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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 genarations, 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
davelops 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 ceslls are
unable to undergo sexual reproduction; theoretically, only cells at
the lower end of the size spectrum possess thias 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 degsire to understand more about this "decision making" proceas
in centric dlatoms.

Using flow cytometric techniques, I showed that the marine
centric diatom, Thalassioslira weissflogli, 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 gamates depending upon both the induction trigger and the
population examined, rogardless 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 unresponaive to
these same cues,

T. welssflogil can also undergo sexual reproduction under
constant environmental conditions as often as every 120 generations.
In the absence of any external induction signals, the ablility of a
call to undergo gametogenesis and subsequent auxospore formation is
linked with the ovtainment of an appropriate cell mize. However,
this permissive size range can vary between isolates and




within a given isolate over time, Moreover, the size of the post-
auxospore cells created during thesa sexual events is also extremely
variable; absolute cell size predicta very little about the future
conduct of a cell, The unpredictable behavior of these cultures is
hypothesized to result from the fact that the genatic composition of
a diatom population changes over time, Since dlatoms 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, M.I.T



ACKNOWLEDGMENTS

‘ The experiments are completed, the writing is all done (more
or less) and the defense presentation is over, 1It's f£inally my turn
to write an acknowledgment, the one part of a thesis that everyone
reads first - hmmm, lat’'s see ... who all halped thls person finish?
It's my chance to be just as sappy as I want, to thank as many
people as I want, in whatever way I want, 8o with that as an intto,
lat's see who all helped Ginger finish,

I'11l begin with Penny Chisholm, my advigor and my mentor, The
one who taught me a different way of thinking about the ocean, who
helped me to believe that studying something just because you think
it's neat is perfectly ok, and who was always there when I needed to
talk, Penny, it's too complicated to go into all the ways you've
helped me through this whole process, so I'll just say thanks,
Special thanks also go to Rob Olson. How I've always loved our
talks, Rob,.,about experiments, about science in genaral, about
life, 1It's great knowing you are ready to help in any way you can,
Thanks also to the other members of my committee, Don Anderson and
Woody Hastings for all their helpful suggestions and sncouragement,

A very special thank you goes to Sheila Frankel for always
being there ready to help me Eix things, whether it's a plece of
equipment or some aspect of my personal life., Shella, thanks for
being such a good friend. And speaking of fixing things for me...
Vicki, Christina, thanks for everything.

Erik Zettler also deserves a big thank you, Erik without you,
I would know nothing about mini.oceanography, let alone how to get
around Senegal. Hey, by the way, I'm still waiting for that
motorcycle trip around the world.

I'd also like to thank members of the research group, Brian
Binder, Mark Gerath, Jim Bowen, Ena Urbach, and Heldi Sosik for all
their help., (P.S, I just have one more version of a few papers that
I'd 1ike you to read for me,) And thanks to the extended rasearch
group, my friends and colleagues, Brian Palenilk, Janet Hering, and
Neil Price. Also, thanks to all the UROPas who have halped me
collect data., It’'s been a lot of fun.

And then finally there's my friends who have been incredibly
important to me throughout this whole process, A big hug to Lisa
Urry and Rosie Salvador who were always there to listen to me
complain and to help me to have fun. Special thanks to my support
group, Jim Bowen and Deb Backhus, And finally, a very special thank
you to Susan Francis who helped me to imagine lot's of
possibilities,




-10=




Preface

Diatoms are one of the most abhundant 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
datails of the physiology of these cells. In fact, studies of the
life cycle of diatoms have not progressed beyond the descriptive
stage (Chapter 1); vary little is understood about what determines
{f and when a cell will cease asexual reproduction and undergo
gametogensesis and subgequent zygote formation. The goal of my
thesis was to examine in more detail this "decision making" process.

The marine centric diatom, Thalassloslra welssflogili, 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. welssflogil population was induced to undergo
spermatogenesis in response to a change in light conditions, What
fagscinated 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 hoth 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.




This lack of a correlation between cell size and
respongiveness to an induction cue was in direct conflict with the
work of numerous other researchers., To try to understand the source
of this discrepancy, 1 initiated a systematic examination of the
manner in which cell size changed over time in a number of T.
weissflogii 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 vegulation in the procaryote, Synechococcus strain WH-
8101, an organism which is unrelated to dlatoms 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. weissflogii.
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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 disperred among over 250
gonera (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 i{s a diatom microblota" (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 hypothesirzed to play a
crucial rola in the new production of oligotrophic waters (Goldman
1988),

Despite their obvious ecological importance, however, many of
the detalls of the physiology of these organisms remain mysterious.
In an era when model systems such as the budding yeast,
Saccharomyces carevisiae, and the freshwater green alga,
Chlamydomonas reinhardelil, can be genetically manipulated at will
through techniques ranging from simple matings to intricate
transformations (e.,g., Herskowitz 1988, Boynton et al., 1988, Hall
1989), studies 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 melosis precedes gametic differentiation,
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 antire protlst
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 peranickety
nature of diatoms;, sexual events serendipitously observed once ara
frequently hard to replicate, Since 1977, howsver, 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
onable us to someday prediot 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 Perspactive

The diatom literature dating from nearly a hundred years ago
overflows with wonderfully detailed deseriptiona and drawinga of the
life histories of some of the larger, more sasily observed organisms
(e.g, Yendo and Ikari 1918, Persidsky 1933, 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 {t was initially unclear
whether cells gradually became smaller or larger over successive
generations. The diatom frustule is compossd 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 MacDonald-Pfitzer hypothesis, that
since the valves of the new frustules are created within the
confinas 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 size over successive generations,

Some sixty years later, Geitler (1933) reviewed the details of
the 1ife cycles of a number of pennate diatom species and defined
three distinctive categories of cells (atill used today),
characterized by their relative cell size, His first category

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




sexually, which were ce_ able only of asexual reproduction., Size
diminution of these vegetative cells created the second category,
cells characterized by a smaller smize range that ware capable of
both asexual and sexual reproduction. Individuals that passed
through this size range without undergoing gametogenesis comprised
the third category, Thuse cells were no longer capable of sexual
reproduction und simply continued to decrease in size; theoretically
this cell line wou d eventually die, Thus by the early thirties,
the foundation of what appear to be the unique features of diatoma
had become well established: sexuali{ty and perhaps even celil vigor
are intimately associated with cull aize,

As pennate diatoms became well characterized and were proven
to possess lsogamous 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 unoclear 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 veproduction in dead dlatom
cells of flagellates not necessarily of parasitic nature." Another
fifteen years of disagreements had to pass before von Stosch (19350),
through a detailed examination of field samples, firmly establiashed
that centric diatoms are characterized by oogamy, the formation of

morphologically dissimilar sperm and eggs.
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With the discovery that many diatoms require vitamin By,, the
numbar 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
cantric diatoms moved from field observations to laboratory

expariments,

Gametogenesis and Zygote Formation

The predominant mode of reproduction in dlatoms is mitotic
division. However, like many other eukaryotic microorganisms (Sager
and Granick 1954, Esposito and Klapholz 1981, Pfiester and Anderson
1987) diatoma 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 aither male or famale
gametes. Drebes (1977b) presents a excellent summary of the
numerous possible steps leading to the formation of the sperm, egg,
and auxospore. Only a brief review will be presented here.
Spermatogenania

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 Skeletonema costatum

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

Coscinodiscus pavillardil cell (Findlay 1969). These spermatogonia




may elther swell and complete melosis free of the mother frustule
(e. g. French and Hargraves 1983, chapter 2) or else remain(enclosed
within the frustule until mefosis is completed (o.g. Findlay 1969).
As no growth occurs between the successivae mitotic and meiotic
divisions, a male determined cell of Lithodesmium undulatum, for
example, can complate four successive mitotic divisions and two
melotic divisions in as little as 12 hours (Manton et al. 1970), an
interval comparable to the average doubling time of the vegetative
cells of numerous species., The final outcome of these divisions is
the areation of four uniflagellated haploid sperm from each
spermatogonium. Thus, a C. pavillardil csll, for sxample, can create

as many as 512 sperm,

Qogeneaia

Oogonia, unlike spermatocytes, are formed directly from the
vegetative cell with no accompanying reductive mitoses. In the
ensuing melotic divisions, two eggs and two pyenotic or
disintegrating nuclei, one egg and a polar body, or one egg and two
pycnotic nuclel are formed depending on the species examined (Drebes
1977b), 1In certain speclies asuch as Stephanopyxis palmerlana (Drebes
1966) or Leptocylindrus danicus (French and Hargraves 1985), the
females can be differentiated from vegetative cells since they are
slightly elongated and can possess both an enlarged nucleus and an
increased number of chloroplasts. In other species such as

Cosclnodiscus cocinnugs (Holmes 1967) or Chaetoceros diadema
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(Hargraves 1972), however, no conspicuous differences batween
females and vegetative cells are observed,
Auxospore Formation

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
Stosch 1950, Drebes 1966, French and Hargraves 1985). 1In other
instances, the sperm apparently slithers through a bristle opening
in the frustule (Drebes 1977b).

Upon fertilization, the developing diploid zygote or auxospore
rapidly expands due to a sudden intake of water, squeszing the
organelles into a thin layer of cytoplasm within the auxocapore
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 interaspersed with siliceous scales
(Crawford 1974, Hoops and Floyd 1979), The protoplasm eventually
contracts from the wall and two new silica valves are laid down,
Intereatingly, an acytokinetic mitotic event (nuclear division
wvithout cytokinesis) accompanies the formation of each valve and
thus two pycnotic nuclei are created (Drebas 1977b)., The auxcspors
envelope finally ruptures and the newly enlarged "Eralingszelle" 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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chaptar 3), but the newly created cell may be as many as five times

as large as olther parent (Findlay 1969),

Environmental Induction $ignals

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 motivatlon behind many of the
early studies on the induction of sexuallty was eithar a
manipulation of a given speclies through lts various Llife cycle
stages or a description of a serendipitously observed avent rathet
than an examination of the interaction between a cell and its
environment. The appropriate conditions for gametogenesis are often
presented simply as reclipes and the use of "old" cultures is
frequantly noted (e.g. Drebes 1966, Rao 1971, Drebes 1972, Hoops and
Floyd 1979), Only rarely is the population response to an induation
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 mechaniam.

Light Cues

The duration of the photopariod is frequently emphasized as an

important component of many induction "mixtures". The results

obtained with one species, however, are often in direct conflict

D
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with results reported for another species, For example, Steela
(1965) found that only when Stephanopyxls palmeriana was maintained
on a 16:8 L:D eycla (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
spermatogenesis 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 Cosclinodiscus
concinnug. He 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.

