one round of sexuality (e.g.

Findlay 1969, Rao 1971), Thus, we initiated a long-term study to

document exactly how, under optimum growth conditions and in the

absence of external signals, cell size changes in diatom populations

over successive generations.

Materials and Methods

Isolates of T. w..laflog1l Orun, clone Actin (from the Culture

Collection of Mar'ne Phytoplankton, Bigelow Laboratories for Ocean

Sciences) were obtained by isolating colonies from 2% agar plates

and transferring them to f/2 enriched seawater media (Guillard 1975)

with nitrate as the nitrogen source, Each isolate was maintainpd in

semi-continuous batch cultures at 200C and saturating levels of
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continuous illumination (250 ME'm* 2 'sec"1, cool-white fluorescent)

(Armbrust et al. 1990), After approximately 120 days in exponential

growth, new populations were initiated by plating the parent culture

and isolating additional colonies (Fig. 1). Each isolate was then

split into replicates; at least 10,000 cells were used for each

innoculum. Throughout the following discussion, the term isolate

rather than clone will be uved. Although each population arose from

a single cell, diatoms are diploid and genetic recombination during

sexual reproduction prevents cultures from remaining genetically

homogeneous and thus clonal over time.

In an attempt to obtain genetically identical populations,

individual cells from known cell lineages were isolated and cloned,

These single cell isolations were obtained by viewing an aliquot of

two different cultures through a dissecting microscope and manually

picking individual cells from the liquid media, Each of four

isolated cells (two from each culture) was transferred to its own

well (within a 96-well plate) containing f/2 media, Approximately

24 hours later, each daughter cell was removed from a given well,

transferred to its own well, and allowed to develop into a

population. In this manner, cultures originating from 15 single

cell isolations of known relationships were obtained (Fig, 2),

These cultures were also maintained in semi-continuous batch culture

at 200 C and 250 uE'm'2.2sec" of continuous light, Cultures

descended from the same mother cell were considered to be

genetically identical until the onset of sexual reproduction,
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Figure 1, Cell lineages and initial Coulter volume distributions of

T. welssflog1l populations. Each isolate is designated by a

number corresponding to its mean Coulter volume -2 weeks after

transfer from colonies on agar plates to liquid medium, The

laboratory stock culture was plated and two isolates, 868 and

1724 were isolated and maintained in exponential growth, An

aliquot of 868 was plated and two new isolates, 709 and 877

were initiated. In the course of conducting experiments with

isolate 868, the average Coulter volume of one experimental

flask spontaneously increased suggesting that sexual

reproduction had occurred. This newly enlarged population was

designated 1147. After approximately 120 days of exponential

growth, aliquots of 1724, 877, and 1147 were plated and 6 new

isolates, 637, 834, 485, 747, 444, and 920 were initiated,

Once each isolate was transferred to liquid media, the

population was maintained in exponential growth, In each

Coulter volume distribution panel, "initial" refers to the

Coulter volume distribution of a population soon after

isolation and "subclnd" refers to the Coulter volume

distribution of the same population at the time the derivative

isolations were made.
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Fig, 2. Cell lineage and initial Coulter volume distributions of

populations derived from genetically identical cells (A, B, C,

D). The four original cells were isolated from replicate

cultures of isolate 1724 (1724.1 & 1724-2), The number of

branches in a family tree is based on the number of cells

observed in each well at the end of 24 hours And indicates the

hypothesized number of divisions that occurred before the

cells were reisolated. The X in certain circles indicate that
some of the reisolated cells did not 4evelop into cultures,

The Coulter volume distributions of each population

approximately 2-3 weeks after the initial isolation are shown

below each tree, The different line types indicate the

individual cell lines,
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Size distributions and the mean cell size of each population

were determined with a Coulter Electronics Model Zm/C 2 5 6 electronic

particle counter, The within-measurement hrrcr was estimated by

determining the Coulter volume distributii,4.of multiple aliquots of

a given population; the mean Coulter volumes of these subsample.

varied by less than 5 %. The between-measurement error over

consecutive days was estimated by determining the extent of the

scatter during a linearly decreasing interval of mean Coulter

volume. Although random outliers were seen, the greatest persistent

scatter observed was approximately 40%; the vast majority of

cultures, however, displayed substantially less spread, in many

instances an amount comparable to the within measurement error, The

coefficient of variation (CV - standard deviation/mean) was

determined for each size distribution.

A Turner fluorometer was used to monitor daily changes in the

in vivo fluorescence of each culture to determine growth rates

(Brand et al. 1981). An innoculum of at least 10,000 cells were

transferred to approximately 30 ml fresh media while the In vIvo

fluorescence was still loes than abo tc twenty percent of the maximum

fluorescence, Thus, new cultures were inoculated every 2-3 days.

Before each transfer, the Coulter volume distribution was

determined.
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Results

Evolution of mean Coulter volume over time, Coulter volume

distributions of a series of isolates representing a broad range of

cell sizes and cell lineages (Fig. 1) were monitored for nearly two

years to determine the long term trajectories of cell size in T,

weissflogil populations. Each isolate displayed periodic increases

and decreases in mean cell size. However, the overall patterns of

the cell size changes displayed by each culture varied dramatically

despite the fact that each population was maintained under identical

conditions. The timing, rate of increase, and amplitude of the size

oscillations differed between isolates, within a given isolate over

time, and even between replicate flasks of a single isolate (Figs.

3-6), For instance, a number of the populations, regardless of

their size distribution upon isolation (see Fig, 1), underwent

dramatic increases in average cell size early on, only to later

undergo smaller, more rapidly occurring oscillations (Figs, 3A, 4A &

B, 5B & C). Other isolates maintained a relatively small size

throughout the study although increases and decreases in size were

still apparent (Figs, 3C, 5A, 6A, B & C), Moreover, the rate of

increase in averagc Coulter volume in the various isolates ranged

from a maximum of nearly 23 pm3cell'l'gen-I (Fig, 3A) to a minimum

of about 1.2 pm3 'cell' l.gen" (Fig. 4B),

-103-



Figs. 3, Mean Coulter volume over time of the T. weLssflogll

isolates presented in Fig, 1. A) Population 1147, was

maintained in exponential growth and beginning at t-0 days,

the Coulter volume distributions were monitored over time. At

t-127 days, the culture was split into replicate flasks

(darkened triangles and open circles). B, C) At t-120 days

(as indicated by arrow in (A)), 1147 was plated and two new

isolates, 920 and 444, were initiated. At t-127 days, these

new cultures were split into replicate flasks (darkened

triangles and open circles) and the Coulter volume

distributions of each were monitored over time.
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Figs, 4. Mean Coulter volume over time of the T. welssfloagl

isolates presented in Fig, 1. A) Isolate 1724 was maintained

in exponential growth and beginning at t-0 days, the Coulter

volume distributions were monitored over time, At t-127 days,

the culture was split into replicate flasks (darkened

triangles and open circles). B, C) At t-120 days (as

indicated by arrow in (A)), 1724 was plated and two new

isolates, 834 and 637, were initiated. At t-127 days, these

new cultures were split into replicate flasks (darkened

triangles and open circles) and the Coulter volume

distributions of each were monitored over time.
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Figs. 5. Mean Coulter volume over time of the T. welssflogll

isolates presented in Fig. 1. A) Isolate 877 was maintained

in exponential. growth and beginning at t-O days, the Coulter

volume distributions were monitored over time. At t-127 days,

the culture was split into replicate flasks (darkened

triangles and open circles), B, C) At t-120 days (as

indicated by arrow in (A)), 877 was plated and two isolftes,

593 and 747, were initiated. At t-127 days, these new

cultures were split into replicate flasks (darkened triangles
and open circles) and the Coulter volume distributions of each

were monitored over time,
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Figs. 6, Mean Coulter volume over time of the 2', welssf~logil

isolates presented in Fig, 1. A) Isolate 868 was miaintained

in exponential growth and beginning at t-m0 days, the Coulter

volume distributions were M~onitored over time. At t-127 days,

the culture warn split into replicate Elauks'.(darkened

triangles and open circles). B, C) At t-126 days (as
indicated by arrow in (A)), 868 warn plated and two new

isolates, 709 and 877, were initiated. At t-127 days, these

new cultures were split into replicate flasks (darkened

triangles and open circles) and the Coulter volume

distributions of each were monitored over time.
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Perhaps the most surprising result of all was that replicate

