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ABSTRACT

. ’ -,
f

-
Tne temporal sequence of DNA synthesis, karyokinesis, and cell

division was studied in synchronous cultures of Eudorina elegans.

Cell division syncnrony was induced under culture conditions of
intermittent illumination and periodic dilutions to a constant coenobial
concentration, During each 24 hour synchronous life cycle 95 percent

of the gonidia underwent 4 or 5'successi;e nuclear divisions within‘B
hours followedlby daughter coenobia release over 1% to 2% hour period,

E. elegéns was found to be inefficient to incorporating the exogenods

vtritium labelled DNA precursors, thymine, thymiding, vracil, urdine,

and adenine into DNA moieties., The uptake of the tritiated precursors

did not reflect the timing and kinetics of nuclear DNA synthesis.

Colourimetric determinations of extracted DNA revealed that DNA synthesis

appeared to be confined to the pefﬁod of gonidial cleavage.

Hicrospectrophotgmetric quantitization of feulgen - DNA éonten£ per

nucleus strongly suggested tnat during cell division one round of

DNA replication preceded each of the four to five succégsive mitotic
TN

events. Each DNA replication required an average of 13 minutes

follovwed by a mitosis completed in about 2 minutes,
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INTRODUCTION - GENERAL

Deoxyribonucleic acid (DNA) synthesis in normal, actively

dividing eukaryotic cells occupies a restricted portion of interphase,
- ’ . [

desighated the 5 periled which is temporally -separated from cell diviéibn,
M, by tnhe pre and posi DNA syntﬁetic perlods*known as Gyand G2;

(Howard and.?élc,1953). -This subdivision of the cell eycle into
_ a- ) N o cie

+

. “
G, S, GZ’ and M reflects the importance of the nuclear events since
’ . .

these subsections are defined by the state of1th; genétic'material
rather than the overall condition of the c¢ell, Moreover, all other'
growth activities are ultimately geared directly or indirectly to the
accomplishment of the reproductive nuclear prbce;ses. The primary

aim of this study is to determine the inter{E;atdonship of two of
:"‘- v
these subsections, S and M, with respect to time in the colonial

t
f

alga, Eudorina elegans.

Budorina is a colonial, motile green alga belonging to the

famlly Volvocaceae., Each colony or coenobium is composed of 16- or 32-
piflagellated cel%s arrangeadperipherally jn spheroidal double-
layered gelatinous envelope. The cells, eqﬁal in size, measure 12 to
20p in diameter; the colonies r;nging from 80 to 160p in diameter
(Goldstein,1964). Ail cells in the colony are reproductive, each

mature cell or gonidium undergoing four rapid sucessive cell divisionge

resulting in the “ormation of a 16-celled curved -plate ror

et



plaxea. To‘éamplete daughter colény formation Ehe cup~shaped plakea
undergoes inversion., In this way.each of the 16 cells of the maternal
coenobium produces a new l6acelled daughter coenobium, Therefore, from
the original l6ecelled gogidium3'éB6 daughter cells are produced by 64
successive mitotic divisionsfx The cluster of 16kdaughter coenobia
enclosed by the maternal gelatinous envelope, designated a mulberry,
soorf breaks up reléasing the progeny coenobia,

Under less than optimal growth conditions, the four mitotic
divisions each mature ¢ell undergoes occupy a total period of one
hour within a’'life cell cycle time of five days or 120 h., (Rayns
anc Godward,1965). The 120 h period is divided into a pre-mitotic
seriod of 72 h znd =2 mito:ic/intervél and a post-mitogic period of 48 h

uring which cytoplasmic cleavese and plakeal inversion occurs. The

.

w

eries of four mitoses, each requiring 15 min , follow in rapid
succegsion with an insignificant amount of time spent in interphase,
These calculations (Rayns and Godward,1965) are supported by observations
2f living cells of Zudorina sp, (Cave and Pocock,1951) indicating

the tim

it
)
Y
(8}

.

] between the disappearance of the nucleolus and
appearanrce of two daughter nucleoli is ten min. They noted that the
nuéleolus disperses at late prohase and reforms at telophase as is
observed in'higher rlants,

The implica;iop of the above observations is that the replication

and segregation of the genetic material in Eudorina are not necessarily

e evenis in the cell cycle, The uncoupling of the alternate

b
r—
-t
(14
E)
cr

N

sccurrence ol DL reclication end cell division could be responsible




for th; limitation of the number of division events, and thus the main-
tenance of the coenobial nature of Eudofina. Since investigations of
the driving forces for the continuation of the cell cycle, of the reg-
ulation of cell growth and of how the asexual reproduction of cells is
controlled hinges primarily on the analysis of the regulation of DNA
replication and segregation; any variance from the norm aid in the
understanding of the chain of cause and effect‘that correlates cell
functions for balanced growth and reproduction, The possibility that
total DNA replication light'occur during the long pre-mitotic period
£o be followed by multiple segregations reducing the DNA levéls
srompted the present study.