Perhapa a little of the mystery can be removed, however, based
on recent results obtained with the marine diatom, Thalasslosira
waissflogii. This diatom can be induced to undergo spermatogenesis
when calls 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 G, can they be induced to
undergo spermatogenesis; cells further along in their cell cycle are
unresponsive to the same induction cues and simply divide

mitotically (chapter 2), 1If the response of C. cooclnnus, S.




palmeriana, and €. curvisetum 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 photoperiocd 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 Gy and/or G,, where continued cell
cycle progression requires light (Vaulot et al., 1986, Olson et al,
1986, M. Brzezinski, pers, cowm,)., Light/dark cycles align the
cells cycles of a culture depending on the length of the various
cell cycle stages, the locatlon 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 funoction on the
number of cells which are in the appropriate cell cycle stage during
induction. If for example, the duratlions of the light requiring
segments differ between Chaetoceros curvisetum and Coscinodiscus
concinnug, the cell eycles 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 reglon during

the induction signal and be triggered to undergo sexual

reproduction,
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Nuctient Cues

Two diatoms that have been observed to undergo saxual
reproduction in response to nutrient limitation are Leptocylindrus
danicus (French and Hargraves 1985, 1986) and Skeletonema costatum
(Davia et al, 1973)., S. costatum 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
undorgo sexual reproduction in response to nitrogen limitation. The
highly unusual feature of this system, however, is that {mmediately
after zygote formation and cell enlargement, the auxospore always
devalops into a resting spore. Nitrogen deprivation apparently set
into motion two new developmental pathways.
Salinity Cues

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 specles, Cyclotella
meneghiniana, Sexuality in C. meneghiniena 1s triggered by a change
in Na* concentrations (Schultz and Trainor 1968, Schultz and Trainor
1970, Rao 1971). Interestingly, only male gametes waore 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

Detarmivation).
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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
excaeptions to this general rule of size reduction see for example,
Rao and Desikachary 1970, Round 1972, Crawford 1980))., It is
commonly obsarved that only when cells obtain a diameter less than
about 30-408 of their species’ maximum, can they undergo
~ gametogenesis and subsequent auxospore formation ‘Drebes 1977b).
This newly enlaiged cell then procesds along the asexual path until
slze once agailn permits sexuality and thus ensuring the periodic
~ natutre of diatomAnaxuality (Lewis 1984),

Evidence

The ideal way to test the relationship hotween cell size and
the ability to undergo gametogenesis is to examine genaetically
identical population of cells that diffur only in thelr size
distributions. This is nearly impossible to do, though, since
diatoms are monoecious and thus sexual reproduction can oceur in
. populations originating from a single cell, Von Stosch (1965)
circumvented this problem by artificlally eliciting size changes
through nutritional and other cultural manipulations. He found that

newly enlarged cells were not roceptive to induction signals,
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whereas cells which had been forced instead to decrease abruptly in
size ware receptive (Drebes 1977b). An examination of the response
of colls which have been exposed to extrame 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 hy transferring cells to media esssntially

devold 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 sccompanied these
conditlons,

An alternative method employed to examine the relationship
batween cell size and sexuality is to periodically remove aliquots
from an isolate in the process of size diminution and thus sxposs
populations with different size distributions to a given induction
signal, Rao (197)1) monitored cell size and suscaptibility to a
salinity induction signal in Cyclotella meneghiniana 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 alze 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 cells.




Similarly, Findlay (1969) followed a lsolate of Coscinodiscus
pavillardii for 1% months and found that sexuality vccurred 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 fsolate 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 baen
observed (e.g. Wernar 1971) and obviously complicates any simple
relationship between cell size and susceptibility to an induction
trigper,

In a slight twist to this experimental design, I (chapter 2)
isolated a number of Thalasslosira welssflogil 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 underge 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 perlodic increases and decreases in mean cell
size as expected for populations alternating between asexual and

sexual reproduction, However, the overall patterns of cell msize

change varied dramatically between the various populations despite




the fact that each culture was maintained under identical growth
conditions, The only feature common to thess 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 i{ncrease in average cell aize
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 size of the post-auxospore cells created during thase sexual
intervals could display genetic variabllity. I hypothesized that
the extent of variation in the pattarns of cell sirze change
exhibited by the different populations resulted from the fact that

the gonetic composition of a population can vary over time,

Sex Determination

As mentioned previously, diatoms are monocecious and thus each
cell can form either male or female gametes. Essentially nothing is
known about how this decision making process ism achieved in diatoms.
The reported environmental cues often differ slightly between males
and fomales (Stesle 1965, Holmes 1966, Migita 1967b). For instance,
in Melosira moniliformis (Migita 1967) and Skeletonema costatum
(Migita 1967b), cells maintained in higher light intensities form
females rather than males, whereas in Stephanopyxls palmerlana

(Steale 1963), just the npposite is true. Cell size has also bsen
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obsarved to influence the sex of a cell, For example, in Cyclotella
meneghiniana (Rao 1971), cells within the low end of the inducible
size spectrum form males whereas the larger inducible cells form
femalea, As with anvironmental cues, exactly the opposite response
can be found in other diatoms; Chaetoceros diadema forms femalex

from amall cells and malea from larger cells (Hargraves 1972),

Future Studlies

Our understanding of those factors 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 wlith an ability to respond to environmental
cues (e.g. Drebes 1977b), this permissive slze range can vary among
different fsolates of a single species (chapter 3)., Moreover, not
all the cells within an appropriate slze range respond to induction
triggers (o.g. Findlay 1969, Wernar 1971), For instance, 1 found
that only cells in the Gy stage of thelr cell cycle can initiate
spermatogeniesis in response to a change in light intensities
(chapter 2), (see section on Environmental Induction Signals).
However, even within this G, category, a portion of the cells may
still not respond to the induction signal. Other parameters besites

cell size or even cell cycle stage must differentiate small

inducible cells from small uninducible ones. Could this alwo be what




differentiates post-auxospores from inducible cells? In Rao's hcudy
(1971), what permitted cells to form sequential sets of auxocspores?

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 physiclogical responses, most of
which are unrelated to the induction of gametogenesis (e.g.
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 changas preceding the onset of gametogenesis can be
compared bstween inducible and these unreaponsive cells, Those
changes which are unrelated to the inductinn of gametogenssis will
be common to both populationa., 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 atudies have linked the

obtainment of an appropriate cell size with susceptibility to these




induction aignals, The fact that often only a portion of the cells
within an inducible size ranges responds to a given signal indicates
that other factors besides cell size must control sexuality, It is
now clear that the cell cycls distribution of a population upon
induction can influence the proportion of calls 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 cslla within a given
population over time. This means that many aspects of the behavior
of diatoms may be quite variauble, 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 Spermatogenesis in & Centric Diatom: The Role of Light

and the Csll Cycle







ABSTRACT

The centriec diatem, Thalasslosira welssflogli Crun,, can be
induced to undergo spermatogenssis by expoaing cells maintalned at
saturating levels of continuous light to either dim light or
darkneas, 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
axamined, regardless of cell size,

Through the use of synchronized cultures, we demonstrated that
responsiveness to an induction trigger is a funotion of cell cycle
stage; cells in early G, are not yet committed to complete mitosis
and can be induced to form male gametes, whereus cells further along
in thelr 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 spermatogenesis has beaen developed to explain
the observed diversity in population responses to changes in light

conditions,

Key index words: cell cycle, diatom, light, sexual reproduction




Diatoms, like all unicellular algae, reproduce predominantly
via mitotic division, The diatom frustule is generally unable to
expand apically during thesa mitotic divisions resulting in a
decreass 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
calles reach a diamuter less than 30-40% of their species’ maximum
diameter, they can be induced by an environmental trigger to exit
the mitotic ¢ycle and undergo gametogenesis (e.g. Drebes 1977). The
resulting male and femals haploid gameates combine to create a
diploid auxospore which anlarges outside the confines of the
parental frustule to produce a cell many times larger than either
parent (e.g. Migita 1967, Rao 1971). This newly created cell then
procoeds along the asexual pathway until an appropriate trigger once
again eliclits gametogenesis.

Although the developmental pathways of both aspermatogenesis
and oogenesis have been well documented in a number of diatom
species (von Stoach 1950, Manton et al. 196%a,b  1970a,b, Drebes
1972,), the underlying mechanisms for triggering these pathways
remain elusive. A suite of factors including light (e.j. Drebes
1966, Furnas 1985, Vaulot and Chisholm 1987), nutrients (e.g. Davis
1973, French and Hargraves 1985), salinity (e.g. Schults and Trainor

1968) and temperature shifts (e.g., Holmes, 1966) have all been




implicated in initiating this switeh from asexual to sexual
reproduction.

We recently discoversd a means of inducing the centric diatom
Thalassioaira welssflogil to undergo spermatogenesis (Vaulot and
Chisholm 1987), Upon the roturn of a dark arrested population to
continuous light, a portion of the cells differentiated into male
gametes, The majority of the population, however, apparently
“ignored" this cus and continued dividing asexually. This
heterogeneous response of diatom populations to an environmental
signal has been obaerved freaquently and is often attributed to the
non.responsivensss of large vells, 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 betwsen 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. welsaflogli was to
explore responsiveness to an induction signal as a funoction of both

cell size and cell oycla stage.

MATERIALS AND METHODS

Clonal {molates of T, welssflogil clone Actin (from the

Culture Collection of Marine Phytoplankton, Bigelow Laboratories for

Ocean Sciences) wers obtained by isclating colonies from 2% agar

Y.



plates and transferring them to £/2 enriched seawater media
(Guillard 1973) with nitrate as the nitrogen source. Cultures of
these isolates were obtained whose volumes ranged from approximately
600 to 1200 um3 (as determined with a Coulter Elsctronics Mudel
2,/C256 alectronic particle counter). Although Coultexr values are
datermined by assuming that each particle is a sphere, theae
diameters accurately predicted the apical diametsr of cells measured
independently with a microscope., Each experiment began with semi-
continuous cultures of the various isclates maintained at 20°¢C in
saturating levels of continuous {llumination (cool-white
fluorescent), In all instances, unless specifically stated, the
photon flux density (PFD) was constant at 230 pn'm'z‘anc'l as
measured with a Bioapherical Instruments model QSL100 irradiance
meter. A Turner fluorometer was used to monitor daily changes in
the {n vive fluorescence of the cultures to detsrmine growth rates
(Brand et al, 1981), During the sorting experiments, cell number
was determined microscopically with a Fucha/Rosenthal hemocytometer,
A minimum of 300 cells were counted for esach sample. For all other
sxperiments, cell number and volume distributions were determined
with the Coulter Counter,

To determine DNA content per cell, live samples were stained
with 10 p;'ml'l of the DNA fluorochrome Hosscht 33342 (Calbiochem,
La Jolla, CA) for at least 10 min and relative DNA and chlorophyll

fluorescence were measured with either a mioroscope based (Olson et

al, 1983, Frankel ot al, 1988) or a Coulter Epios V flow cytometer.




In both systems, UV excitation was 363 nm and chlorophyll
fluorescence emission was measured between 660-700 nm. DNA
fluorescence emission (Hoeacht 33342) was measured betwsen 430-470
nm on the microscope based flow cytometer and between 418-530 nm on
the Epics V. All sorting expsrinents were conducted using the
sorting capabilivcies of the Epics 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 st al. 1983), only live samples were analyzed, This also
allowed us to measurs chlotrophyll fluorescence per cell which
increased our ability to discriminate betwsen the various sexual
stages. Because the cosfficient of variation of DNA measurements is
greatly increased in live calls (Olson et al., 1983), however, we
could only divide the call cycle of the vegetative cells into the G
and G, stages which are assumed to represent a DNA content of 2¢ and
4o, respectively (where ¢ represents chromosome complement).

A known quantity of preserved nuclel from calf thymocytes
(Ortho Diagnostic Systems) was added to each sample to act both as
an internal staining standard and to permit a caleulation of the
density of cells within a given subpopulation. At least 30,000
vells were analyzed for each treatment at a minimum of two separate
time pointe,

The flow cytometric data were stored as two parameter

histograms of correlated DNA and chlorophyll fluorescence of sither
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64 X 64 (Epics V) or 128 X 128 (mioroscope hased) channel
resolution, The data generated with eithar instrument were
tranaferred to an IBM 9000 computer for detailed analysis (Vaulot
1986).

RESULTS

Detectlion and analysls of spermatogenesis, When T,
welsaflogii 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 G; or G, portion of the cell eycle (Fig. 1A); few if any
maleo gametes wore produced in these cultures, as shown by a general
abasnce of cells with anything other than two or four complements of
DNA, Cells tranaferred from continuous light to prolonged darkness
did not undergo apermatogenesis in the dark, again as {ndicated by
the presence of cells in only the G; or Gy phase of the cell cycle
(Fig. 1B). An interruption of growth in continuous light with 12 h
of darkneas, however, induced a portion of a population to exit the
mitotic cell oycle and undergo spermatogensais (Fig. 1 C-H),

At the end of the 12 h dark interval, the induced and non-
induced cells within the population were indistinguishable both
morphologiocally and flow cytometrically (of. Fig. 1A, €). After 3 h
of light exposure, howaver, a low chlorophyll subpopulation
doveloped 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 Gy or G,




cella; one consisted of cells with a Gy complement of DNA (4¢) and
the other consisted of cells with twice this amount of DNA (8¢)
(Fig. 1E). Soon thersafter, the new 4c and 8c asubpopulations were
well distinguished from the vegetative cells by virtus of the
increased chlorophyll fluorescence of the vegetative cells
(resulting from the return to continuous light) (Fig. 1F). Twelve h
after the return to the light (Fig. 1G), two more subpopulations
developed with 2¢ and lc DNA contents. By this time, the flux of
cells from the vegetative to the low chlorophyll populationa was
complete and the low chlorophyll cells simply flowed from the Be to
the lo population., Approximately 30 h after the return to
continuous light, the majority of the low chlorophyll cells
contained a lc¢ amount of DNA (Fig. 1H).