cultures did not always behave as replicates; they consistently

"tracked" each other only during the initial downward swing in

average Coulter volume (during this interval, the slopes and

elevations of the replicate lines were not significantly different,

p>0,5, Student's t test), Replicates sometimes diverged when one of

the cultures initiated cell enlargement (for example, Figs. 3A & B,

5B&.C); the onset of this size increase might (e,g, Figs. 3B, 4) or

might not (e.g. Fig. 3A) occur simultaneously in a pair of

replioates,

Sinse diatoms areknown to decrease in cell size during

mitotic divisions, the intervals of decreasing mean Coulter volume

were assumed to reflect a predominance of asexual reproduction, The

intervals of increasing mean Coulter volume were assumed to reflect

the formation of auxospores, a process that can occur both sexually

and asexually, Because none of the cultures experienced nutrient

deprivation, asexual cell enlargement (Drebes 1966, Callagher 1983)

was considered an unlikely source of the observed increase in cell

size, Moreover, von Stosch (1965) was unable to induce asexual cell

enlargement in any of his Thalasslonlra species, so this type of

auxospore formation may not be possible in this genus, Therefore,

for the purposes of our discussion, the intervals of increasing mean

Coulter volume are assumed to reflect the sexual formation of

auxospores,
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The onset of sexual reproduction in each of the various

cultures was staggered in time in an unpredictable manner (Fig, 3-6)

thus eliminating the possibility that an unintentional and

undetected fluctuation in the environment (such as the quality of

different batches of seawater) triggered the initiation of these

sexual events, Some isolates underwent sexual reproduction and

auxospore formation as frequently as every 120 generations (about 2

months, e.g. Fig, 3A) while other populations remained asexual for

up to 450 generations (approximately 8-9 months, e.g. Fig, 5B),

The extent of variation observed in the behavior of the

various populations despite constant growth conditions, indicated

underlying genetic variability among the isolates. Cell lineage

(Fig. 1), however, predicted population behavior only slightly

better than did the initial size distributions, This is not

surprising since each of the original mother isolates had undergone

at least one round of auxospore formation and thus sexual

reproduction by the time the new daughter isolates were initiated

(Figs. 3A, 4A, 5A, 6A), Genetic recombination in these diploid

cells during sexual reproduction undoubtedly created the variability

in behavior, For example, the average cell size of two isolates,

877 and 868, remained relatively small throughout the study (Figs.

5A, 6A), but only in the 868 lineage did the descendents also remain

small (Fig, 6). Descendents of isolate 877 underwent relatively

large size increases (Fig, 5), Similarly, the behavior of

population 1147, which presumably arose from 868 via sexual
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reproduction (Fig. 1), not only contrasted sharply with that of the

population from which it was derived, but also with that of its own

descendents (Fig, 3), And finally, isolate 1724 which was engaged

in auxospore formation when the new isolates were initiated, yielded

two populations (834 and 637) one of which was on the downswing of

the cycle (Fig. 4B) and the other of which was on the upswing (Fig,

4C), suggesting that the progenitor of 834 had recently undergone

sexual reproduction while the progenitor of 637 was still a few

generations away.

Against this backdrop of variability, the rate of decrease in

mean cell size was relatively constant; on average, cells decreased

in Coulter volume by about 8 um3 .cell1 'lgen-l (Table I). Tho

expected rate of decrease in volume during asexual reproduction can

be calculated based on an estimate of the thickness of the girdle

bands attached to each frustule half, Li and Volcani (1985) have

estimated that the girdle bands of the centric diatom Ditylum

briShtwellZl, range from approximately 7 nm to perhaps as much as 15

nm thick (comparable to the thickness of the frustule itself).

Assuming that upon mitotic division, the diameter of one daughter

cell decreases by twice the thickness of these girdle bands, the

volume changes in the T, weIaafloIll cultures should have varied

from approximately 2 - 11,5 pm3 per cell per generation (depending

on the initial volume used in the calculations), These predictions

agree remarkably well with the measured values (Table 1),
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The minimum average Coulter volume achieved within a given

isolate was generally constant (Figs, 3-6), as would be expected if

sexual reproduction was restricted to cells within a permissive size

range (eag. Drebes 1977), but, it should be noted that in one

isolate, an upswing was initiated at about 850 pm3 (Fig. 3A) while

in another isolate the upswing began at about 1550 pm3 . This latter

value corresponded to a diameter 78 % of the eventual maximum

diameter (Fig. 4A) and was far in excess of the 30.40 % range

generally used to define the potential onset of sexuality (Drebeas

1977), Moreover, between isolates, the minimum volume ranged from

400 to 700 Aim3 , Contrary to other reports (e.g, Migita 1967, Rao

1971), this minimum average cell size did not consistently predict

the maximum size obtained once an upswing was completed, Instead,

the maximum average size varied greatly and populations underwent

anywhere from a 1,2 to a 3,5 fold increase in mean cell size (Table

1). These results implied that at least one of two parameters could

differ among populations: either the proportion of cells involved in

the formation of auxospores or the maximum size obtained by any

given cell.

Coulter volume dlatrLbutlons, The coefficient of variation

(CV), an estimate of the extent of dispersion around a mean Coulter

volume measurement, was monitored in each culture over time to

determine the amount of variability in the size of the individual

calls within a population and to estimate whether or not distinct

subpopulations remained in a culture once the maximum average
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volume was obtained. As each population decreased in average

Coulter volume, the spread around the mean increased as would be

predicted for populations undergoing asexual reproduction (Rao and

Desikachary 1970), As each population began to undergo sexual

reproduction, however, the CV decreased such that once the maximum

average cell size was obtained, the variation around this new mean

was at a m'inimum (Fig, 7). The minimum CV could viry from 25 to 45

Sregardl.hs of either the magnitude of the size increase or the

maximum size obtained by the population. However, the spread around

the mean volume after a sexual episode was always less than that

before the cells initiated sexual reproduction suggesting that by

the end of a sexual event a majority of the cells had formed

comparably sized post-auxospores.

To determine whether all the cells within a culture were in

fact behaving in concert as the CV data suggested, the Coulter

volume distributions themselves were examined, During an interval

of decreasing mean Coulter volume, populationa displayed unimodal.

size distributions, the CVs of which gradually increased over time

(Fig, 8). During the intervals of increasing mean Coulter volume,

the size distribution generally developed into two distinct peaks,

Over the course of anywhere from 2 weeks to a month, this bimodal

distribution eventually resolved into a new unimodal distribution

with a larger mean and a decreased CV (Fig, 9). The maximum size

obtained by a cell was not constant and could vary between isolates

(Fig, 9), within a single isolate over time (Fig, 9A, C, D), and
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even between replicate cultures (data not shown), Therefore,

cultures that displayed minor size fluctuations (Figs. 3C, SA, 6)

simply produced smaller post-auxospores than cultures that underwent

dramatic oscillations in mean cell size (Figs. 3A, 4A & B, 5B & C),

There was no indication that distinct subpopulations with

different size distributions persisted after the maximum average

call size was obtained confirming that all the cells present within

the population had undergone cell enlargement by the end of a sexual

event, However, it should be noted that it is impossible to

determine based on size distributions alone, whether each cell

within a population eventually underwent sexual reproduction or only

a portion of the cells formed auxospores, the descendents of which

then came to dominate the population due to an increased growth

rate,

SIngle cell LIolationa, An analysis of the possible sources

of the variability observed among our various isolates was

confounded by the fact that each of the original isolates had

undergone sexual reproduction prior to the initiation of replicates

and additional isolates (Figs, 3-6), In an attempt to eliminate

thin complication, a series of cultures derived from genetically

identical cousin cells were initiated (Fig, 2) and maintained under

the same constant conditions as described previously. The majority

of theme single cell isolates underwent relatively minor size

fluctuations over time (Pigs, 10, 11), a behavior that essentially

mimicked the minimal site changes observed in the two cultures from
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Fig. 7, Mean Coulter volume (darkened triangles) and the

coefficient of variation of each volume measurement (open

circles) over time for a representative 7', welssflogil

population, 1147, The CV's were smoothed over three

measurements,

-118-



Mean Coulter Volume (dm 3 )

o o 0 0 0
o O 0 0 0

0' 0

___ - --

040

- 00

-119-



Figure 8, A) Mean Coulter volume over time of a representative T.

welssflogll culture, isolate 747and B) the Coulter volume

distributions during the interval of decreasing mean cell size

highlighted in A.
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Figure 9. Mean Coulter volume over time of two T, welssflogll

cultures and their Coulter volume distributions during the

intervals of population size increase, A) Mean Coulter volume

over time in a population that initially underwent a dramatic,

3,5 fold, increase in average cell size only to later undergo

a series of 1.5 fold increases. B) Mean Coulter volume of a

population that remained relatively small throughout the

study, C, D) Coulter volume distributions over time of

intervals indicated by the highlighted regions in A. E)