The progressive accumulation of nuclei with higher DNA contents
formed by stepwise douBling of -DNA without intervening reduction by
mitosis has been noted for Tetrahxneha, after heat shock induced

synchrony (Jeffery et al.,1970). In Chlamydomonas reinhardtii the

amount of DKA synﬁhesized was not proportiqnal to the degree of cell
division within a single synchronous cycle under conditions of limiting
light intensity (Kates et 21.,1968). DNA replication may occur twice
while only one nuclear division followed. As a result diploid
vegetaiive cells were produced. During the subéequent light-dark cycle

these cells divided without DNA synthesis yilelding two cells with the

normal iC DNA complement, Four polyploid.species of Chlamydbnonas have
been reported in which the production of daughter cells by amitosis was

accompanied by a sequential reduction in chromosome number (Buffaloe,

1958). The existence of polyploid forms or of alternations of diploid



.and haplold generations "is also suggested for the colonial volvocaceae
(Cavé and Pocock,1951). This variation in the genetic constituion sug-
gested for‘some green algae indicates that the initiation of DNA re-
plication and the process of cell divisiop may be controlled by different
mecnanisms, |

{ A survey of tne literature of the mode of DNA synthesis in the .- .
unicellular green algae revealed the concénsﬁs that a round of DNA |
replication precedes each subsequent mitotic event, 1In synchronized
Chlorella cultures four DNA replications and nuclear divisions alternated
at equal intq?vals during an & h period (Wanka and Mulders,1967).
Although earlier reports suggested that‘sufficient'DNA synthesis -
for several divisions is completed well before .the first division in

Cnlamydomonas (Bernstein,1963; Jacobson and Leé,1967), more recent evidence

indicates that "wheh vegetative cells divide into four cells it appears
likely that arround—of DNA replication precedes each of the t;o
consecutive nuclear divisions" (Kates et al.,1968). Nuclear DNA
synthesis in synchronized cultures occurs in a diphasic manner over a
five hour period, with the first doubling of nuclgi commencing after
the first doubling of DNA and the second nuclear division lagging behind
tre second doubling of DNA, In the colonial green flageilafes; Volvox
carteri (Yates and Kochert,1672) and V. aureus (Tucker and Dgren,1972)
nucleic acid synthesis 1s concomitant with increasing cell number
during gonidiai cleavage.,

Althougnh it 1s known that DNA replication does not occur during

the interdivisional interphase for some unicellular and colonial green



al&&f;‘the precise interrelatiogship of mitq;is, nuclear division,
cytokinesis and DNA replication, with respeéts‘to timing, kenetics,
interﬁependeﬁéies, and deye10plental stages, 1s not known for Eudorina.
Based on the assumptions of Rayns and Godward (1965) that internitotic
interphases are wvery short or absent in Eudorina, it was decided that
the temporal sequence of the cell divisional processes and DNA re-
plication should be more closely studied. .This study, then, was in-
itiated with the purpose of verifying the ;ytological observations of
Rayns and Godward and of discovering whether or not there is an un-
coupling of the alternate occurrence of DNA synthesis and cell division
in Eudorina. Hopefully, this study will lead the way towards the
elucidation of the regulatory processes governing limited cell division
in the colonial flagellates. '

The information obtained in this study is presented in the
following chapters (2 to 5) in individual manuscript format.
Chapters 2, 4 and 5 have been submitted for publication, and
chapter 3 is presented in the same format in order to maintain

uniformity. A general bibliography as well as concluding chapter

(6) have been added.,



CHAPTER II

INTRODUCTION - THE INDUCTION OF SYNCHRONOUS CELL DIVISION IN

EUDORINA ELEGANS

In Eudorina elegans Rayns and Godward (1965) reported that during

vegetative growth each cell of a coenobium (colony) was capable of
dividing 4 or 5 times within one hour. They noted a prolonged
"interphase"” period of about 5 days separating the blocks of rapid ‘
division sequences. In this same study it was noted that each division
process took about 10 min with the interphase separating each division
being insignificgnt. Tnis essential lack of interphase in some
Volvocales had been seen previously (Cave and Pocock,1951).