Morphological identification of thess various subpopulations
vas obtained using the sorting capabilities of the Epics V flow
cytometer., The sorted cells ware sxamined microscopically (Fig. 2)
and were found to fit the descriptions in the literature of the male
sexual stages (e.g. Drebes 1977), The 8c population corresponded to
spermatogonangia containing two 4c spermatocytes within a aingle
frustule (Fig. 2B). The 4c population consisted of naked
spermatocytes free of the frustule (Fig. 2C) and the 2c population
were small flagellated cells (Fig, 2D). The lc cells, which are the
oulmination of this process, were motile sperm (Fig. 2E). The
developmental pathway of I'. welssflogil adhered to the relatively

common hologenous type desoribed by Drebes (1977), since each




Fig., 1. Flow cytometric signatures 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
differantiation 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 eignature of an induced population
contalning all four of the stages in the formation of male
gamates, The contour levels reprecsnt 28, 42, 63, 95, 142,
213, 320 and 480 cells, A) A vegetative cell, B) an 8¢
spermatogonangium containing two 4c¢ spermatocytes, C) a 4c
spermatocyte remaining inside one half of the mother frustule,
D) a small 2¢ cell, and E) a lc sperm. Scale bars ~ 10 um,
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meiotic divisioh'wacvacggmpanied by cytokinesis. This same general
time coutrse of differentiation w;n observed regardless of the T,
walssflogll 1l6iito‘ggaminag and is similar to that observed by
Manton et al, (1976b) };r thhodasmium 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 timea after the reloasze 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 releass into the light: (L)

Ve (A+ B+ C/4+ D/8B)

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

Ve (A+B/2+C/t + D/8)

whete V =« the number of vegetative cells that have exited the cell
cycle and are committed to undergo spermatogenesis; A, B, C, and D =
the number of Ba, 4c¢, 2¢, and lo cells, respectively, present within
the population at a given time. These 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 4o cells over time (Fig. 3A)., Initially, the 4c cell

was derived directly from an induced parent cell and remained

enclosed within the frustule (Eq. 1). A peak in the number of thease




cells occurred approximately 6-8 h into the differentiation process
(?13. 3A), at which point the peak declined rapidly as premeiotic
DNA synthesis was initiated and the Bc cells wers formed, A few
hours later, the number of 4c cells again increased as the two naked
4c spermatocytes were roleased 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
alightly between experiments. However, to ensurs that the plateau
in the number of induced cells was obtained (Fig. 3B), a minimum of
two time points were always analyzed for each trsatmant,

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 spermatogeneais (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=10.4 h, Fig. 38)., A plateau in the number
of induced cells occurred betwesen 10 and 18 h after the population
was returned to the light, The numbar of induced cells then
declined and the sperm began to disappear. The male sexual cells

had disappeared from the media approximately 30 h after the dark
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Fig. 3. Mitotic division and the formation of the male sexual
stages av a function of time in a population induced to
undergo spermatogenesis with twelve h of darkness (as
described in Fig. 1). t=0 h is the time of the release of the
population into continuous light, A) The mean denuity (of
replicate flasks) of each of the atages in t*a formation of
male gametes, B) The number of cells in the original
population which continued reproducing asexually (0) and the
number of cells which formed male gametes (A). Error bars
larger than the symbol size are shown and represent the
standaxd deviation of replicate flasks,
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induced population was returned to continuous light, Presuwnably the
aperm aimply disintegrated, as no sign of auxospore formation was

observed during or for approximately one wesk after this interval,

Relationshlp between cell sime and responalveness to a dark
Induction signal, 1laolates with mean Coulter volumes ranging from
600 to 1200 um3 (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 gamates and ths mean Coulter volume of a culture
was observed. Cultures representing widely diffarant size
distributions (Fig. 4B) ylelded a comparable percentags of induced
cells whereas other cultures representing nearly identical size
distributions (Fig. 4C) resulted in very different responses, We
concluded that in the lsolates we examined, the induction of
spermatogenesis was unrelated to cell asize. We should note,
however, that the average Coulter volume of the largest T.
welassflogil isolate that we have observed in culturs is 2000 um3
(Armbrust and Chisholm unpubl, data), thus many of the cultures used
in this experiment contained cells that were leas than the maximum

size, Very large cells may be unreaponsive to induction signals,

Influence of dark Interval duration on spermatogenesis, Ve

examined whether the duration of dark sxposure influenced the

proportion of a culturs that was induced to undergo spermatogenesis




by subjecting populations to a range of different light/dark
regimes., A culture maintained in continuous light was transferred
to the dark for a total of 16 h and subsamples were removed every 2
h and returned to continuous illumination. The resulting percentage
of cells induced to undergo spermatogenesis was then determined for
sach population. Because cell division continues for seme time in
the dark, the proportion of the population induced to undergo
spermatogenssis was normalized to the number of cells present at the
end of esach dark interval,

Cell division continued for approximately 10 h in the dark
(Fig. 3A) until all the cells were blocked in either Gy or Gy (Fig.
1C; Vaulot et al, 1986), Interestingly, the percentage of cells
that underwent spsrmatogenesis also increased as the duration of the
dark interval was lengthened to 10 h (Fig. S5B), indicating that
cella continued to be induced during the dark period and not simply
upon a transfer to darkness., A astrong positive correlation was
observed between the number of cells that divided during the dark
interval and the number of cells that subsequently formed gametes in
the light (Fig. 5C). Once cell division stopped in the dark no more
cells wers induced to undergo spermatogenesis thus suggesting that
cell cycle progression during the dark interval is a necessary

component of induction,

The role of light intensity. Morphological differentiation

did not begin in any of the isolates sxamined until the dark induced
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Fig. 4. The influsnce 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 spermatogeneais with 12 h of darkness, Closed circles
and arrows indicate cultures examined in B and C, Error bars
latger than the aymbol size are shown and represent the
standard error of triplicate flasks, B) The Coulter volume
distributions of the two isolates marked "B" in A that
displayed a comparable lavel of induction, S8ixty-six pevcent
of a population with a mean Coulter volumes of 660 pm3
underwant spermatogenesis; a similar percentage of the
population with a much greater 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 55% of the populations underwent spermatogenesis even
though they displayed the same size distribution,
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Fig. 5. Induction of spermatogenasis within a single culture as a
function of ths duration of dark treatment, A) Csll number as
a function of time in the dark., The population was
transferred from continuous light to darkness at tw0 h, and
replicate subsamples vere removed from the dark every 2 h and
returned to continuous light. B) Maximum percentags of cells
induced to underge spermatogenesis as a function of the amount
of time in the dark, The percentage is caloulated using the
"plateau" region of the induation curve (e¢f. Fig. 3B)., ¢)
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, Error bars larger than the symbol
site 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 elither as an additional signal (Kuhlemeier et al, 1987)
which allowed differsntiation to procead, or as a necessary energy
source for continued development, To distinguish batween these two

-2 -1 of continuous

hypothesas, cells ware maintained in 250 uE'm"“'sec
illumination (saturating for growth, see below), placed in the dark
for 12 h, and shifted to a variety of saturating (Fig. 6A) and
subsaturating (Fig. 6B) PFDs. The time course of gamete formation
was then determined for each light regime,

To our surprise, we found that a much larger percentage of
cells were induced to uﬁdcr;o spermatogenesis when cultures were
shifted from darkness to subsaturating 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 subsaturating PFDs was
a function of PFD; the higher the PFD (up to saturating ievels), the
greater the percentage of cells which underwent spermatogenesis
(Fig. 6B), Subsaturating 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 direactly to these same
PFDs without the preceding twelve h of darkness (Fig. 6E, F), Cella

shifted direotly from saturating to subsaturating PFDs of less than
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100 pE‘m‘z'soc‘l wers induced to undergo spermatogenesis; a transfer
to darkness was not a necessary step (Fig. 6F). Horouvar..tho |
magnitude and the time course of the response of iaéh.popuintion
shifted to subsaturating PFDs was almost tdontledl'iegardiiil of
whether or not darkness was included as a part of the 1nduat$on
scheme (of, Figs. 6D, F). In each inatance, i.ponk in the
percentage of tI' population induced to undergo sparmatogenesis wan
observed approximately one day after the cultures were shifted,

The maximum percentage of a population induced to underge
spermatogenesis was many times higher in the .opulations shifted to
subsaturating rather than saturating PrDs (Fig. 7) regardless of
vhether or not dark induction was 1nclu&od. The percantage of cells
induced to form gametes inoreassd as the PFD of the shift and thus
the growth rate in these naw conditions increased (Fig. 7, inset)
until laturutinjAPFDI were approached, At this point a drastic
dearease was observed i{n the proportion of the population that

underwent apermatogenesis (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 ocyecle.
Populations of cells representing distinct cell cycle atages ware
necessary to test this hypothasis, Since T. welseflogil cells

arrest in both G, and G, 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'z‘sac'l of light were
placed in the dark for twelve h and then shifted to either (A)
saturating or (B) suybsaturating photon flux densitiea. The
number of cells induced to undergo spermatogenesis was
normalized to the number of cells present at the end of the
dark interval. €, 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 (F) 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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Flg. 7. The maximum proportion of each population described in Fig.
6C, D, E, and F which underwent sparnatogenesis when shifted
directly to the various light intensitiaes (0) or first placed
in the dark for 12 h and then shifted (0), Error bars larger
than the symbol sire ave shown and represent the standard
daviation of replicate flasks., Inset: Steady state growth
rate of T. walssflogil as a function of light intensity,




(;—

03s-,_W-grf) YIS jo Asusiu] Emﬁ

00071 G2 00<¢ 0G1 001 o
__m_ + _w + { } { B0
mu o — Furjeanjes — m_Hu_ — Fdurjeinjesqns
-G1
ot
!
| ) TToe
boot . ..m.. %z est ool s o 0 @
\Q:ﬂ.. m h/—”—\
o’ © = TGV
S E o
) o o - M
09

peonpuy %



contrast to ﬁany other phyteplank«on (Nelson and Brand 1979),
synchronized culturol.could not be obtained by maintaining
populations on a light/dark cyol@. Ingstead, populations
repressating a rangs of cell dyole distfiﬁuﬁions wera obtained using
the sorting capabilities of the Epics V. Because chlorophyll
content appeared to vary with cell age (Fig. 1A), a number of
subpopulationa 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 corrslated with the mean relative chlorophyll
fluorescence of the sorted samples (Fig. 9A). Those populationa
with the lowest mean chlorophyll fluorescence rapresented
populations with the higheat proportion of G, cells, and those
populations with the highsst mean chlorophyll fluorescence contained
the highest proportion of G, cells. A strong correlation between
the proportion of cells in G, after induction and the percentage of
the population which formed gametes in the light was obmerved (Fig.
98) indicating that cells in G, responded preferentially to the

induction cue.
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D1SCUSSION

We found that the centric diatom, T'. welssflogii, can be
induced to undergo apermatogenesis in response to a dearease 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 prefsrentially respond to induction
signals during a limited portion of their cell cycle, This
dependence of developmental options on the location of a cell in ita
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, welssflogil cell to an induction signal is dependent on the
cell oycle has several dimensions, First, within a given
population, the maximum number of cells that form gametes when
returned to the light is proportional to ths number of cells that
divide in the dark; once cell division stops in the dark, no more
cells are triggered to undergo spermatogenesis 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




Fig. 8. A) Distribution of chlorophyll fluorescence per cell of an
sxponentially growing population, The vertical lines indicate
the boundaries of sorting windowa, B) Diatribution 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 Gy cells in each
sample after the 2 h dark induction interval, (B) Maximum
percentage of each of the sorted subpopulations which
underwvent spermatogenasis after a 2 hour dark exposure, In
(B), samples were analyzed 14 h (0) and 18 h (0) after release
into continuous light.
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indicates that the magnitude of a population response is directly
relatad to the numbar of Gy cells present within the culture when
the dark induction cue ia imposed (Fig. 98).‘ This suggeats that G,
cells ara more responsive to the induction signal than cells in
other stages of the cycle, Furthermore, the non-zero X axis
intercept of Fig. 9B indicates that even within the G; population,
all the cells are not squally responaive to the cus. Assuming that
chlorophyll fluorescence is a measurs of cell age (Fig. SA), younger
Gy cells will be in those populations with the highest proportion of
Gy cells whereas older Gy cells will be in those populations with
the lowsst proportion of thess cells. This suggests that
populations with a high proportion of young G cells are ths most
responsive to the induction signal. Taken togsther, these results
indicate that, similar to the freshwater alga, Chlamydomonas
relnhardell (Kateas and Jones 1964, Schmeisser et al. 1973), T.
welssflogll vesponds preferentially to an induction trigger during
an inducible region located in early G;: cells in the remaining
portions of the ocycle essentially {gnore the asignal and continue to
divide mitotically (Fig. 10).