Coulter volume distributions of interval indicated by the

highlighted regions in B,
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Fig. 10, Mean Coulter volume over time for two sets of populations

derived from genetically identical cells of T. welssfloglI

isolate 1724-1 at t-340 days (see Fig, 4A). Each panel

represents populations derived from the same grandmother or

great-grandmother cell as indicated in Fig. 2. The different

symbols represent the four call lines derived from the

original genetically identical cells, The insets are a blow

up of the mean Coulter volume (note change in scale) during

the first 20 days after the initial isolation,
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Fig. 11. Mean Coulter volume over time for two sets of populations

derived from genetically identical cells of T. veL£flogl.l

isolate 1724-2 at t-340 days (see Fig. 4A), Each panel

represents populations derived from the same grandmother or

great-grandmother cell as indicated in Fig, 2. The different

symbols represent the three or four cell lines derived from

the original genetically identical cells, The insets are a

blow up of the mean Coulter volume (note change in scale)

during the first 20 days after the initial isolation,
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which these isolates were derived (Fig. 4A, beginning at t-340 d),

Moreover, the members of each set of replicates initially behaved

identically as would be expected of populations composed of

genetically identical cells (the slopes and elevations of the

roplicate cultures were not significantly different for at least

twenty days after isolation, p>O0 0 5 , Student's t test; see insets

Figs. 10, 11), Over time, however, the average cell volume in even

these cultures diverged as one of the replicates began to increase

in mean Coulter volume; this divergence can be seen most

dramatically in Figs, lOB and llA. Note that the maximum size

obtained by populations which were initially genetically identical

was n constant implying that over time, the genetic composition of

these populations had changed.

Populatlon grorth ,rates, It has repeatedly been shown that

post-auxospore cells grow more rapidly than relatively small cells

involved in asexual reproduction (eg, Paasche 1973, Costello and

Chisholm 1981), A great deal of scatter was observed in the

population doubling times of the T, welsumlogll isolates derived

here and there was no consistent correlation between average cell

size and growth rate regardless of the culture examined (Table 1);

in only four out of 22 cultures was the relationship significant,

When the growth rate of a culture was examined over time rather than

simply with respect to absolute cell size, however, a different

picture began to emerge, For those cultures in which the mean cell

size remained relatively constant, the population growth rates could
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vary dramatically with no apparent predictability (Fig. 12A, B),

However, during intervals in which discernible oscillations in cell

size were apparent, the growth rate was correlated with cell size;

newly enlarged cells appeared to grow faster than the smaller cells

from which they were created (Fig, 12B, C).

Discussion

The control of cell size in populations of the centric diatom,

T. walsaflooll, is a quite complicated process, Numerous isolates

of this diatom representing a broad range of size distributions and

cell lineages, each displayed complex and unpredictable patterns of

cell size change during nearly two years of continuous exponential

growth, The only featmro common to these various size patterns was

the rate of decrease in mean cell size, a value which in determined

by the physical constraints of the diatom frustule during mitotic

divisions and the minimum cell size achieved within a given culture.

The rest of the components, i.e,, the timing of the onset of sexual

reproduction, the rate of increase in average cell size, and the

size of the post-auxospores created during the sexual events varied

among populations and even within a given population over time in

the absence of any obvious selection preshares. We hypothesize that

the variability in the patterns of cell size change exhibited by

these cultures results from the fact that the genetic composition of

the populations varied over time,
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Fig. 12, Mean Coulter volume (open circles) and population growth

rate (closed triangles) over time in three isolates oE T,

weLsaflogll. The growth rate data were smoothed over three

measurementa,
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In the absence of any discernible environmental triggers, the

transition from asexual reproduction to sexual reproduction is

apparently linked with the obtainment of an appropriate cell size,

However, this permissive size range can vary among different

populations and in some instances, even within a given population

over time, Thus the relationship between cell size and the capacity

to undergo gametogenesis in not absolute; the ability of two

comparably sized cells to exit the mitotic cycle and undergo sexual

reproduction appears to be determined by the genotypes of these

cells, This rumsi.e may explain our inability to predict the exterv

of spermatodenesis induced in these various isolates (Armbrust et

al, 190).

The size of the post-auxompore cells created during the sexual

episodes also varied considerably both within and among the

different populations regardless of the size of the cells that

underwent Sametogenesis, The number of generation. that elapses

between the completion of one sexual event and the initiation of a

new one should be determined by the amount of time necessary for

these newly created large cells to reach a permissive size range.

Thus, the relative values of these two parameters along with the

growth rate of the vegetative cells will determine the frequency of

sexual events in diatom populations.

The third factor that varied among the different isolates, the

rate of increase in mean cell size, is perhaps the most difficult to

interpret, At least two possible scenarios exist for what may have
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occurred during the intervals of increasing mean Coulter volume, In

the first scenario, all the cells within a population are

hypothesized to eventually undergo sexual reproduction and auxospore

formation during a given interval of time; the rate of increase in

average cell size is thus determined by the size of the post-

auxospore cells and the rate of entry of vegetative cells into the

permissible size range, i,e, the generation time of theme asexual

cells. In the second scenario, only a portion of the cell. are

hypothesized to form auxospores but the generation time of these

newly enlarged cells is assumed to be much shorter than that of

cells which have not yet undergone sexual reproduction, The amount

of time for such a cohort of cells with an increased growth rate to

dominate a population can be predicted (Wood 1989). Assuming that

in the most extreme case only one post-auxospore cell is created in

a population of 10,000 cells with an average growth rate of 1.386

day 1l, the growth rate of the post-auxoepore would have to be 2,372

day*1 or 1.7 times faster than the other cells for its descendents

to represent 99 0 of the population in 2 weeks and 1.846 day 1l or

1,3 times faster for its descendents to dominate in 1 month,

However, if instead of only one cell, 50 1 of this same population

formed auxospores, then the growth rate of these cells would only

have to be 1.714 day 1l for this cohort to dominate in two weeks and

1.539 day"1 or 1,1 times faster than average for the descendents of

the post-auxospore cells to dominate the population in one month,

Thus, if in face only a portion of a population undergoes sexual
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reproduction, replicate cultures may quickly diverge depending on

which cohort of cells comes to dominate which culture,

Given any differences in growth rates in pro- and post.

auxospore cells, it becomes impossible to determine based on cell

size distributions alone, what portion of a population actually

formed auxospores, However, regardless of whether or not the entire

population or only a fraction of the population undergoes sexual

reproduction, by the time the maximum mean cell size is obtained,

all the cells remaining within a culture are the descendents of

auxospores (Fig, 9). Thus, the genetir, composition of a population

before the interval of increasing mean Coulter volume will differ

from the composition of the population after the sexual event;

consequently either the permissive size range or the new potential

size of post-auxospores may have chanted. Even more genetic

variability can be generated in these populations due to the

possibility of spontaneous mutations (Lands 1976), As described

previously, any cell with a faster than average growth rate can come

to dominate a population over time, If this faster growing cell

also possesses a mutation that affects the control of cell size,

then this new genotype can be propagated throughout the population

during the intervals of asexual reproduction,

This itudy which began as an attempt to describe the

development of cell site over time in diatoms, has uncovered some of

the wonderful complexity of these populations, The composition of a

population of these organisms even in the absence of any selection
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pressures is extremely fluid with the potential for frequent

alterations of both the genotypes and phenotypes of its members.

Even populations that originate from genetically identical cells can

rapidly display d'ematically different behaviors, Thus, over the

course of a year, the characteristics of a population may undergo

numerous transformations, a feature which must be kept in mind as

attempts are made to understand the details of the physiology of

these organisms.
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TABLE 1, Summary of the rates of decrease and increase in mean
Coulter volume and the ratio of the maximum volume of a population
to the minimum value prior to the initiation of a size increase.,
All rates reflect the linear regression during an increase or
decrease in volume. A generation time of 12 hours was assumed in
all calculationsa,

Raie of Dtcreasib Rase of I creast
(,m 'cell' gen") (1m .cell'Tgen" ) Max:Min

Clone X + SE (n)c X i SE (n) (range)

1147-ld 9.8 ± 0.6 (5) 12.1 ± 3.8 (4) 1.6 - 3.5
.2 8.6 ± 0.6 (6) 10.3 ± 1.4 (5) 1.2 2.6

920-1 8.2 ± 0.8 (6) 4,5 ± 1.8 (5) 1.2 - 1.8
.2 9.2 ± 0.8 (4) 9.7 ± 3.8 (4) 1.2 2,4

444-1 7.2 ± 0.8 (5) 5.5 ± 1.5 (5) 1.2 1.9
-2 N. A.*

868-1 4.0 ± 0.8 (3) 2.3 ± 0.2 (4) 1.3 - 1.9
-2 N. A.

709-1 6.0 ± 2.7 (2) 3.7 ± 1.2 (2) 1.6 - 2,3
-2 5,6 ± 1,6 (2) 5,3 ± 2,0 (2) 2.3 - 2.5

877-1 8.4 ± 1.3 (2) 3.6 ± 0.9 (2) 1,8 - 1.9
-2 N.A.