These observations appear to require either extremely rapid DNA
replication or unique pattern of replication prior to the sequence of
divisions, The latter is plausible since‘a breakdown of the normal
relationship between DNA replication and nuclear division has been shown
for heat synchronized Tetrahymena (Jeffery et al.,1970). In order to
clarify the éroblem in Fudorina, more detailed analysis of the timing
of cellular events wés undgrtaken. A reasonable first step appeared
to be an attempt to synchronize the organism in order to facilitate
chenmical and cytological examination of‘the cell cycle parameters.

This report outlines the development of procedures for, and

_ evaluation of, syncnronous growth in Budorina elegans. As an initlal .

result, a2 more precise estimate of the time intervals involved during

the division processes was obtained.

3



MATERIALS AND METHODS

The Organism

An axenic culture of Budorina elegans strain 1193 (originallj

isolated by Goldstein (1964) and designated 56 f) obtained\from the
Culture Collection of Algae, Indiana University (Starr,1964) was used
in the experiments to?gescribed. Stock cultures of the alga were
maintained and periodically cloned as described by Heﬁtuorfh (1970).
The liquid media for growth of the alga were normally a modified
'Bristolys salts medium (BM) (Cain,1965) or complex enriched medium (BC)
(Kemp and Wentworth,1971). Other media used during the course of this
study included Bold's Basic Medium (BBM) (Cain,1965),Volvox medium
(VM) (Starr,1971) and High Salt Medium (HSM) (Sueoka,1960), Additional
nodifications of the culture conditions will be introduced in the text
where applicable, The liquid media were solidified as desired with
1.5% or 0.6% Difco Bacto Agar for plates or top agar respectively., All
media were sterilized by autoclaving at 15 psi.

Standard Growth Conditions

Small liquid cultures were grown in 50 mi of medium in 200-250 ml
erlenmeyer flasks, Facilitationrof gas exchaﬁge and maintenance of the
coenobla in suspension were achieved by continuoﬁs shaking of the cultures
at the rate of 80-G0 oscillations/min on a shaking platform. Normally,

cultures were grown at 32 + 1C (occasionally 22 + 1C) under banks of
40~-watt cool white fluorescent lights. This overhead illumination
provided an intensity of about 104 ergs cm-z.‘s.ec-1 and was automatically

controlled by a time clock to give 16 h light and 8 h dark per 24 h period.
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L;;ge (4 1) liquid cultures were grown in glass cylinders. The
algae were kept in suspension by means of ‘a magnetic spin bar and by
bubbling 3% or 5% coé'ln air through the culture. Samples were removed
by closing the air escape vents and fdrcing the algal contaihing medium
through a sampling tube,

Viable Organisa Counts

Titres of viable organisms were deternineg,by rixing appropriately
diluted aliquots with 2.5 ml of molten (45 C) top agar and pourigg the
mixture over BC agar plates, After the top agar had solidified, the
plates were inverted and incubated under the standard light:dark (16:8)
cycle at 32 C, The colonies on duplicate plates, visible after}f or 6
days of growth, were averaged and the titre calculated., The use of a
Coulter counter, haemocytometer, or.turbidity measurements at 560 nm
were found to be unsatisfactory for the present study.

Microscopic Studies

Aliquots of culture of Eudorina were concentrated by centrifugation,
and resuspended in 3:1 (alcoholiacetic acid) or 3% glutaraldehyde as
fixatives at room temperature and left overnight. The fixed organisms

were washed thoroughly in 1.7)(10_-3

M phosphate buffer, and resuspended

for 20 min in 3.5 N HC1 at 37 C (Fand,1972). Following hydrolysis,

and washing in 1 N HCl and water, samples were squashed between a T
licrOQCOpe slide and cover glass in order to separate the cells of the
coenobium and spread tne cells of the developing embryos. The cover glass
was removed after freeziné the preparation,lthe,naterial brought to

room temperature, and stained in Schiff's reagent (Deitch,1966),

Following bleacnhing in bisulphite solution, the preparation was




dehydrated and mounted in Permount.

Living organisms were observed passing through the sequential
cell divisions in organisms squashed between a slide and cover glass.
Considerable pressure was required to immobilize and to spread an
organism sufficiently for observatioﬁ. which distorted, at 1eas£;
the timing of the division sequences.