To fully explain each of the observed vesponses of populations
to a changs in light conditions in terms of this model, the manner
in which light affects cell cycle progression must first be
examined, The T'. weissflogil cell cycle contains two light
dependent regions, one in Gy and another in Gy, where continued cell

cycle progression requires light (Vaulot et al. 1986, Olson st al,
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1986) (Fig. 10). Tha amount of time necessary to travarss thesa
segments increases when light is limiting., 1In the dark, cell cycle
progression ceases completely, and cells arrest in either G; or G,
Wwith cthis as a framework, the bshavior 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 G, but before the G; 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 i{n the dark, the greater the number of cells which will
move through the inducible region until eventually cell cycle
progression ceases in aach cell. At this point, all the induced
cells will be located in the light dependent region of G, (Fig. 10),
and ona can not further inorease the percentage of the population
induced to undergo spermatogenssis by extending the dark period
(Fig. 9). BSince gametic differentiation does not occur until the
population is returned to the light (Fig., 1), cells must exit the
mitotic aycle somewhere after this Gy dark arrest point. A burst in
the initiation of spermatogenesis is thus observed as the induced
cells move out of the light depandent region and exit the cell cycle

(Fig. 3B).




Fig. 10, Schematic of the relationship between the mitotic cell
cycls and responsiveness to an induction signal, Location of
the light dependent sagments of the cell cycle is based upon
astudies by Vaulot et 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 .
transfar to subuaturaﬁing PFDs is thltAscll cyc;o pfo;éh;uion
av;ntualiy ceases in cells kept in the dark, whersas ie merely slows
T oin Eeils maintainea in dim ligﬁt.. Aft;r a.tranafer to low ligﬁﬁ.
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 intousity 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);
evantually 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 subgaturating 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 I'. welssflogil is
undoubtedly more complex than h~s been described thus far, For
exanple, the slope of Figure 5C indicates that approximately 60% of
the cells which divided during the dark interval and thus moved into
the inducible region actually formed gametes in the light. Alao,

the scatter observed in Figure 4A cannot be explained even if the
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responses of a!l cur various isolates are plotted against a measure
of the number df cells which move into the inducible region_(tha
nﬁmbef of cells which divided during the dark interval), .Alchough'a
statiaticalii significant positive co;:iiation is obtained (r=0, 549,
P<,001, data not shown), a great deal of the vnriability.remnins
unexplained., This call cycln model can thus predict the responses
within a glven population, but it is inadequate for predicting the
responses between different populations.

Induoction of spermatogenasis in T'. weissflogii may in fact be
a two step process similar to the induction of meiosis in the
budding yeast, Ssccharomyces cerevisiae (Mitchell 1988). In yeast,
nutrient limitation fulfills the firast requirement for induction,
but only those cells which are heterozygous at the mating locus are
actually able to undergo meiosis (Herskowitz 1988), Perhaps
movement of cells through the inducible region of Gy 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 ray be particularly susceptible to an
induction cue whereas others may be relatively unresponsive.
Moreover, although diatoms are believed to bs moncecious (i.e. both

males and females can result from a single clone), we have yet to



observe any evidence of the prasence of females in our induced
culturas. Pafhaps tho;e unraaponlive,or'ﬁaterila males" are
actually feniales awgitiﬁé a proper lnduction signal,

| P;Qdicti;ni of the n&mbér'of cells that will unde-go
nplrmatqgonulil in response to an induction signal thus reguire 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 decreass 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 uyocles 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 intersating to note
that in contrast to other eukaryotic phytoplankton, diatoms divide
predominantly during the light interval (e.g., Nslson and Brand 1979,
Chisholm et al. 1984). Moreover, Chisholm and Costello (1980) found

that in T, weissflogil, the timing of the division burst (i.s, an

approximation of the interval when cells should move through the




inducible region) on a light/dark cycle varies with temperature, the
duration of the light interval, nutrient status, dnd even cell size,
‘Tﬁus. realistic predictions of the extent of noxun;icy that aécurl
in the field require a greater understanding of those factors that
function as induction aignals and the manner in which these factors

influence cell cycle progreasion,
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CHAPTER 3

PATTERNS OF CELL SIZE CHANGE IN A MARINE CENTRIC DIATOM







Abstract

During nearly two years of exponential growth, isolates of the
centric diatom, Thalassiocsira welssfloglii, displayed periodic
Niﬁérialal and decreases in mean cell size as predicted for diatom
popglationl Altotnat?ng between anaxual and sexual reproduction,
'However, despite the fact that each culturs was maintained in
constant, identical conditions, the overall patterns of cell size
changes displayed by the various populations were unique, complex
and unpredictabls. The onsst 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 featurs among
the various cultures was the rate of dacroase 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.
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Introduction

Beginning as sarly as the mid 1800's, studies have indicated
_that the diatom 1ife cycla is influsnced by tb;-unlquc:cdéfiguration
of its cell wall, a fruttulo comﬁoiod of two unequally sized silica
valves encircled by a series of siliceous girdle bands (e.g.
MacDonald 1869, Geitler 1935, von Stosch 1963, Drebes 1977), Due to
the physical constraints of the frul:ulc. sach mitotle divtlloﬁ
creates one daughter cell whose diameter is smallar than that of her
sister or her mother by twice the thickness of these girdle bands,
For most diatoms, therefore, the mean cell sire of a population
decreases and the standard deviation about this mean increases over
succeasive generations. Perhaps not asurprisingly, though a number
of exceptions to this general rule of size reduction have been
cbserved (e.g. Rao and Desikachary 1970, Round 1972, Crawford 1980).
The most common manner of escaping the trend of diminishing
cell size is through sexual reproduction (Drabes 1977). In response
to a range of environmental cues including audden changes in light,
temperature, salinity or nutrient conditions (e.g. Steele 1963,
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 suxospore, This auxoapore escapes
its frustule to oreate a post-auxcspors cell many times larger than
either parent (e.g. Mndlay 1969). In addition to their new large

size, post-auxospore cells apparently also possess an increased
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‘vigor" since they are often observed to grow at faatuf rates than
those of the folativaly umallldelll from which they were created
(Paasche 1973, Couc-11§ and Cﬁilhoim 1981). An alternative, but
rarely observed means of restoring cell size occuts assxually,
generally in reaponse to the alleviation of extreme nutrient
deprivation, In this eircumléance. & vegetative cell simply
extrudes its oytopiaum into the surrounding waters and ddv.lopl a
new and much larger frustule (e.g. von Stosch 1965, Drebes 1966,
Gallagher 1983, French and Hargraves 1986),

Whether cresated asexually or sexually, large cells are
considersd to be incapable of responding to sexual induction signals
for several generations, until a permissive size range,
approximately 30-40 percent of a specles' 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 larget cells tend towards cogenssis (e.g,
Celtler 1952, Migita 1967, Rao 1971, French and Hargraves 1985).
Moreover, the signals inducing the cells to undergo aither
spermatogenesis or ocogenesis may differ slightly (Holmes 1966,
Drebes 1977). Thus, within an actively growing diatom population
there exists an assortment of cell sizes with distinotly different

physiologles (e.g. Werner 1971) which makes the study of diatom life

cycles extremely complex,
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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 raesponse
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 initlated a long-term study to
document exactly how, under optimum growth conditions and in tha
absence of external signals, cell siza changes in diatom populations

over successive generations.

Materials and Methods

Isolates of T. welssfloglil Grun, 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 £/2 enriched seawater media (Guillard 1975)

with nitrate as the nitrogen source. Each isolate was maintained in

semi-continuous hatch cultures at 20°C and saturating levels of




1, cool-white fluorescent)

continuous illumination (250 pE'm'2°sec'
(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
gplit into replicates; at least 10,000 cells were used for each
innoculum, Throughout the following discussion, the term isolate
rather than clone will be used., 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 genatically identical populations,
individual cells from known cell lineages were isolated and cloned,
These single cell lsolations were ohtained by viewing an aliquot of
two different cultures through a dissecting microscope and manually
plcking individual cells from the liquid media. Each of four
isolated cells (two from sach culture) was transferred to its own
well (within a 96-well plate) containing £/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 ralationships were obtained (Fig. 2).
These cultures were also maintained in semi-continuous batch culture
at 20°C and 250 uE'm'z‘soc'l 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. welssflogll 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 sach isolate was transferred to liquid media, the
population was maintained in exponential growth. In each
Goulter volume distribution panel, "initial" refers to the
Coulter volume distribution of a population soon after

isolation and "subeclnd" 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 and of 24 hours and indicates the
hypothesized number of divisions that occurred before the
cells were reigolated. The X in certain circles indicate that
some of the reisolated cells did not develop into cultures,
The Coulter volume distributions of each population
approximately 2-3 weeks after the initial isolation are shown
balow 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
ware determined with a Coulter Electronics Modél zm/czss electronic
particle counter., The within-maaauremeq;'&frar wag.estimated by
determining the Coulter volume distributie.. »f multiple aliquots of
a given population; the mean Coulter volumes of these subsamples
varied by less than 5 &, The batween-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 = gtandard deviation/mean) was
determined for each size distribution.

A Turner fluorometer was used to monitor daily changes in the
In vivo fluorescence of sach 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 less than abo .t 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 lirneages (Fig. 1) were monitored for nearly twa
years to determine the long term trajectories of cell size in T,
welssflogil 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 ldentical
conditions. The timing, rate of increass, 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 rapldly occurring oscillations (Figs. 3A, 4A &
B, 5B & C). Other isolates maintained a relatively small size
throughout the study although increases and decrcases in size wetre
still apparent (Figs. 3C, 5A, 6A, B & C). Moreover, the rate of
{ncrease in average Coulter volume in the various lesolates ranged
from a maxinmum of nearly 23 um3'c011'1'gon'1 (Fig. 3A) to a minimum

of about 1.2 ums'cell'l’gon'1 (Fig. 4B).
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Figs. 3, Mean Coulter volume over time of the T, weissflogii
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
1solates, 920 and 444, were {nitiated. At t=127 days, these
new cultures were split into replicate flasks (darkened
triangles and 6pan 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. welssfloglii
isolates presanted 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 twl27 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 naw
isolates, 834 and 637, were initiated. At t=127 days, these
new cultures were split into replicate flasks (darkened
triangles and open clrcles) and the Coulter volume
distributions of each were monitored ovar time,
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Flgs. 5. Mean (Coulter volume over time of the T. welssflogil
isolates presented in Fig. 1. A) Isolate 877 was maintained
in exponential growth and beginning at t=0 days, the Coulter
volume distrihutions wera 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 isolrtes,
593 and 747, were initiated. At t=127 days, these new
cul tures 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 T, weissflogii _ o
isolates presented in Fig. 1. A) Isolate 868 was maintained ' o
in exponential growth and beginning at t«<0 days, the Coulter
volume distributions were onitorsd over time. At t=127 days,
the culture was split into fpplicnta £laski (darkened
triangles and open cireles). B, 0 At tw120 days (as
indicated by arrow in (A)). 868 was plated and two new
tsolutes, 709 and 877, were initiated, At twl?7 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 moat 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 signiflcantly different,
p>0.5, Student's t test), Replicates sometimes diverged when one of
the cultures initiated cell enlargement (for example, Figs., 3A & B,
58 & C); the onset of this slze incremse might (o.g. Figs. 3B, 4) ov
night not_(o.i..Fis. 3A) occur simultaneously in a pair of
repliclcgi. | h

Sinze diitomu aicgknown to decrease in cell size during
mitotic divisions, the intervals of descreasing mean Coulter volume
were assumed to ruflecﬁld predominance of asexual reproduction. The
intervals of 1ncreésing'mcnn Coulter volume were assumed to reflect
the formation of auxoaporil. a process that can occur both sexually
and asaxuaily. Because none of the cultures experienced nutrient
deprivation, asexual cell enlargement (Drebes 1966, Callagher 1983)
Qan conlidered an unlikely source of the obsarved increase in cell
size, Moreover, von Stosch (1963) was unable to induce asexual cell
enlargement in any of his Thalassiosira specles, 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,




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 scawater) triggered the initlation 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. Flg. 5B).