877-1 8,4 ± 1,3 (2) 3,6 ± 0,9 (2) 1.8 - 1.9
-2 N, A.

593-1 7.2 ± 0,7 (2) 9,6 ± 2,8 (3) 1.7 - 2.0
-2 9.6 ± 1.8 (4) 8,6 ± 3.0 (4) 1.3 - 2.1

747-1 8,2 ± 1.1 (2) 10.5 ± 5.1 (2) 1.3 - 2,0
-2 8,0 ± 0.8 (2) 5,2 ± 0.4 (2) 1.5 - 2.2

1724-1 16,4 ± 7.6 (4) 9,0 ± 2,9 (3) 1.8 - 2.1
-2 10,6 ± 0.8 (4) 12.0 ± 3.6 (4) 1.5 - 2.2

834-1 6.6 ± 1.6 (4) 3.8 ± 1.8 (3) 1,4 - 2.5
-2 6.4 ± 1.2 (4) 3.6 ± 0.7 (3) 1.3 - 2.4

637-1 4.8 ± 2,0 (2) 5,5 ± 1.6 (2) 1.6 - 2.2
-2 10.0 ± 2.8 (3) 5.8 ± 1.5 (4) 1.7 - 1.8
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Table 1, cont.

a In reality, generation times ranged from approximately 8-19 hours,
which does not influence the conclusions,

b Rates of decrease were multiplied by two since upon division, only
one of the two daughter cells is smaller than the its mother,

n refers to the number of increases or decreases in average

Coul'e.r volume regressed,

d -i and -2 refer to the two replicate cultures,

a N. A. or not applicable indicates that at least two increasing or
decreasing slopes could not be analyzed.
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TABLE 2. Swmnary of correlation coefficients (r) between population
doubling times and mean Coulter volume over time for T.
weigs.li isolates maintained exponentially in continuous
light and constant temperature. Doubling times were determined
from three consecutive fluorescence readings. Only thosI
growth rates which were derived from a regression with r >
,990 were considered for the calculation of the correlation
coefficients.

Isolate Replicate 1 Replicate 2
Designation r n r n

866 .0268 40 .719* 31
709 .104 37 .0092 42
877 .364 30 .213 33
593 .213 33 153 37
747 .274 30 .564 38
1147 .0396 26 .270 36
920 .304 30 .137 34
444 .0564 30 .0263 36
1724 .0149 35 . 0 44  45
834 .043• 37 .457 39
637 .599 37 .1612 37

P < 0,05.
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Appendix

Effect of Light on the Cell Cycle of a Marine Synechococcum Strntn
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Culls it) n 0111110c egentjita cllilci~ It e di gwag titdtng II aoil 4wtgttiit.11lo t an tie %'I Iltgtliitud Pite gcer limi 111;1t of
ceall %:)gle itulialn. 'Tho ontirotuuninent1 it I~i life protige% . I iatidl%' primting A. tmitlidai or E:. i o ii putt¶it4It I hvit
,,Jotn tir call% throutgh their vgorh'lt cli W1 V tlge t M II0 ndl ntiet t o w Ilat ilh uemkit t atf Aivilhevh the call :)c c
Itheretore Itfulienvst the durat ctiono at he tilt Won % )' icte. Fut.r 60'tiitt'itct 111ci 1111`t1. imiin #1-110 1i 1-4 a 1A %pp. sittii li III'4 etkI
theormoro, mnyone' nihttitu'i priwce% oeo tcr during duucrete similarittl's Irippctrallu it) 1thV prrovarytici atillotl at'1 I-o 4,1ito

periods tir th life thif n s. I,. resultin tg iii lintieti intgorvil% itt thetwi raratl\ grini gill rstoa'trvot rclaigi ic A. ofibitlmo,tII
when M11%l aire tihti lit dotect 4and1 tipition to vitentrl it utitititt i ttu~irs% tinsivti Its tliv retiatoIN i li titt g~lrtiti inot vctli ilivtt
T'hus. is cornplesi l'eeduiitck %yltem cttuti hoetwen call% andl %citi
their imnediuitte %urratindinits. We havie thoutin, taP iitt io fttioti411 tttti' %ut Iser to teiC ithe Ithe )N A csvv IIIu'
that the potilon ot' light -dtopondent lirrout ltinurt% in I he cul Vttt i tlrs*it fýi Iit flutesi o ilia t it 1 rmsl h ratlean ints
ceteuo tit twot unfit'glttitii Itrltfli phytttp~ltaktont, it ttlittfim Ci:iiIitfli t14iitii'ctt'l~ioItii cgleiiigt'nl itt'Illo M'It CVCIV in Order
andift ii tjvicetihthtirshol 0h), exiplaini% the popultiontiti grttsstt Its predict III- le htuimor ott' otiditit an iit cet I in their otiittritt
puttert'u of these trrganium% onl4 if inige ato light/itirk cytcl e% Oinitit )ui' itthao%%ii t in Ut e hit vl~idatin tof it this
05), Similarly. only with the tIuigovery that phtttytluvntheuk coutpting heiswieen thit natulrail plittttit'vttt intd elil vtcl'e
andtitllntrogein t~alosisto tire restricted it) tlltfcrent porft n% tor priigreuutn, rut her Ition tin ilia nitevttm nittgt controlling hIN
the gell cyle Ilthai% temgpoiraltly %vpisatiting fltti'tgattialiv aellt V t'ttiptifr The ttwivlttttf 4er Iight~ie cutictit prttcecuse were
Ity fromt titygen evotution 126)) vutitid the psretenec ar nitrti. Iduntitteti thrautih this use of lo titi citornoti', by) eiitiiiittg
SonflI ixatiton in poipulttiion% of 14 nigetltltlr by~oicgiiti e "It L:vc retecptins%e its tIgtt Iiaotioni uiaiuint lsý dt~e Inmungli
tditeuatitety e~plahwdct (26, M7. the artost points ofl roplilallu deinygi~d %it light 01) YoiM

Our intiresot in the gall cycle of marine Symehciitt'/ioi'ttt Out tiseindis nrititlt;l thm, ulitititi't ilua tg~yoltti Qetti 11w
%pp, trocet from a desilre to undeut~oand itt. obtervetl growthi matrine %pttitt'ti~ dhp.tiiliqs It g14 p% ~litn DNA %yn-
f utternh or the%# QViytnolhuctvrikun Ott diatl lighit/tith cycte, iheul% at each itttwih rtio tia tuiniltci. Mistrook-ei unlike flttiut

.. Iv nry dialtonj 171, V c'l''ttit- so. p, divttlv prodoln. ot'har oficettu tr aitaglog in Mudti i ittily f i ile In turt,0 etarc
Inaitnit) durtng tlia light Intvrt~aI 091t rather than the da~rk. it tINA tinthclt I light tiopentien Q27, Vit. ~g in the Aivt.
chhoxg'acterlittc which stel u I he Ngo grttuo% of ccli aprtn trom 1.tigat fi ,i %lo sot , VVI C~ pr4'gls hitll 4thrtoughi clk oft l ife
"Itimtu othler pttytitjttnhtttI'4 A tcaivnd uttiuttitl cusircterit:lt gup% in ONA %t'1110- niti tilt qighitt~ii I %t-r sinifiltcte11% an in

t~lNr~ttit'ti''t~ipolutuitions, 1% thalt the IrequeILNCyITt tttlild. ict'trdauttc withI ecauic~i~i t onlci lirt Itiikt ii4 falip
ing celt% heiitmoi cotintlnt durlilglthe thik i nloer vit ivveti ell it it bie referred ItI as GI aindt0 mos gI ia litio i*al ill' D NA\
divistion lt nti longer toccturring 0141, iiptl ' ing ithat u ce~rifln ~ynIhvsi% wilt he orviferred Ia % ~
fracetiton of the population i.% trorctied in the doithlut %ilae
during Inot if the ntght. NIA'rKIA1.14 AND MET'llOl)