The oxtent 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, pradicted population behavior only slightly
batter 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), Genetlc 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). Deacendents of isolate 877 underwent relatively
large size increases (Fig. 5). Similarly, the behavior of

population 1147, which presumably arose from 868 via mexual
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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 auxospora formation when the new isolates were initlated, ylelded
two populations (834 and 637) one of which was on the downswing of
the ecycle (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
genarations 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 pm3°c011'1'5en'1 (Table 1), The
expected rates of decrease in volume during asexual reproduction can
be calculated based on an estimate of the thickness of the girdle
barids attached to each frustule half. Li and Volcanl (1985) have
estimated that the girdle bands of the centric diatom Ditylum
brightwellll, range from approximately 7 nm to perhaps as much as 15
nm thick (comparable to the thickneas of the frustule ltaself),
Assuning that upon mitotic division, the diametsr of one daughter
cell decreases by twice the thickness of these girdle bands, the
volume changes in the T, weissflogll cultures should have varied

3

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

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

agree remarkably well with the measured values (Table 1),




The minimum average Coulter volume achieved within a glven
isolate was generally constant (Flgs, 3-6), as would be expected i{f
sexual reproduction was restricted to cells within a permissive size
range (e.g. Drebes 1977), but, it ahould be noted that in one
isolate, an upswing was {nitiated at about 850 um3 (Fig. 3A) while
in another isolate the upswing began at about 1550 pma. This latter
value corresponded to a diameter 78 % of the eventual maximum
tdiameter (Fig. 4A) and was far in excess of the 30-40 % range
genarally used to define the potential onset of sexuality (Drebes
1977). Moreover, between isolutes, the minimum volume ranged from
400 to 700 um3. Contrary to other reports (e.g. Migita 1967, Rao
1971), this minimum average cell size did not consiatently predict
the maximum size obtained once an upawing was completed, Instead,
the maximum average size varied greatly and populations underwent
anyvhare from a 1.2 to a 3.3 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 hy any
given cell.

Coulter volume distributions, The coefficient of variation
(CV), an estimate of the extent of dispersion around a menn 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 distinet

subpopulations remained in a culture once the maximum average
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volume was obtained. As each population decreased in average
Coultar volume, the spread around the mean increased as would be
predicted for populations undergoing asexual reproduction (Rao and
Degikachary 1970), As each population began to undergo sexual
reproduction, however, the CV decreased such that once the maxlmun
average cell size was obtained, the variation around thls new nean
was at a mfntmum (Fig. 7). The minimum CV could vavy from 25 to 45
% regardlus: 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 mexual avent a majority of the cells had formed
comparably sirzed poat-uuxospores.

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, populations dlsplayed unimodal
size distributions, the CV's 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 weeka to a month, this blinodal
distribution eventually resolved into a new unimodal distribution
with a larger mean and a decreased CV (Fig. 9). The maximum sige
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

-116=




even between raplicate cultures (data not shown), Therefore,
cultures that displayed minor size fluctuations (Figs. 3C, 5A, 6)
simply produced smaller post-auxospores than cultures that underwent
dramatic oscillations in mean cell mize (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 lsolations. An analysis of the possible sources
of the variability observed among our various isolates was
confounded by the fact that each of the original f{solates had
undergone sexual reproduction prior to the initiation of replicates
and additional isolates (Figs, 3-6), In an attempt to eliminate
this complication, a series of cultures derived from genetically
identical cousin cells waere initiated (Fig. 2) and maintained under
the same constant conditions as described previously., The majority
of these single cell isolates underwent relatively minor size
fluctuations over time (Figs, 10, 11), a behavior that essentially

mimicked the minimal size changes observed in the two cultures from
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Fig. 7. Mean Coulter volume (darkened triangles) and the
coafficient of variation of sach volume measurement (open
cixcles) over time for a repraesentative I'. weissflogil
population, 1147, The CV's were smoothed over three

measuremants,
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Figure 8, A) Mean Coulter volume over time of a representative T.
welssflogil culture, 1solate 747and B) the Coulter volume
distributions during the i{nterval of decreasing mean cell size
highlighted in A.
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Figure 9, Mean Coulter volume over time of two T. weissflogil
cultures and thelr 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 7. welssflogii
isolate 1724-1 at t=340 days (see Fig., 4A). Each panel
rapresents“pOpulationu derived from the same grandmother or
great-grandmother cell as indicated in Fig, 2, The different
symbols represent the 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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Fig. 11. Mean Coulter volume ovar time for two sets of populations
derived from genetically identical cells of T. welssflogil
igolate 1724-2 at t=340 days (see Fig., 4A)., Each panel
reprasents populations derived from the same grandmother or
great-grandmother cell as indicated in Fig, 2. The different
symbols represent the thres 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 isolationm,
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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 igolation, p>»0.05, Student's t test; see insats
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 he seen most
dramatically in Figs. 10B and 11A, Note that the maximum size
obtained by populations which were initially genetically identical
was pot constant implying that over time, the genetic composition of
these populations had changed,

Population growth rvates, 1t has repeatedly been shown that
post-auxospore cells grow more rapidly than relatively small cells
involved in asexual reproduction (e,g., Paasche 1973, Costello and
Chisholm 1981). A great deal of scatter was observed in the
population doubling times of the T. welssflogil isolates daerived
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

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

size remained relatively constant, the population growth rates could




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 appearod to grow faster than the smaller cells

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

Discussion

The control of cell sire in populations of the centric diatom,
T. weissflogii, is a quite complicated process, Numerous imolates
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 feature common to these various size patterns was
the rate of decrease in mean cell size, a value which is 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
aize 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 sslection pressures, We hypothesize that
the variability in the patterns of cell size change exhibited by
theses 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 lsolates of T,
welssflogil., The growth rate data were smoothed over three

measurements,
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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 undexrgo gametogenesis is not absolute; the ability of two
comparably sized cells to exit the mitotic cycle and undergo sexual
reproduction appsars to be detarmined by the genotypes of these
cells., This rosult may explain our inability to predict the extent
of sparmatoygenesis induced in these various {solates (Armbrust et
al. 199%0),

The size of the post-auxcspores cells created during the sexual
episodes also varied considorably both within and among the
different populations rogardless of the size of the cells that
underwent gametogenesis, The number of generations 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 dlatom 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




occurred during the intervals of increasing mean Coulter volume., In
tha first scenario, all the cells within a population atre
hypothesized to sventually 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, 1,e, the generation time of these asexual
cells. In the second scenario, only a portion of the cells are
hypothesized to form auxospores but the generation time of these
newly enlarged cells is assumad 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'l

-1

, the growth rate of the post-auxospore would have to be 2,372
day * or 1.7 times faster than the other cells for its descendents
to represent 99 & of the population in 2 weeks and 1.846 dny'l or
1.3 times faster for its descendents to dominate in 1 month,
However, if instead of only one cell, 50 § of this same population
formed auxospores, then the growth rate of these cells would only
have to be 1,714 day'l for this cohort to dominate in two weeks and

1.539 day'l or 1.1 times faster than average for the descendents of

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

Thus, {f in fact only a portion of a population undergoes sexual




reproduction, replicate cultures may quickly diverge depending on
which cohort of cells comes to dominate which culture,

Given any differences in growth rates in pre- 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
auxospoxes (Fig. 9), Thus, the genetis 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 aize range or the new potential
size of post-auxospores may have changed, Even more genetic
variability can be generated in these populations due to the
possibility of spontaneous mutations (lLande 1978). 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
alio 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 study which began as an attempt to describe the
development of cell size over time in diatoms, has uncoverad some of
the wonderful complexity of these populations. The composition of a

porulation 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+amatically 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 organiasms.
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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 houts was assumed in
all calculations?®.
Rate of Dicreasgb Rate of ITcreasg
(um”*cell™*'gen"*)  (um~'cell™*'gen”") Max:Min
Clone X t SE (n)° X + SE (n) (range)
1147-19 9.8 £ 0.6 (5) 12,1 £ 3.8 (4) 1.6 - 3.5
-2 8.6 £ 0.6 (6) 10.3 £ 1.4 (35) 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
4441 7.2 £ 0.8 (5) 55% 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) 5.3t 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 No 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) 1.8 - 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) j.gx 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) 552 1.6 (2) 1.6 - 2,2
-2 10.0 £ 2.8 (3) 5.8+ 1.5 (4) 1,7 - 1.8




Table 1, cont.

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

D Rates of decrease were multiplied by two since upon divilioﬁ. only
ong of the two daughter cells is smallar than the its mother,

® n refers to the number of increases or decreases in average

Coul‘er volume regressed,
d .1 and -2 refer to the two replicate cultures.

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

coafficients,

Isolate Replicate 1 Replicate 2
Degignation r n r n
866 .0268 40 .719% 31
709 104 7 0092 42
877 . 364 30 213 33
593 213 33 .153* 37
747 274 30 . 564 a8
1147 .0396 26 270 36
920 . 304 30 137 34
444 0564 30 ,0263 36
1724 0149 a5 .oaag 45
834 .0433 37 457 39
637 . 399 37 1612 37
*p < 0,05,
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Appendix

Effect of Light on the Cell Cycle of a Marine Synechococcus Strain
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Light-dependent regutation of cell evele progression in the marine cyunvhacterium Syaechococeus drain
AWHLELOL was demonstrated through the use of Bow extomelry, Our cesulin show that, similur to vucars sie
vells, marine Synechovoceus spp, dlurlu,\ 1o gups in DNA sy nthesdy, ut the beghnning wevd al the end of the eell

viele, Progeewion through cach o
limitutivn,

Predictions of the physislogieal responses ol indivtduat
celly o envitonmental hiumge regquite an understainding of
well eyele regulution, The environment allecis the progres
ston of velly through their varfous cell eygle stages and
therefore infuences the duration of the division vyele, Fur
thermure, many metwbolie provesses oveur during diserete
puriods of the division evele, resulting in limited imtervals
when celly are uble to detect und respond to ¢ sternud stimll,
Thus, a complex feedback swatem exsts between cells and
their immediate surroundings. We have shown, tor example,
that the position of lightadependent arrest pomts in the cell
eyeles of twao unicellulne marine phytoplankton, a dintom
wid i coeeolithophorid C8), explaing the populution growth
puttgrns of these organisms on o range of lightidurk cyeles
(15), Similuely, only with the discovery thiut photosynthosis
and nltrogen fixation are restrivted to different portions of
the cell cvele tthus, temporally separiting nitrogeninse nctiv.
Hy from vxygen evolution | 26)) vould the presence of nitro-
gen fixation in populations of untevtiular ¢yunubasteria by
uwdequitely ¢xpladned 6, 3N,

Our interest in the cell vyelo of matine Synechocncens
App. arose from u desire to understand the obyerved growth

atterny of theae gyanobacterin on u digl lightdark eycle.

LARe many dintomas (73, Sviechoeocein spp divide predom.

inantly during the Jight interval (M) ruther thun the dark, o
churaeteristic which sets thuse two groups of celly apart from
most other phytoplankion. A second unustinl characleristic
b Syaechocorens populitions Is that the frequeney of divid
ing cells becomas constant during the durk interval whea cell
divisiun i no longer oecureing CIR)L implying that g certain
fraction ol the population i arrested in the doublet stage
during most of the night.

The frexhwater cyanobucterum Anacvslis niduhing hus
been the Tocus of numerous cell ¢yele stusdies (o.g.. 10, 30,
und yet, cell cyele regulintion in reluted manne specioy of
unicellulur cyunobucteriu temains virtually unexpiored, Bros
curyotic vail vyele models bused un Excherichin coll prodict
that DNA will be svathexized continuously throughout the
division ¢ycle when the amount of time necessury te com.
plote DNA synthesin and cell division v greater thun the
generution time of the organism (13, 17, 48, 30, A andduns
uppears to contaln multiple copien of its genome ui growth
rates which, ucvording to the £ coll model, would not
neceasitale continyous PNA syathesis 133, The minimum

¢ \"hrrmmndtns wthor,
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these gaps reguires tighte and thele durations lengihen under light

dogbling time observed for marne Svreciiocnceis strains
VIt P abnost an order of magnilinde greater tiam thit of
ptdly growing AL mfidans oc E.coli populativns, These
abserviiions pse e guestion of whether the cell oyele
chavasteristion of muanne Svaechococens spy. will e more
similur in appearianee 1o the provaryotie model of B colt or
10 hedr vty grow ing provaryotic relative, A. wididuny, or
perhiaps fsteid W the relutively slowiy growing cuvuryutic
vells.

Vhe gualy of our study were o deseiibe the DNA evele ol
Senevhocorcus spp.as i tunction of the growth rate amd to
enamine lghtadependent regulation of the cell evele i order
1o predict the behavior of populations of geliv i thadr natural
environmaent. Our emphusds Was on the elucidation ol this
couphing butween the astueal photoeyele and cell eyvele
progression, rather than on the mechunisms controlling this
coupling. The Josutivns ol light-dependent processes were
identifed, through the tae of flow ey tometry, by exuminving
vell evele responses o light mitatdon wmd by determining
the urrest points o' pupulations deprived of hght (M, 16)
Our (indings indicate that, simitur to ¢uenryotie eelly, the
maring Svavchococeus sp, display s two gups in DNA syn.
thesls ut euch growth vute examined. Moreover, unlike most
uther unlcul\u?ur wtgae, i which onby the fterval betore
DNA swithesis s light depemdent 127, %, Y0, i the Svire
veltorsconn P e eVl pregres don through each of the
gups i DNA sy nthesis toguiites gt L oe simplicity amd in
aevurdatice with evcaryolic nomenclature, these 1wy gaps
will be referred 1o av Gpamd Gooand the intersal of DNA
swithesis will by referred to as N,

MATERIALN AND METHODS

Culture cunditions, The Svacchvcocens sp, (sinnn WH-
E101), an inshore isolate which laghy phycovryihrin, was
ublained Trom Juhn Walurbtiry wt the Woods Hole Ogeann-
graphic fnstiudfon and wias grown i FY ennched senwater
mudium 1o, Vor the hght limitation siudies, senticontinuous
cultures were muwntained in exponuentiul growth for u mink
nwim of 17 generations at 28°C upder continvious luminion
vanging from 234 o 174 microeinsteime o m by LA
Purnur fuorometer wink used 10 monitor daily chinges in the
In vivo fluorescence of the cultures in ordet 10 determine
growth rules t5).

For the dark arrest experiment, cultures were grown ut
19°C I continuous Hght ub 70 microvtastelny - mo oy !
befure plucement in the durk. During the course of the
experdment, chunges in the vell number were dete. mined
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with an epiffunrescent Zeiss microscope. A sample of sullure
s dhtuted with filtered seawater to oblain approsimately 28
o 80 eells per fiedd and then Bltered b suvuum pressire of
lesy than 125 om of mercury onte o Nuclepore Riter {pore
siee, 0.3 un, The Hlter wan then swdwivhed between o
Vel slip and u slide with immersion oil wd sther frozen or
counted immedintely . An averuge of 300 eelly per tter Wiy
vounted. In some experimenty the cell rumber was il
munitored with un Epes V low oy tomuter (488am eacitie
tivn. B0 REg-Biid enmssion i w KAow i quatitity of stundund
beudy winy wdded 1o live sumples to cabealate the wmeunt of
simple run through the Row ey lometer and thus determine
the vell comentration (%),

A series of gultures were alve minintained v stewdy stale
for 2 weeks o0 w o 10l Hphtadark o ele at a light level of
1R mitovmsteiny m S v and o temperuture of 20°C,
Averuge populition growth rutes were determined by mons
HOHOR 10 vivo eniture Quoreseense ol the sume time each day
to eliminute the eifects of digl periodicity on Muorescence
yield. During the actual experiment, cell divivion was mon.
tored by mivroscope vounts uy doseribed above,

Fixing und stalning fur flow cytametric analyses. One 1o ten
million ¢elly were hurvested by centrifugation wt 11000 x g
for ¥ min und subsequent removal of wll bt 4.1 ml of the
supernutunt. The suspended pellel wus then infected through
u Jegnuge hypodermic nevdle intoe 10 mib ol jee-cold abwalute
methanol and stored al 4°C for g minimum of' 3 h o both s
the cells und remove ¢hlorophyll, Sumples prepared in this
n:mmor ramuin stubly at 4°C Tor up to 1 yeur betore unnly sis
1391,

In prepuration for the tow cytometric unalysis of DNA,
LS ml of the methanol-ixad suniple was centrituged it
LLO00 > ¢ Tor Y min. The supernutunt was removed, and the

allet win washed once with 1.8 ml of 109 phosphate-

ullurad saline (8 mM KH,PO, § mM K HPO,, 0.018 M
NuCli pH 7.4 and suspendud in 1| ml o 105 phosphute.
buffered saline. By using a modificution of the teehnique of
Crissman and  Steinkamp (), propidium  (odide (Sigma
Chemical Co.; final concentration, 30 ug - mi=") and RNue
A (Signia: Anal concentration, 0.60 my - mi= ') werg udded to
ench sumple. umnd the mmgles wire incubated ur room
temperuture for 3 h. After the 2h Incubution, buckground
stiio wus removed. iF necesvary, by st Hltering thy sumple
theaugh o Nuclepore Nler ipore siae, 0.3 wmi and then
swushing it with 3 ml of 107 phosphate-butfered saline, The
winhed colls were suspended in 1 mi of 1054 phosphate.
buftered saline and anulyzed within 4 h with un Epies V flow
cylumeter.

Flow cytometric wnmlysen, Laser excitation at $1d4 nm wus
used (0 muusure simultunousdy the forward ungle light
suitier (FLS), which in an indicator of cell size, nnd propid.
lum fodide Auorescence temission maeusured ut greater thun
490 nm) of individual cells. To increuse sensitivity, 1| W of
laser power was focusedd 1ot spol size of 16,48 by 0 um with
u confogul lens NYWMI A totl of 20,000 (o 50,000 cells per
sample were unalyzed in thix munner, Unltorm uorescent
beads (diameter, 0.9 um; Duke Scientific) were added W
euch sumple as un internul standard to monitor drift in the
petformange of the flow cytometer und to culibrate each
fuorescence und FLY measurgment so thut sampley anu.
lyzed on different dnys ¢ould be comparvd,

The dutn were stored both us singlesparameigr DNA
Auvrescenve histograms of 86-channel resolulion and as
iwo-purameter histograms of correlnted FLS and DNA
Auorescence af 64 x &d.chunnel resvlution.

Data analyals, The Juts generated with the Epics V fow
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eylometer were teansferred (o an TRM 9000 compater tor
detailed anunlysis () Vot Phold thesisy Massachusetts
Institute of Technology and the Wouds Hole Oveanogriphic
Institution, Cumbridge,  Massy . TYR6. Ningle-parimeter
ONA histograns were atils 2ed by assuming that the twa
muin upreseence peaks vorrespomdad to Gyoamd Gy vells of
vither ane or two complements off DNAL respectively, and
That the regivn separuting these 1w peaks represented those
velly in the process of DNA replivation, or the S phase, To
vitleulute the percemtige oF gells 1n eavh of these eelt eyele
stiges, G wans ssumed thin the Oy aind Gy peaks displin ed
Cinussivn distributions of DNA Buoreseense pereeli 11 h und
thast the S phise could e approsimimted s the sam ol series
ol Gadsyinn curves (Vaulot, P, thesis).

Fhe darution of ¢ach el eyele stage, Tto, was cndeulited
feom the propuslion of the population in caeh stuge, M,
uid the doubling tme of the population in esponential
growth, ¢, aecording (o the equations of Shaer et al, (2

NG« =ttin Bl At (MO0 D)
Ny gy dn Dk L (PG
NSy« tdn Din {1« LS« M)

Twospurumeter histograms were unalyzed by Arst count
ing the vells within w given witdow, Modes wnd voeticients
of varintion 1V swere then caleulated Tor u single param-
eter of these selected slata, Finadly, the mide of the FLS and
DNA fuocessence wis trunstormed from o logurithmiv seule
1o w dinear seale, cuhbried agunst the O0.%pam beads, and
vapressed 40 relutis ¢ unis,

Computer model, The genetal image of cell gy ele regulue
ton ol procaryotic orgatiinms hus been extrapolated from the
model for &, coli proposed by Helmstetter and Cooper (11
und is summuarized i Fig. 1, o their scheme the inportunt
determinnnt of cell evele behavior is the durntion ol the
division eyele relutive to the DNA evele (Fig. [A and B, We
developed w computer simulution bused on this £, coli mode)
112, 18 to predict the distribution of DNA per cell for
procuryotic populntions displuying u runge of growth rutes
{Fig. 1C and D). The use of thiv aumerical mudel eoubled us
W predict how (he fuw cytometrle date would appear I
eyanobueterin adhered to the rales' of & coll and 1o place
hunndutios o the eylationship between the cell evele and the
DNA cyele in this specion,

The input paramtees required for cach model condition
were the populition doubling tme 2,0, the Linte decesry
for u pair of replication forks 1o trus ¢ the eniire length of the
chromosome (he DNA replication time, or 1), the mininum
time elupsed between the completion of chromaseme repli-
culion und cell division tthe septum formation tme, D1, ad
the CV {or the DNA meusurement, For slowly growing culls
{n which the generation time was greater than the amount off
time necessary for chromosome replicution and sepum
fotmation, the duration of either the G, vr G, gup was ilso
newded (O + 1, + Oy » 1,50y 2 D),

Three assumptions from the &, coli model were ventrnl W
the formulation of our model. First, it was postulated that
dquch replication fork moved along the chromosome wt w
sonstant ele th 00 Sevond, it v gssumed that o newly
toen el contuned u single complement of DNA I the

eneration time was grenter than or equal to the sim ol the

NA replication und xeptum formation times, Third, il the
genvration time of u cell was less thun this sum, then
wyithesis of 4 complele chromosome spanned more than o
single generution. Newly born celle therefore contained u

single complete DNA complement plus one oF more partiul
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FIG. L Provaeyatic madel ol chtomosothe rephicution buved on (he et eyele of £ coli tdapted from referense 13 1A and 11 and the
nimerival smulations of the disteibinon of DNA per cell ussumming a CV of 075 in relatisely slos 10 gned last COigross g populntion,
Tt panets A and B, 4, represents the nuinimun coll length wt whivh septuo formation vt egin amd e Simtles tepresent seplication turks
uit the single vircidue chromusome. 1A When the genenition tme ol w vell s goeiter thity thy amoumt of e necessaty te vomplele
chromusome replicution amnd vell divivon, gaps i DNA sythesis similar i appeatanes o e eiats olic imtarcals af Gooad Goowall veew
huth before wind wller the INA repiication period, Ty this example the durabions of Goamd Gyoaee eguad wmd the simnation of these itetsads
v equivalent o the DNA pephicition tirne. (88 When the generation e of wevll iv [eas (hin e anount of time necessits b g tgpheation
tork waravel sround the chromasomg, new touds of DNA synthestsare imbnted betore the preveding rounds ate completed b this instabee
the DNA replicution tnie is 1A tmes as fong oy the generation tme. () Simatuted distribution of the relatise DN\ Disrescened per vl of
the exponentivily growing popalutions displus ed i panel Ao The ettmont dashed Line tepresenis thse vobisin Gy e dashiead line in the venter
represenis thuse celby in the provess of chramosame replivation, the dotted fine vepresents velis in G, and the solid fine i e suim of the
distribution of cells in ush of thesy stages. 1) Tnthe Gastagrowth case tIL bl eoliy are in the S phise aise DNA s nthesis oweuts throughai
the cell chele. Note that the menn DNA content per vell s figher tor this popubstion that that in the stawly growing example.