The frehhwalor cytaonothavteriunt Attuet'i'it1A ItithdIItIII hat
been the favlue or numertuiut cell cycleo utttidiv (e~g., t, .4), Culture conditune 'The Nsnehitt4ii44ti sr.' (winit Will
and yet, call cyVle regutlition in retltted flarng itpovi;ie ot' F111 un inuhoro ittititte %t016 la~t,ak lhycour'itnioun, 14 ti
unicellular eyinttbiiclteru remain% virtualty unexploredt. pro. uohtiited fronm Jtohn Witluthury It the Woodiili littl oicciigit
iliryolc cell cycle models busied Lin E~e"1d till predict graphic lnt~titttuttt ittitlh ti4t ts%%i Is 111 11 ariciti wheiatwater
that DNA wilt be %yniheeiulid votitinuttuily throughout the medium I Itti. lVor tite light timiltation iutlies. tenicotitinttous
diviWtion cycleo when the tursutiln of time nitcetutry it) com gutturvis were mtlttial~itedt in expotittitul growth for If mini.
plate DNA soynthessti and cell divlinion tu orcaiter than th tilm ot' 17 uvnroaition% at 2Cunder ctntninutous iltutmatnatliton
Sertertitiotl time or the ortintutil 112. 11. 10 221. .. tttlntiovit rangin~g ~Own 2.2.4 to 174 nuicroalwsnutolt. nit I . A
appearis to contain muttiple triptet tor its geonital at giriwiti Vurner thuorometer W11 ltg it)e t monitor da~ily changesi in the
rales which, aocgurdlng 4to the P,. coil mtodel. wtould no In vivo tiuireuwsnce or the culiuret% in order iii determine
necaloolitae gurntinuouiu D)NA synthesis i211i. The minimum growth raed (1,4

F~or the dark irreul elipersimntot cultiure% were grown ati
ltJ'V In votninlsuuitu tight tit 744 toicrosoinqeins -o r'l , 4
hot'u're pilacement in the dark. During the vourte At' the

Cotireiltttttting author, cipetimnien chitnpeN In thei galt number \sgre ditte. mined
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with an epA ttuorecsent Zossinv flilt; ocore. A 4iiiiple 01 cIIti re tytonioetevt: were oin~ered Its iii I itNI ANImm volinpiviit totr
diltedttiti ittredwutiler u hia'i iproim~tel .1 dtailedvi anuil)IS 11) . Villito, P h. es :wis, Mal.a~villisvtt

fto Mt1celh per field .ant theon Olt tired at it %c Crnt proourre or limititie tu lahoi vnd thle WootisvItt M IN ieetonoriipliv
to%% than 12! n3 ins of nmereorr onto It N uc lepore tilier itipor Insflv utton . I ittntitiige, hill%% I tif. Mingte Parituneter

site, W ai tmi he tilter was t hen %iaitk~ho d betkwu cit a NIA htsiog: tin%. vsire uIwIi/ett h% Iitsmiminglt that IN Ni'o
cover slip and at slide Nivh liinnirrigrson oil aitd elither iroten oir aitn thuorv~vvilve peaks Ior~p ets t I~ and U;. 40ti% or
counted litimediulvlI An avuroliv or 41K) cells per tlittr \%it Vliier otitl or Iwio eimtiw ill'u DNA. rojwtIlvel\t an
voiuiied. II %time e ~perl mciisi Ihe MIl r unihe 1%%Ihus ak lithat tie regioun vpiatal ing these I mo livak repreN~~ 01ile Ov
ininittiiiried kiii in IPpiv% stilit clk tulonivter 14148.iini e\ct* cell, in the proves% III' 1)N,,\ reuliculioli, or thev 4 phaL. hI'
tion. vii~til. iniit itimi:~hi iiitt liim qiiitwiiV uur ilandard valetihlite thec rercelligue ortll v41 III civwlso lt Ie~v cell Vs dc
heads mma added ito liveu srniptes its calculate the amounttil o %tages. it %: a%%imoi~iiid that thev 01 and (I, rieak,. di.,riiuoed
vililplo, run Iitroligh the flow vshtolutetel and I hii ttetermine (i: ~ vht ii iitLlyo ) ttryelc iret III itlidi
ieV cull voilicuitrat tin QN), t hat the S ihive couildlihe atiprosilmalted Ivts tievi sili III a t crv.
A series of cilltuirc% wer ll.t lso aintihined in svtads stile oh ( usiall viuticrvcy (itliiilol, Pit)ihviv.

for .1i %ceks oi Ii 4t:lIl lighlittlik v% ele ii it light le\vel of HICi dtiraittuion k~etcll'v votCvvle vilaig. 11 %t. It iy culcullated
I IMI nulcrileivt liii O n% I and 41 ioitpertourv it' 21111'. from the pro ol lIon of Iliv popillai I on i aItI vic Silgo P.% 1.1
A 1-rafig popiulation litowth niles a crL dotermiined Is) itoii. iiitl the doll hihl1g 11Vu111t I l ~ie litiilkIntLi III 0011FielIt tat
thorhig in Ovi voulture tttiresveetco ItI the " tiic time echtl diq firowth. I~,, ictrdinigto It lie equiitiat ki ' Sinr Iiel al. 02)
to eliminato the virvii:v of diel pariodlcltv ott ltiorewcence
yield. During the actuatl explirunent, coil di~i iiun Ali% 11101. Mill - *-u,,'hn Urti 11 -IM0,i1 ý
ifored liy rnuleroveori voumI it% diwyrilid above. 1/i1:1 -, (?,,III 21ii 11 (11162111

Fixing and stafining for Nown Lykimetric onalysoui One Ito ton 11 S tI -1,,t Itn Mn I P'ili' I-111l
million McIN Were harvented by centrifugationt in II .IMK xg
for 3 mlin and vuliveqitent removal tit all hill II. 1 ratltit'the Two-paranielr histogriitn %sev ee alietvi h lifrst counti.
suponnutunl. the suspended pellet %at% liens Injected through ung the Quilk ivthin at gi' n window. liidev and covl~lvivnty
it 14.gauge hypoidermic needle Into ill nil oii icaýold ,ilivilitie %%I vairiaiitun IN (V Ivirv I heti calculolitd for ii vinfilv pirall.
metlhanol and %torod atI 4TV for u muininiuii 01' 2 Iti ts both fixdc 019 Otheve %olected shits a. iuiil ). t he mode oil the 1i 1.8 anid
the culii and removei MhkrophVIll Samiplei prepared In this ON A wasoieuc v trioiivot mod from at iiigarlthnic scale
mannor remain %iable at 4'C for up to I year hvelorts ntial> Ni% ito i linear %veall ciilibrattett igamivtihe RY.'Mni heaids, atid
I 'i1 evprouVed in relativ units.

III preparattion for thle Ilov, c ytotivi I t aial yvis orl DNA. Computer model, the general lnioge ki1 coll cv cl reptilic.
1.!t ml o01 the met hano-I .1 etd taniple wait ventrifulugd III l1in ki priicaryotis: orgniitivii hay liveen e xapoiated from thek
Ii IMNI xit ror 3 min The litpernutuunl wol romoved, and the miodel for &. uii propusitd by Hlvmmiteter indl Cooper 11Ill
n ellot wan wAnihvd once with Li~ ml of IMI phoiphata. and Is %ummorilied in Fig, 1. In Iluiu schemea the imiportatnt
huflerad iolIne 1. mMlv KHIP04 , 5 Oil K,HPO,1(411 NI determinanatt or call cycle hetiavior I,, the dur~ationifl t the

NaCk pH 7M1 indl quipnded In I ml 'ii' 104~ phonphtite. divinlon cycle relaitive its the DNA cycle I Fig. IA and kitt We
huffered valueti. Bty using ia modiicaiiton oif the technIque tit developedt at computer %imlillaton lianed oin this It' tutU model
Criqiman and Sloinkamp IV), propidlum Iodide iSigma 112, L111 to predict lie duvrihatton tit DNA par vell Air
Chemical Co, final concentration. 30) q ml- II and Mostus procaryotic populatloni distplaying at ritnue of prowth rahen
A M.igniam final clhncenlrationt .ei MA g ,ml- 11were added to IFig. IC' and Ml The tite orlINl numerical modeol enuttled iii
each %ample, and the %otnplex were Incubated at room to predict how hei nouw cyotometri datii oould appear 11'
temperature, for 2 h. After the 2-h incuatibion, background cyanobacteriti aidhered tov the tsfhor i. oi and ito pillt:#.
%itain wan removed, it necenvstry, tiiyfirst filtoring the %ample houndariav on the roltutionihip betiteent the evii cle and the
through it Nttcieporut tiller iporo siow, 0t2 littri and then DNA cycle in hIN% %puciev
vi avhung it wit h , mlI 11, lIr phonphiieattlhufrod valueg T'he Mhe Input pataaniler% requireit lor cutit imodel conditioti
waNhed cell% were mispended In I ml t1it' IIY phoitihote. were the populatloo doubiling time Iio, tlenw lite leceiar>
buttered v1ilne and itnalyted within 4 is with an Epicli V tlow Ior a pair ororpliolittin forki to Ira i (lie entire teiigth ktl'the
cytonieter chromuuviiun I thu DNA replivotllioi time. or tiI th lie ninimuni