complementy, the syathesis of which began in o previous
generation (Fig, 1,

To culeutute the DNA istogram {ur un wvynehronously
growing population, the program fiest subdividud the el
vyele into o number of Increnvents of constant durution und
then culculated the DNA amount for eich theeement, For
slowly growing populntions (1, =2 ¢, « D1, G, vells comuined
n single DNA compiement, Uy cells contained tws DNA
complements, and ¢olls in the progess of chromuosome rep-
ligutlon comuained an intermedinte umoumt of DNA nnuurry
related o the amuount of time spent in § relistive 10 the 1l
duration of' this phase,

penerutions, m, which huve 1o be spanned in order o
cun:rlm the synthesis oF un entire chromosome wus vuleus
fnted by roundiog up W the nearest integer the rtlo, ¢,
Dty Based on m, DNA, ) was then determined in the
tollowing munner. When s {1 o aewborm cell containg one
complete DNA complement, 4, Whenom = 2, u newborn eell
vontlnine A umount off DNA in addition to one purtind
coniplument, B, the syntheals of which must be comploted )
minutes betore division, Since 4 must equal 1ot tme t = ¢,
= Doattimat = 0K = 1= {1, = Dk or, upon rearrunging,
Boo s (1D = ) Do similur fushion, when m = 3, the
DNA content in a newborn cell will be A « 8 + 3 purtial

To aseertivin the refutive nmount of DNA in o newly hurn

complements, ¢, vaeh with 0,1, lew DNA than & AL time ¢
el {DNA, ) under Fust growth conditons, the number of

L N A B (V) B T T 7R W AR B (1) IR I
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10 A continuition of this seheme resulls in the following
general equation for determining the amount of DNA within
u newborn cell:

"

DNA, s 1o 20X ML D —vi= 1w )

To ealetlnie the ONA umount for eich ¢ell cyele incre
ment in w fakisprowth case @, <1, + D) the program

determined the time at which replication fotky hegan wnd

ended synthesis secording to the following equutivns:

| stur fine skt ime no of replication fork iy

1 0 LD ]
) [\l ', i
mooe) D 1 o

These equittions were derved by assuming thin chromusome
replivation required 2, tinutes and that gell divimion oge
curred H minates alter o complete complement wis synthe:
stzed. The term o indey Trom 1o e designating cach of
the sty of complements to be syathesiged during the coll
eyele. The DNA amount for cich increment was caleuluted
tused on the DNA amount from the rrcvmus increment, the
Increment durition, the DNA replication time, amd the
number of agtive replicntion furks, Once the DNA amount
for cuch coll oygle invtament was known, the relutive
number of oy within vuch subdivision was derermined
weeording to the equutiony Tor the nge distribition of un
naytehronousty growing poputtion 8y,

The final procossing step was W Ingorporute into the
histogram the experimental error wwociated with the flow
eytometric determinution of relative DNA Auorescence per
well, The DNA Nuorescence for a given DNA umount wus
ussumed 1o be u Guussian distribution with u constant CV
{11), The subpopulution within anch ¢ell eyelv ingrement wus
thus also distributed into o Gaussiun fluorescence curve
aceording to the DNA umount and the €V, The Anul
distribution of the relitive vell number versun the relntive
DNA Auorescence was therefore ansemblad by summing the
fluorescencd contributions from sach subpopilation.

RESULTS

Model predictions. A tunge of potentinl distributions of
DNA per cell win exumined by ¢mploying our computer
muodel to simulute both dixerete (Fig. 1A und C) und contin:
uous (Fig. 1B und D) DNA replication within exponentinlly
growing populutions. The results of the numerienl model
Indicuted that u unimodul distribution of DNA per cell could
be obluined under u suite of conditions ranging from contin.
uous DNA synthesis to the presenge of ¢lther one or two
gups, depending on the CV of the DNA meunurements, In
other words, Hille ¢un be said about ¢ell eycle regulation i a
unimodal disteibution i obtained. However, o bimoadal dis
tribution of DNA per cell (Fn?. 1) gould by vhtuined only
under two circumstunces; either two gaps, O, and Uy,

existed during the cell vycle or only a single gup, O wus
present after completion of DNA synthesis, It wus thus
necesaary (o develop criterin to determing whether u U, puuk
in uddition to the U, peak was prasenl, Our Brst step wus lo
simulite the DNA distribution of an usynchronous popula-
tion with a constant DNA synthesis rate, no gupr, und & CV
of 0. Since the 8 phase vccuples the entire cell cycle, the
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FIG. 2 ot of populistion averuge DNA ovr cell i nsynchromi
puptlintions displeviag continuous DNA syathesis. The tewtts were
oblined by iveraging the DNA histogtims determingd uving our
numericul model. 1, s the utmint of time regessary i i rephivistion
fork 1o thivel completely pround the chromosomie, 1 is the septun
furmation time, ud ¢, s the generation i ol an disidunl ¢ebl §n
thiv exumple the asmamprions of the &, eoli nodel wete ohaetved
such thint 1 Wiy 80 i and 19 was beld constunt g 20 min, Thewe
tesulta wrye in ugreement with uniiytical volutions such s those
peevented by Helfrasianter ot ul. (180 und Sharstad et al. 13 )

rutio of the number of cells entering 8 10 those Wuving 8 is 2,
The wddition of u <, peak tu this population decredses this
ritio o below 2. Ninge w €V of O i untealistic for flow
vytometric mensurements of DNA content, we next shinu.
tnted the DNA distribition of u population with o constunl
CV of grenter than O und only the 8 and O, stuges. Under
these clreumsiunees u meustite of the number af cells
vniering 8§ relative to those leaving 8 can be obtuained by
determining the ratlo of the maximum peak hoight 1o the
saddie height butween the two peaks, Using our numerical
mudel, w¢ then simuluted DNA distributions with u range of
CV¥n und {3, proportions and found that the maximum ratio
of the peak heighi 1o the suddie hoight 18 2. The U, distribu.
thon is a Guussinn curve, With a peal: a1 8 DNA amount less
thun or sgunl to the peuk of the 8 distribution (#ig. 1C). The
uddition of u G, peak will therefore incrome the peak-
to-saddle ritiv, 'l‘i\un. if the ubwerved vatlo for u population i
greuter thun Y, this bimodal distobution must include o €,
penk. Populutions with a G, phuse may have  mtio leas than
34 the etror in DNA measurement is high. but populitions
with i ratio greuter thun 3 must contuin ¢~is with a G, phase,

The presence of gupy In DNA synthesis implies that the
duration of the DNA replicotion ¢yele is less thin thin of the
division eyele. Thus, 4 newly born cell would contain o
single complement of DNA und no ¢ell would ever posaess
mare thun two complements of the genome !Fir. 1A und O
On the vther hund, IF the DNA replication time Iy Jonger than
the division ¢yele, w newborn cell would inherit replication
forky from the muother cell and would therefore ulways
contuin more than u single complement of DNA tFig. 1B und
D). Mareover, if DNA {s synthesieed continuously, u posi
tve correlution would exist between the growth rate and the
DNA content per newhorn cell stich thut as the growth rate
increasen, the averuge DNA contemt per coll would aise
increase (Fig. 21,

Light!limited growth, To determine whether DNA was
synthesizad continuously throughou! the division cycle und
how cell ¢yele progression wus modified us u tunction of the
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FLG L Reprosentatine DNA disteibutions of Sviechnionon
stEaiy WHEKTOL celba stared with the DNA fistochiame propidiem
widide, LAY Sile patameter Hstogram of the telative nunbw of
velly versus Qe el e DN Sigscenee per well Tl ditiedd e
tepresents fhes ex e imental it am tie siolid e tepresenis fied
At VY autol, 191 thesind T T puriwter stegram ol rebiatinve
DNA Nudreseenve per el versus LS tazer fur the spme sample ws
i pangl A The contour levels relative b tie wtal nuinbr oF cells
v e e .09, 0136, 0 000, R

growth eate, lightlimited Svacehococens popriditians were
maintained in steadyectnie grow th with dedibliog himes rang:
tg From 11t 84 B and ther analyeed by flow oy tametry,
Regtiedlesof the growth rate e xamined, o bimvodad distriby.
tion ol DNA Huorescence acr cell was obtaned and the rutiv
of the lett peak height 1o the helght of the sinddle betw een the
peaky was alway s preater than 2 PR, D These v £ etors
inddisate that the eell eyele of gaeh of these Nvaechoco can
popilutions cantuins a diserete tnterval of DNA replication
bonded on eithier side by w gap v syinibusis, s Bimadal
disteibution, reffecting colls with ong s lwo complemeints
of UNA, 15 apparent fn both the single-purameter DNA
histogrums (Fig. YA) and the two-purameter Wistogruns of
FLS und relutive DNA fluoreseence (Fig. M, Cells in the
process of ¢hromosome replicition dispiy v inteenwdinte
amount of DNA Nuorescense, agath apparent 1n both typus
of histogrum (Fig. 1. A eritivul voll sizg reguirement for the
untey of the Gy cells into 8 In suggested by the increused
avarile FLS of the § celix relutive 1o the O, volls (Fig, 3).
The mode DNA toreseenve of both the d, uny Cy penks
Jid not differ vignificattly at ench of the variots growth rtes
(Tuble 11 further supgesting thit the DINA ¢opy number
does dot inereise ahove 20 over thiv runge .ol growth rates
(Fig. 1A and B,

The DNA Ristograms weee Tariher analy 2ol o determine
the stendy.stute proportion of ool in e h eull evele stuge at

TABLE 1. Relative DNA fuorescence of Gy amd (O, peaks in
fight-limited cultures Wi range of prowth raies

(3 mwde Oy mnde

',‘,‘,""‘.h?:,' l\un%\g‘r\n\w" ||um!u::;m‘
14 d [N U
pAR ] [T 1 v b
Md "o 130+ 7
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" The mode relative duoreswynve efers 1o the chanas) number of (he
28hichannel:resniution DNA thiorescenve hivtugrnn.

* Note that in euch instance the Uy made fuarescense in sightly levs thin
twice thal of the Uy mode  This has been aoted o many coll tpes and i
nittiduted to the spesifies of 1he low oy tomatnie sy em used 118

* Tha aingle Tactor wnalysiv of visriance lem resgulod thisl the meuns we nol
ighificantly diorent {5y ), 4 4 = V0L F 2 0.38).