Flow tylamwirle analyses. Lunar e~elitlalun itt il4 nni wan time elapied between the coginpilituit or hrontiovome reptIl
tived ito maciure slmultunetiuny the f'orward tingIc light cation iand cell divisiton tthv veptuili torilialloi ltimeo 1)), and
xicatler I FLUi which 1% all Indicator or cell nitte, andjpropid. the CV for th. DNA tneunuroment For slowly growsing cciii
lin Iodide fluorencence tenvlilon noiecired at greater than In which the generation time wan grealer than Ihe amount ott
.490 nmi or individual cdlli., lu unc~reane %venuivity, I w or time necevucry for chromonome replication utnd %opium
Icier power wait rocuneti tol it pot qlze of 16.5 by 4o1 iion with rormaltlon, the duration of either the Ut or 0;l gap wan ailso
a conrocaul lon nysitem. A total or 20,M)0 to !I01,1111 cclii petr neededl IC1 P t, + a - f"; U2r t)
vample wvere anal ysed In thin manlner, Uniform fluorticmn Throe csivumption% from the E, iili nnoieli weie veitrirl it)
heads tdismeter, ON9 lm; Duke Scientific) were added to tile formulation of our- model, First, it II it piwiullcted that
each ianiple as an interna l andard to mutiltor drift in the eac replication tork moved atoini thev cromosome titita
performance or the flow cylometer and to calibrate each !otivirln rote 03, X11 Sevond, it uit unturned (hat a nowiy,
fluoresicence and PLH measurement no that qainple% ana. thor cell containud ij %Inv ltirnp lemolt tuliti ofUNA If thev
lysed on different day% could be compared enetration limit vuiti oreater than or equal to the vltm (1h the

The data weret toreid both as mnunoparraivivte DNA D1NA replication tund %opium formation times. Third. if the
fluorencence. histogratni of 25f'ichianne reotiluttun aund iti generation time or at cull %ha% lainq than thin tium, than
lwo-parameter histogrami% or vorrelitted FLS. and DNA nynithevin of at cornpleie chrooornotnm %punned inore than a
fluoroenene of64 x M-dchnnel resolution, single genetration. Newly born Mll therefore contained a

V~ale antalyasts Tte data generated with the Epic% V flow single complete DNA complement plan one or more partial
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FIG3. , '3.413t33433I41 fl lulel ofI httinlusuh olllottt hawd313341 kill3 Illy "~~eIt c) Oki ofh~ '. ch whidplud (rrit ritgteirniv 1 A. 4311 4434 A3333? ndth
33131t4r14iva %fnutiltl~lI11% tit' lilt 31mrit anintit'3 34 IN A per3 " t1 (1 tImunimli a CV of III' I In sIn i3 l ela III ' 3. 3 .3310 . In i~l' poril4s lilt 1343111 St441.

hII 3131141 A itnd I3 1,,,, ivpreseni thy l33inimaill cell3 lenth33 III %V333wp 33 34n4344t,1 'kt ill Setu3341nn i liii and 3111 lit haiteh' t 1ertieei wr1334431441 344733,
till [he %inol34 viola3.'t343 4 tlt imi4.niv. i,% W41% hen the 31134ionunithi 31113i III i veil Is inv34 t1433 hotI lhq 3333433 ,f li33w I4e414,l%I' 3.4 :ompIloto1I
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3444334 344131334 441133 aittg the DIN'ti 4 4pII1it4ýIl 3141period. Ini 3334% v14441ip34. 3il4y Jula34l4414 ' 44(it .11310 Cl: air equ w1~i ll4 the43 tti4 1 33433444341to 31341441 34331344'.l

;' S c.33iviinI%4 I f t44 he O3N kk wplivinnin344 i43333. IIltilii IN3313 0313334110 4433il litte3I41 4414 4 1.3 % 10 ,1 1101 3333 l moke l t3334 i33 little4 444.110 1.411 a4 41Ihii34143433
in3k 34433a441 around34 333Ž dlirkintsi34444l. 33434 i44mik% 43 I)N A .si 33333414.43 133ih3i34lle ei 3413431310 313141133i33 rouik inei'.331 53343131 III thIs131303414
33i4 INA topl'ivaionlit3f l e 3331% 3.ý little 13343 lon m333 lil h en43rittion3 333133 IL' 4 ln ltti d143434433443 t13'311333 '33334 O4l~3~4 N it Ain3stiluolvd4 pill3 evil33333
11t~ie l43313Ikitill 3J 133433 1 341M p 434.4l ll In il3l444 414311 333 In 131 '4li. l1k34 1413333341 433hoti4 133141NII 343r3%133 33444.1 lit, ish 133134144 11w34 333 333414141333

teptot ik431 thm .evil% 333 O3ut 33733L%N 4 ilt 44334543341i 41¶3413333 3giiinn the Jo443414 l3314 le3 e wnr4 s e313 it)33 333 (3 il illy4 3 il lin is434 i t he 3 % nl 3334 4 113343
3331t13h33tion 'kel & i n 4 euit 4iih433i'liv1 stamue%. 101 IntIhe liMst '33454h vim14 IIII. 333vlklr In35 31 the S phow %loe I )N, A t333hlo444135 iit341333433
the vell k3 4c41 Ntoie h thel 314 331tfl IN~k A o n pe433 t33 33411 1111 highe3r1 ti'r On~% 34443433343333333 4111 111013 In~3 333 3334 1 %ktl\SI 911M33333 Q\531113119.

41333331I4num1n3, ihv synthtusi of 010h3 vitt h4313in 33 31r41k331 itive34r3tillo , o33, sshIch h33vi: 3to Isv. spanne3d itt order to
generation1133 I1lit 1111t. 4233na1313 the synthe1sis olr 4.343334 423333tti5tt4 WIISoom 421314133

'3To volvulato4 3(lie DNA htstuigram for itti aqsnvhro3n3uly lawie lp- romiding313 up to3 thei neatrest imegv4
14r 3333 rittitI (1,l

gro3wing pop33ulation3, the protgram 33333 %3thliVdgvdd the guell lblu,3, 1333543 kin3 sit, DNA, , wa 3then determined In the
42yvvInto ift3 33numbo33r of invvernk13033 of1 414o3333333 duirattion 33nd3 fl'lo~wing nunner, When oi -4 1.~ it newhoviit cull eon1tat13n3 Line
then galuieUltd the DNA amo33unlt ru.r en3411 inctramomI~, Port gom33pivio3 DN A sompI41entn, k. Whenolt -a3 .1.t newbolrn 401l
%lowly g1rowing po1pulaio333ns 33,, :?, 4 M.3 (1341 4flk conialmed goot3im3n A 3333333331 t3 bNA, lit addi31tio 3to 3433. purltial
it 'Ingl N opemmUgl vra dti DNA eelnipl33mnt. It.4e1 33131133353 N 21f~p33311,U the %yr333h3455 of' wh3ich mum35 he 3w)13i4ll41d 1)
comlnpements, n gutit~I In the promis 3o3 chromo313%orm14 to3p. afln3u3315 biefore Olvkklbut. S3~ im B34.5 43uM 3 133l3ILi time I , .
334233303 co31untaine tin Intermediate a3mo1unt of3 UNA li3143331y -. 1). Il linto I .- 3I, A - I - II,3- 133,, o3r, upon133 rearranging13,
related it)33 the Moun334ttt Olift~m spentl In .4 ridlketol the 343 la 3H4 33331 1 .4 (41) - 331.In it %Glnslir fash3Iion, when 333 - . t3he3
dutratlion tit' thIN hse3133. DNA 4133334131 i333 33143333 4111r 44333 %kl bl A -3 0 31-12partia

To1 aliqui3r313n th3e rolatit~s a3mount of' ON A In It 33CW IS-' horn 414ompI41murnl%( C 13413 v 4 with i,'io, les I) NA t huat 8. Alt 331143 3
veil (DNA, 3 under rumt groswth con3ditiotns, 3334 n~umb~er of3 I3 I. ( I/) 3,31, t"Y O,33 r V 1 31) -2
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AMMtUMt t1.1 Al.. Am ~~to i 111

IA continun' ton of this% neltuont rguttlis in the tollowln~~~s
pentira i~ti g(ttion ior determining the amlouttn of DNA withitn
a newhtorn evil:

ITo calculateu the ONA amiount for ouch evll cycle inurv.
mea it it luki-p'rowth vati I1,, ý: f, 'IK lhuv program
JMtrminucl the litleg at vt high tcril'cation fortk% houma and.-
endied -nvnthenln ziccorditag to the lloit010igI1 cititlititulln: ~

I110 Mil tsit rofpiiilzio lii zieragei l)N A pint vell in omstnvhrontm%
I liiptilailitins dIhpit-)iig co inti~tliNa )N A %nthitishn Vile letviul % nei

I I I ~~01141191 .tiih)st ait'tzrotiwnh the I INA ht~smtilom dvitnlnel-dn twispnor111

'1110V U41tmmt11 liti. V.gi IIii~-uil b) itsui~nttlg that chromosome nuilafutemmIici~lel hdl. in the tlimniast of tImnic lfvseorn fiit ritplivititirn
rvirlivoion ~mie rminuv% lnd tat eil ivi~tin sc- Fork 0i 1111% el MsIrLIChe Mllfi tiitilthe eh ii slim~e, 1t 6 tile NepltttllNp~lal ou r,~si C I, ~ltliuci ,iidI htt 511 l~tlI~f OL ftroritlton tiniC, toild iI% th le Celerotwoonlu talc ti n mdiidunti vell III

%mivt b~s m1inuiivs aivi Ite ;timlelitI comflplemlent %%it% syitl e- lh% i Settrle the tmmorllito oil f I he h. I h iktivfiLC %l C tibvtedi CI
liv hv teroi i% o inttil fromi I it, ri' dignaljftlng each tit' soch Ihuto i. wvas 0t iin iustl 1) a en held comlintil tit 21mlin, 1 hien

the %qt% sit' vorntlemeiits tot ti %ysilsthuntue during the velt lesuil. ark. in lortemerni wIth tin"45tiyll %out io~aInk 5ih It% thkisg
Til Iek 1 )N A asioutll for eucih Increnment wan calc'ulated pirlienteid hy Ieltasii iter it tit. (1111 unit Skoua ttntit, Mlat l

hosed tin the DNA amoiunt fron t he previous Iinurnment, the
Increment duratioin, the DNA replication linw, anti the
mumbehir tit uctin u replication Forks, Once the DNA amount
for ouach cell cycl itucriment was bknown, the relative ratio of the tiiinitbur of cell vniorin, 8 toi those leavsing S Is 2.
numbecr of' i;1%ll-itthmoutech Itubdiviiskmn wan drgernminvo. The addition of at (1, puak to this population docreases this
according tit the equatiotns for the age distribution or ,tn raomtrio oblw2 muinuremetsC of U NA contenlt.v for nflowi

asychrnoulygrowing tuopoultiolu INI. oth ltoedthu mNA luromulon1 of itA cultont with Wenet Mofltutf
The final progesin~rg iteip wa% to Incorporate Into th add heNAdsrbtonl thu it p ittlnd wit icostags nitr

hintogram the eltugritnuntial error ansocittted with the flowi vor Prentter than 0 nI nyte8ad0 lvs ne
gytunmettic determinattiontit'o retalnati DNA fluorves~tncv per enter ing S risuites ito thm easirg of the nuber ortt bas
MeL, The DNA flusmrencetsce for ia given DNA anmount "attn rngSrlu tstoelain a eortlo )
assumed it, he a Gutisilan dintributton With it clwaiutn CV determininfg thu ratio of tile maxnimum tiuetk height tim the
tI It1 The suhtpopulatiumn wnithin such gell cycie Increment was sadldle height biutweet the two poults. Usting our numerical
thus talso dkitributed Into it Coaussiurn flauroscenius cutrV model, wciv then simulated DNA dtstrtblstlons with as range of
acc~ording ito the DNA amount aitd thu, CV. Thu final M~ and G.- proportiotn% andi found that tile muaximuam ratio
distributiton or the relative %:#Il number versus the rulaitisa of the peatk heightlisto thu suddivt height in 2. The U I dintiltilia.

DNA luoetcngv as herreie u~ombvd lv)ýsumingthe tion Iit ra uussun curve. with it peal: at a DNA antount tens
NAfluorencennci coo anuio thrform aseoudch umig thitatit equalitst the peamk of thu Sdttritnaion (Figt. I10. The

fluresene cntrhuton frm achsuhoplttsin tddition tor it Ii 'Ipeak will thertifore ingriutie the puutk-
to-liuddle rtitlo.iu, ifteoieru aior a lsirtlationki

IKSMLirs greatter than 2, 1hin bimodal dishitsnuiotn tmust include- it (11
Moudel predietluni. A tunso or potuntiial dwnrihutioin% sit petak, Popualtiioun% Witha Us phitic maty hive at raitto tns% thatn

DNA per geil wtin examined by employing our computer 2 it the error In DNA mneas~uraemnt Is high, but populationst
model to sMmulate both disszrote (Pig. IA tind C) and contin. wtth it ratiio greater that% .1 mast contain V111 Wiliit 01G phase.ý
uouit (Fig. lb and Di DNA replication withitn oxpuinunliiutt Thv presence tif gap% tn DNA nyntlhcsts Imtplicit that the
growinig popoltitions The results of the numerical modglt duratiton ii the I)NA replication v~vlu is less thatn that of the
Indictated Ihiti a unitnodat distrilbution of DNA per Cult voulsi division Ic.le thust, it nuilly htorn cel Would contain it
he obtained under iti nuite tof condition.% ranging from contin. %Ingle complement oml DNA and no celt would oeru poltinskn
uous DNA synthenis ito thu presence or uitimer oine or tat't more thain two comimmrlimntn or time geutome 01ig IA anti C),
gaps, depending on the CV of the DNA mou~ttremeints, In On the other httnd, Ifthu DNA repicatioti 111mw Is, longer thatn
other wordii. little catl he said about cell cycle reugilation Ifut the division cycle., it newborn vel liwould inherit repicattiotn
unimodol distribution is obtained, However. a bimodal di%. lorks from thu mother goll and wottld therefore alwaysvi
tribution of DNA per cell (Pip, IC) could be obhlained onll continm more than at single cotmplementi of DNA (Fig. 10 autt
under two circumtalnces: either two paps, Cl, atd Gia, Di, Moreover, if DNA is synithestkied continuouly, at Pohi.
existed during the cull vycle or only a single gap. 0, wani tive correltation would esist betweven the growth rate and time
present after completion of DNA syrilhenis. It wan thus DNA content per newborn cell such that ait the growth rate
necessary to develop criteria ito determine whether a 011 piuak Increases, jihe aiverage DNA content por cell would also
In addition to the 0, peak was present, Our first stop wan to Increase (Fig, 21.
sinmulate the DNA ditribhution of an ashynchronous populat Llmht-llmitled growsth. To determine whether DNA w.iini
tlon with at constant DNA SYntheis rtule, no gaps. and at CV synithosied continuously throughout the diviniotn cyicl and
of It. Since the S phase cuccupiex the entire cell cycle. thu how cell cycle progression was modified ah a fijnction of the
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FlCI. !. A culture of syni'L iwvactii,U sirain W 11.11101 growing

exponrentially in continuous light with a flopulation doubling time or . . .~

11 h was plaeced in the datrk ror 72 h and thenr relitamed Inlto
conltinousia light, The darkened bar indicates the duration of the dark
Intirval. The cell ntimber (A). FL8111t, endifthepergentage orceiln
In 0i, end 0, iCt were measured with a flou cylorneter during boti FIG 6. rInie coiurse of the cell division iA, FLS 111t, and DN A
the dark anJ the light intervals. Due to the increased cv or the ri distribauionN W) olf ,.vci',ru 4traiti WI-1110Kl~i ver 24 h of it
cells in the dark, these DNA distrtibutions wetre atsumed to repret 10.: l0-h ttghtldartt cycle. The darkened but, represents the dark
sentI only two cell cycle stage% ti1i und 01). Symbols in panel C': .Ž", initerval. In patteisk Aend Bt the error bur% larger than the symbol site
01 sell%: 0. U., cells. In panel tithe error bars larger than the ivaitiol represent the sta~ndaird deviation for repicete siemples. lIi paniel C
Wie represent the standa~rd deviation for replicate sapls the contour levels retative to the lowt numbher of cells &aulyttd tire