" The single factor anady vis of sariunee test 190 ealad that the means aie nol
significantly diforent [Fy oy, v o = 008 B 4028
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FIG 4 Duration of wach ob the eell evele stages G, S, amd U
setstin the doubling e of ghialimiaed popdations oF Somcine
aveen attan WIERIOE. Vhe duraton of ench of the stages vas
calcilwied s desciibwd in Mutenals wid Methnds Svmbols 5 N
v oteelise Gy el The gitod bag whieh s lger than the
sree ol e svmbol igpresents the standisid desisting o sepheue
simples

the vurious growth rnbes u o« F S0 30 day i order 1o
vileulnte the duritson of eaeh ool eyele stuge tsee Matersuls
und Methoder, Wy found that the tength of te § inteeval
reanned constunt tegiwrdless of the tatad feagih of thy eell
evete i do. The intervals before and alter DNA svithesis
enpunded us grow th became more ight limdted, iplying that
progression tiosagh toth of these stages is Tight depemdent.
Gy espamded (o grenter extent than Gy, ereaning sistold
av the doubling ime imcreused Trom 4t 88 b kg, 4

Dark urrest und reloune, The resdts of the light lntation
experiment iniply that vl vete progression theough both C
utid (g regquiees fight wheesan the § inteesal teansit i figh
Independent. This suggesis thit colbs placed 1 the dark
should urrest i their wh wyele during Gyor G, bt not 8. 1o
tust thin passibiitity , vells groswing exponentiolly s eontinue
ous Hight with w dutbling time of 11 h weee plueed in durkiess
il coll eycling cenned and then returned o continious
light vonditions. DNA Buorescenee amd FLS ware e vmined
duiring buth the Hght und the durk intees als to detiming gell
eyvle by rami o Cell divfson appeared to cease immediniely
pan plivermidm of the popaiaton e the dirk 17, SAL
Diuring the et Ffow hours i the durk, tw moide FLS syl
of the durkareested gelis decreused from 0,28 relative 1LY
st asiedmuny of O3 0EGL 8 This deerensed (1.8
win thutn imatiitied throughout the remabmbng 70 h of
darkness, When the papulation say reevposed o light, the
FLS of the velis eventunity retiirned 1o the mederk value of
028 relutive FLY uniis,

Ax predictod from the resuits of the light mitmion expers
Imunt. ooce gell division censed In the dark (Fig, $A), cells
werg blucked inhoth Gy and Gy (Fig. SO For reasions thin
ure st yet elyar, the CV of DNA uorescetiee of the G, penk
inerensed in these darkeblocked cells, resulting in ah overs
estimute of the praportion of Sphase cells during the dark
interval, We were thus uaabie (o follow the cets (n S vace
division ceused In the dark und could not determing unam.
higuously whether vells werg blucked in synthiests in the
dark, However, the fuct thut the percentuge of coils de.
wreused in Oy und increuned in Cy during the durk whun cell
divislon wav no Jonger oceurring suggests thit vola enn
progrese through 8 in the durk,

A prolonged durk urrest as in the experiment deseribed
ubuove is olten tsed 1 synehronize poputintions of cyunobag:
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FIG. 8. A culture of Svaechovocons struin WH-BLO) growing
exponentinlly in continuous light with a populution doubling lime of
11 h wis rluud in the durk for 72 h und then released into
continuous light, The darkened bar indicules the duration of the dark
intérval. The cell number (A}, FLS (B), und the percentuge of cells
in € und G, (C) were meusured with 4 Aow ¢ytometer during both
the durk und the light intervals. Due 10 the increased CV of the O,
celly in the durk. these DNA distributiony were ussumed to repre
sent onty two cell cygle stuges 16y und U,). Symbuls in punel C: -0,
Uy cells: @Gy cells. En punel B the error burs larger thun the symbol
size reprevent the stundurd deviution for replicate sumples.

terin (19, 26). When our durk-urrested Svnechocovens gells
were released into the light, however. there wus no evidence
of synchronous growth. An initial lag was uppurent, but once
the cells initated division, exponentinl growth resumed
rapidly (Fig, $A). Flow cytometry results ulso confirmed the
ubsence of synchronized growth in the population after
reexposire to continuous light: at ull times after refeuse of
the cells into the light, both G, and Q, cells were present
(Fig. $C). A purlod never existed when the cultuie wus
dominated by u single phuse, us would be evpected in u
synchronized culiure,

Diel Hght/dark cycle entrainment, An aliernative means of
synchronizing phytoplunkton populutions is to maintuin culs
tures on u repeuting light/dark cyele (1. 34), Obviously,
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FICG. 6. ‘Time course of the cell division (A), FLS (B), and DNA
distributions (C) of Syaechococens srsin WHBI0L over 24 h of v
1d:h:10:h light/durk cyele, The durkened bur represents the durk
inervl. tn punels Aund 8 the error burs lurger thin the symbol size
represent the stundurd deviution for replicute sumples, 1 punel C
the contour levels relulive W the total number of ¢éls annlyzed ure
1,128, 0,178, 0,224 0.0, 0378, und .48,

entrainment of o populution to u diel Hght/durk cycle is very
ditferent from an interruption of exponentinl growth in
continuous light with durkness: moreover, y light/dark cyele
is the **real world* experience of cells, ‘To expund upon the
results of the previous experiments. cell division, FLS. and
DNA distributions were measured over 24 b in u Sviechoc-
oecis population enteained 10w 1dsh:10-h lighvdurk eyele.
The vell division puttern for strain WH-B101 observed over
thix single cycle Wis similar to that described by Waterhury
el al. (3 for o number of cycles In which Svaechococcns
straln WH-780) divided predominantly during the light inter-
val tFig. 641, Over the course of the durk interval, the FLS
of the cells declined to its minimum value (Fig, 6B}, Upon
reexposute 1o the light, cell division did not begin ayuin for

e e
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an additional & h (Fig. 6A), while during this sume 4-h intervul
the mode FLS of the celly began incronsing to ity peak
obtained ufter ubout B hof light (Flg. 6B, This same general
trend in FLS variation over the diel cyole has been observed
in Syaechocoreus ield samples (unpublished duta).

An unalysiy of the cell diviston paitern alone (Fig, 6A)
might lead one w hypothesize thut u lightidurk ¢ycle can
synchronize u Syaechococeus population, However, hoth
Uy and Uy cells were present ut oll times throughout the diel
cyele, Inc1udlng the 10:h interval in the dark. This is conais.
leml with the resulty oblained in the dork urrest experiment
amd negates the possibility of w truly synchronized culture.
Thewe resulls also substantiate the hyputhesis that cell eycle
progresy through both G, ahd G, is Hght dependent. Agaln,
the exacl percentige of the population in the process of
DNA synthesis during the night is probubly overestimuated
due (o the increased Y ot the Oy ek, However, it was still
upparent from the twospurameter histograms 1 Fig, 6C) thut
the number of ¢ells involved in ¢chromusome replivation, as
indivated by those vells with uh intermedinte amount of
DNA fQuorescence, was wt o minimum during most of the
night. This was fullowed by o peak in DNA synthesis when
those eells blocked in Gy in the dork were released into the
light. The U, cells were the tirst to divide upon release into
the light} however, the lights went off before the muyority of
these cells could ulso initinte DNA synthesis,

IMSCUSSION

Our ingreased understanding of general ¢ell cyele charag:
terinties of Svaechococcus spo nids in interpreting many
distinguishing teatures of populution growth {n this organ-
ism. Al doubling times runging from 11 tw 88 h, Syaechoes
avcns striin WH-B101 displays o discrete interval of DNA
vynthesis, and cell ¢ycle progression both before und after
thix interval requires the action of blosynthelic procasses
dependent upon light energy. Thus, when cells ure grown on
u light/dark ¢ycle, the repeating intervals of durkness foree u
purtial phusing of the DNA and division cycles, DNA
synthesis vecurs primarily during o limited period in the light
when those cells which were blocked In €, in the durk ure
uble to initiste chromosome replication, und cell divislon
uecurs muinly during the light interval when the urrested G,
culls are able to divide. This light dependency of progress
through the ¢, stuge could expluin observations of Wuters
bury et ul. (381, They note that in murine Synechococcus
strndn. WH-7803, the proportion of dividing cells (which
would include our O, populntion) remuins it a constant value
Juring the night when thy cells are no longer dividing, This
suggests thut w portion of the populution s blocked in the
doublet stuge during most of the night, and thus the frequen-
cysoldividing-vells method cannot be used with these orgun.
isms to caleulute growth rates in the Reld (o, 2%).

The fact that S¥nechococcuns sp. arrests in both Oy and G
when placed In the dark implies that the pupulation wlli
divide aaynchronously upon reexposure to light, Our resulta
indicute that Synechococcus sp. behaves exactly us pre-
dicted, after an initlal lag upon releuse into the Light, vell
division quickly becomes axponential, In contrust to our
results, marine cyanobacterin Synechocaccus straing BQ
43811 and 43822 can be synchronized by placing an wsyn-
chronous population in the durk for an extended period (26),
In additlon, both Herdinan et al. (19} und Asato () huve
shown thut A, aidulens displays a comparable degree of
syn¢hronous growth upon rvelease into the light aler durk
exposure, However, Asuto (2) and Herdman ¢t nl. (19) also

SYNECHOCOCCES CELL CYCLE

describe dnta which indicate that both G, wnd G, cells are
prosent within A, tidulans populations during the Jurk
urrest: vet somehow, synchronous division §v still ughieved
wlter the dark bloek {8 relensed. To explain their resulls,
these authory postulsted that progress through cach cell
eyele stage in the light is differentinlly atfedted by a previous
exposure 1o durkaess (19, 2 A nonuniform effect of
darkness on Lransit through the ditterent sell cycle stnges hus

. ulse been obsepved in dintoms und was attributed to an

Interruption of the silicon rransport system by durkness (3.

Cell evele progression through G, is unconditional in most
cell types 121), except for the marine discoms which are
known to huve both light- und silici-dependent block pointy
during this intervad (30, M0, ‘The fael that two such funda.
mentully ditferent orgunisms un the distoms and Syrechoc:
aceuy spp. buth Jdivide in the light amd possess i light
tequiretent at the end of thelr cell eyele substuntivtes the
hypothesis that w causal relatfonship exists between the
loention of light-dependent processes and aversll populution
growth patterns (361,

‘The actumd spevitivs of the regulation of the coll evele in
Svnechococcus spp. ure mors complicsted thun has been
presented thus fur Theories of cell eyele regulation in pro-
curyotes rely beaviy on the #. coll model put forth by
Helmstetter und Cooper {17, Cell ¢yele studies condugted 1o
dite with ¢yunobuctoria indicute thut uppurenily these proe
vittyutes do not always udhere to the rules of the £, coll
muodel, For exumpte, Mann and Carre (23 found that the DNA
content of A, widefans inereased up to 16dold with an
incrensing growth rute even though the growth rates ¢xams
ined rellected generation imes greater thut the chrothosume
replicution interval, Under these circumstanees, sontinuous
DNA «ynthesis and mubtiple replicotion forky would nut be
predigted t12 17 In the study of Mann and Caer (23, the
generntion time of A, nidulany was approximmely 2.3 h,
which iy ubout twice its chromosome replivation pstiod (19).
Similurly, our 1{h doubling time of strain WH-4101 s up.
proximately twige ity estimated chromosome replication in-
tetval ol 3 h (Fig, 4). Yet regardless of the comparable relutive
growth rutes, the DNA gontent of A, niddans incrensed
cxnunenllully with un increusing growth rute, while that of
WH-B101 did not, An incrensed genomiv content at relutively
slow growth rates has ulso been reported for the tharine
cyunvbuctertum  Agmentctium quadraplicaram, which cun
possess up to three goples of its chromosume al generation
times of either 7 or 20 h (31, both of which are presumably
greater than the synthesis interval in this orgianism,

An udditlonal contliet between cvinobacterin und the &,
colt model is that A, nidulons appears to possess simultae
neously buth  diserete interval of DNA synthesis (2, 19 und
multiple coples of ity genome (20, 1L ix ditheult to revoncile
the existence of multiple coples of the genome und G, and O,
urrest points wt generation times greater thun the chromo.
some replicution interval, Apparently, the presence of gups
in DNA synthesis und multiple vhromosoms goples ure not
mutually exclusive,

if the &£, coli model {8 not u suituble paradigm for the cell
cyele behuvior ol eyunobucterin, perbups chloroplusts,
which have been hypothesized to huve u ¢yanobucterial
orlgin (14}, could serve ax a more appropriate model, Chio.
roplusts are known (0 contain multiple coples of heir
genome, the number of which varles as the chloroplast
davelops (), Little iv known, however, ubout the regulution
ol the DNA and division cycles within these organelles us
well, An enhanced understunding of vell eycle regulation in
cyanobucterin could be guined by determining analyticully
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the relutionship belween the hfuwfq fute- und the ubsolute

number of ¢hiomosomes per cell. 1t would then b possible
1o determine whether murine Svaechovoerns spp. cun ever’

multiple copies of the genome' (13, 11, 39),
o .
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