11.121.4 0.175, tt.2!5 0t.30. tt.M. end 0.451i,

Istra iI Y. 26), Whon our durk-arregited Syiectpoccuiuoti cells entrainment o111 poipulattiont to it dil liight/dark cycle is very
were relcaed Into the light, however, there was no evidence ditterentr from an interruption of exponentiatl growth In
of synchronous growth. An Initial log wits apparent, but once continuous light with darkness; mloretlvet, it light/durk cycle
the cell, initieted division, exponential growth resumed Is the 'roal world" experience of cells, 'F expand upon the
rapidly (Fig. MAi. Flow cytomeitry results also confirmedl the result% of the pnesiotis experImntgn1. celi division, FLS, and
absence of' synchronii~ed growth in the population after MNA distribulltios were meusured owei .4 h in a Snro
reexpooi~re to continuous lighti at all times after release at' twcit0 population entrained (to it 1l4*h:1ll.h light/durk cycle,
the cells Into the light. both (it end G., call~s were present The cell division pattern Cu~r strain WH-KIIII observed over
(Fig. 50t. A period never exibted when the culture wa-is this iinjile cycle was similar to that described by Waterbury
dominated by at singie phatse, as would he evrioctedl In a itio a. t38t fur a number of cycles In which ,S'vivii/iioriiuo

synchrunized culture. strain WH-7801 divided predominantly during the light Intle--
Met l11ght/dork cyele entroflmnent. An alternative means of vii tMS. 6A). Over the course of the dark Interval, the FILS

synchronizing phytoplanklon populations is ito maintain cut. of the cell% declined to its minimum value (Fli, 60). Upon
lures on a repeating light/dttrk cycie ti, 341, obviously, reexpomitre to the light. celi division did hno begin agatin for
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all additional 4 It(iji, 6ig ), while during thi~o~ titr 4-h interval decnribe data which Indicate that both 1 anit 0, celitttire
the mode rLS~ of the cells began Increaitnng tW its peak present within A. ,tiltulns tnopuiutions during the dark
obtaied after about If ht orflight Fig. fili This same general irrent: yet somehow, synchronou% divisiotin 14till achieved
truntl In FL.S vatriantion over the diet c5,cle hit% been observed aftter the udark block is realcued. To explain their renullt,
in fytcr irwu eld sampias itnpublishvit dutta. bhetva uthoft riuntuited that p rentrc through each cell

An unulysiti of the cell division pattern alone Wiil, hAi cycle singe In the light is Wife rent fully affecuted by at previotifu
inight leadtiont! to hypothesitte that a light/dark cycle can cxposikrc to udurknuss t19, .14. A nonuniform ehiect of
%lynchronize at Sypi'chovcunto. population. However, both darknesi ol Itranit throtigh tile ditlferent cell cycle stages has
U I and Ui cell% were present at till time.% throughout tit:u diti also been oinnurvcd In diltutm unit was attriliuttd tit an
cycle. Ilneuttinj tho 10-h interval In the dark. Tfhis i4 cotmieti Interruption (if the silicotn transport system by diarknens (36it.
tent with tile results obtaineld tin the dtark arrent experinment (:ell cycle progression through G, is munoditittnaltiti most
t1iLI neugate% t1u: poudbihiity of it ruly synchronizedi cuiture, cel types t 21. except for thlttitatinle diit,,ns which tire
thlese resultsii la submitntiatt the hypottictin that cell cycle kitl)%n tot have hoth light. and silict-duerindent biock rsoint%
prtgrosq through both 01 tand 02~ is light defiendent. Againl. duting this interval t130. 3hi), 'file lav.1 that two such iundti.
the exact percentage of' the popooititot in the process of' menttaliy different organismn s it he diatoms itnd Syneclitic.
DNA snytbesiin during the night in proibably overestinmated acios still, built divide In the light untti possess a light
lie ito thle increaised CV t)ithL GI pck. Hloviever, it %vut still teqirintoent aIItile end tit their cull1 Qcyi! ntihstanlites the
atppare'nt front the t wo-parittitetr h0.t ogruair i ig. Wi that htypotthesis thtat it causal relautittship eists btwuenr tilt-
the number titt callsivnvolved in chrutimusonto replication. its location ot light-delientunt pri ennen und Literall population
indicatvd by those cel.4 witht tinl inturnictliale amount tit growth patterns Otint.
i)NA fluorusvunes, %%is uit it ainlittum during inost ot the 'The actuatl spec'ihcn ot the regulaltion of( the cull cycle in
night. This wits followed by it peak In DN A synthesisi when Svmtrchfoioiux %ppt. tire elate complicated titan hats hoth
thone culls blocked itt 0 1 in the dtark were ruciuaned into the ficstitied thus rar Theories tit cell cycle regualttion in piu-v
light, 'fie 0,, veilsn syeru tile fint tot divide upon reiease into Qarvuttes rety bcutte, tin the I.. ci , P1odel put forth by
the iight Ihowever, the light% went till before the matjority of 4t Hlnitittter aint Cooper t17t. Cuall cycle studies conducted to
Uteno ceils couid alsoi inillate DNA %Vynthusis titlte with cyn iit riainligatle that upparently these pro.

citryotusi do nott itiwayi adhere to thiu rules of the E. ivil
lINSCUS~ISON mot~del. For eniimplu., Mann atnd (atr (1.1t fouwnd that the DNA

content tit' A. wiut/uhins incrvased up ito Iti-told with tin
Ouar increatsed understanding of generai cull cycie chaitra increasing grosith ritte evetn though the girowth rutes exam.

bcristles of ,Svnt't-ooii,,ttm ip. aids in Interpretittg mnany mned reilected generation limest grouteir thun the 4hrotnonome
distinguilshing Neatutres of popuiation growth In this orgatt* replicatlon Interval. Under these circumstances, continuous
ksm, At doubiing tImes ratnging front I I to !1. It. Syitcliai. DNA 4yntheLi tatd mtuitiple replication forks would not be
acuriit strain WH.H1(tl displaty.% it discrete itnterval of DNA pruetictud 112, l7t, [itt thu study of Munn tand Carr 2131, the
synthesis, and cell cycle proigression both before and after generatiott unit, of A. itilttlon~s was approximately' 2.3 h.
this Intervai requires thu action of biosynthetic processes which Iiv about twice its chromosomea replication puriod 119).
dependent upon light energy, Thus, when ceils tire grown tin Sitmiluriy, our llib douibling time or strain WH.HitII is up-
a light/dark cycle, the repeating interval% ft darkincss force u proximautsiy twice its cnlimited cthromosome replication In-
partial phamiing of the DNA and division cycles, DNA tervai of$ ht (ig. 4.5 Yet reguerdlitss of the compasrable relutivu
%ynthesis1 occurs primtarily during u limited period titt the iight growth rules, the DNA conitent of A. tiudidmltti increased
when those vells which were blocked It 0 1 in the dark are ce ,nponfntially with tin Increasing growth rule, while that of
able to initiate Whomosome replication, and caii division WH ihl01 did not, An Increased genrnsiv content at relatively
octurs mainly during thet light Intervali when the arrested 01 nlow growth ralte hus alto been repoarted for the inarine
vells are able to divide. This light depenidency of fprogreis cyitnohacgleriitm Amnttienvlottlmiiili/tIai which can
through the 0, stage could explain observations of Water. posases tip to three copies or' its chlromosoeo itt genmeration
bury et ii[, (391. 'They note that In marine Rsnechtacoccats limes of either 7 or .(1 It 0 11, botht oh whivih are prenuntubly
%train WH-7803, the proportion of dividingii cell% twhich greater than the synthesis intervaluit tis i organism,
would Incluide our 02 populaitton) remains tit it constant vaiue An attititonail conticut between cyanobitutriii and the E.
during the night when the cells are ito longer dividing, Tlhis still miosiel ih that A. 6thinidi-m~ lippecars ito pitesett sinsulta.
%tigieut% that it portion of the population is blocked in the netu-ily both ii dincrete Intervatl of DNAsv~ruhe.sli2. l~t and
doublet stgle during mott of the nigjht. iand thus the fretuien. multiple copies of Itt genonto (2.11. It is difficult to reconcile

cy~t~iviln~celsmethod cannot he uned with thtese oirgan- the existence ofinmiltiple copiet olihe getoine und 01 and 03
Imsint)t calculate growth rates In the hield tW. 25). arrest points ait gieieratiott times greater than the chbronmo.

The faet that .¶ylttrtiioeoes op. arrests in both 01 undO t ome replication Interval, Apparently, Ihe presence ot' gps
when placed In the dark implies that the population will in DNA synthesis and ittuitipie c hromutome copies are not
divide asynchronously upon reexpoture to light, our results mutually exclusive,
Indicate that Svnrtsc/uiorarvuu sp. behaves esicvtly its pre- If the E. irai model is not a suitaible paradigm for the cell
dicted. after triInintial lag upon rolvitsc Into the tight. cell cycle behiuviot of cyansibacteriut. perhaps 4:bloroplusts,.
division quickly becomes exponential, In contrast to our which biive been hypothesized to have a cyanobacterial
results, marine cyanobacterie ya 'iioim %tratina 90 origin t114t, could terve as at more appropriate model. Chio.
4.1.11 and 435322 can be synchronized by placing ann asyn- roplusts tire known to contain multiple copies of their
chronoust popxulation In tilt dark loratn extended period 1261. geiname. the number of which variet ats the Qhloropiast
In addition., both Herdltun ot al, (19) and Asato (2) have dovaiops W41. Little ia known, however, about the regulation
shown that A. mldielany dispiays a comparable degree of of the DNA and divisiotn cycles within these organiesle as
lynchronoui growth upon release Into the light afler dark well, An enhanced mundumstatntlng of cell cycle regulatioin In
exposure. However, Asato (2) and H'erdman ot ai. (19) WIoo eyanobhacterla could be gained by determining analytically
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