RESULTS

Previous studies of growth of Eudorina elegans showed that a

generatiﬁn tire (i.e. arbitrarily taken as the time necessary for a

16X increase in organisms) of about 24 h was possible (Wentworth,1970).
Growth was in the enriched BC medium at 32 C, with a light:dark rggime
of 16 h 1light and 8 h dark per 24 h period. Light intensity was about

-1. Conditions resulting in/synchronous growth of a

104 ergs em™~2s
variety of photoautotrophic crganisﬁs suggésfed that synchronous

growth of Budorina would probably require light:dark cycles in non-
enriched minimal media (see Ca.rrbll et al.,1970), and that divisions
would be restricted to the dark cycle., A wide variety of growth
conditions were employed in an attempt tgigglture conditions capable of
supporting daily (circadian) cycles of growth in a minimal medium.
These involved the use éf the different minimal media, BM, BBM, HSM
and VM as well as different light:dark regimes per 24 h periad. temp~
eratures (20 C to 38 C), and lighf intensities (7.5x103 to 2.6x104 ergs
cn-zs-i). Aeration of the culture with air containing 3 or 5% CO, at
different flow rates was another variable tried in order to obtain

a greater increment of organisms per 24 h cycle., Aeration with gas

containing added CO, was not used with the inadequately buffered Vglvox

2
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medium, These attempts failed to produce conditions which promoted a
significant proportion of the population to divide duf;ng a 24 h period.

The results obtained with the BM medium were typical. The
population grown in BM medium (fig. II-1) was capable of periodic
release of organisms during the light périod. The observed doubling of
the number of organisms could be achieve§ by about 5% of the population
- releasing daughter coenobia. An apﬁarent adaptation to growth in BM
occured in (fig. II-1) since the third'cfcle had a greater growth:
incremen£wwhen compared to the first and Secdnd cycles, Howéver, this.
enhanyed production of daughter organisms was not consistently
maintained nor enhanced when the population was subcultured into fresh
BM medium. The adapation was probably due to utilization of organic
compounds released by either groiing or autolysing cells.,

An additional factor was observed during a series of experiments
designed to determine the effect of different concentrations of ;norganic
supplements on the growth of Eudorina, Doubling the amount of Ca+,+
from 2.5):10"3 M to 5x10-3 M appeared to facilitate release of the daughter
coenobla from the parental envelope, Consequently, the time required
for this release was reduced. Since no adverse effects Were seen, the
higher Ca++ level was routinely incorporated into the medium, o

Some enhancemed£ in the number of coenobia capable of producing
daughter organisms per growth cycle was observed by the addition of
acetate to the minimal ned;a. Howeveﬁ, acetate concentrations mugh
above 0.057 (& xIO-Bﬂ) were iethal. This is in contrast to the effect

7 ) -2
of acetate on growtn of Chlamydomonas, where 0.2% (2.4x10 “M) sodium

acetate is routinely employed (Senger and Bishop,1969).
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'Figure'll-i. Synchronous growth of E. elegans 1193 on a 16 h:i8 h
| light:dark cycle at 32 C. Cultures were grown in

complete medium (BC) (o).of minimal médium (BM) (o),

Dilution from the early stationary phase culture to

fresh BC medium is indicated by the dashed line.
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During routine growth of Eudorina in BC medium a major portion of
the ﬁopulationcﬁgasionally released daughter coenobia over a 4 to 8 h
period during t;; 1igﬁt cycle. Such synchronized release had also
been observed yhen different light regimes were tried (cf. Fig, I1I-2),
and an’appfopriately primed population in BC medium could begin division
in the dark cycle., Synchronous release, as depicted in Figures II-1
and 1I-2, was initially not consistent, nor was the pattern eaéily
maintained. Consequently, 5£udies to inproye the sucess raterwere
undertaken with attention being focused on the unigue conditions of
growth ig the enribhed BC medium and the occurrence of divisions
during thé light period. ‘

.A series of observations led to the de;elopment of consistent
conditions maximizing the number of organisms which would divide and
release daughter organisms during each growth cycle. The maximum
population density which could be échievedvin culture‘was about 105/m1,
and as a result the amount of growth in a 24 b period dgpendéd on the
initial coenobial concentration (Fig. II-3). A high initial concentra-
tion of organisms not only reduced the groﬁth increment but also reduced
synchronf. A young, dilute; well liéhted, and well nourished culture
produced a majority of 32-celled coenobia and relatively few 16-celled
coenobias, The maximum increase expected upon dilution of such a culture
would be 32X (Fig., II-4), Insufficient dilution not only reduced syn-
chrony and the expected increase in daughter coenobia but also reduced

the number of cells per daughter coenobium to 16, This reduction was

reflected in the next cycle of growth (Fig. II-4).

st
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Figure II-2, Growth of E. eieg» ans 1193 in continuous light at 32 C.
Cultures were grown in either complete medium (BC) (o)
or minimal medium (BM) (e)., Dilution from the early
stationary phase culture to fresh BC medium is indicated

by the dashed line.



CFU/ML

-13b-
~~ =N
v \‘g\ N
. \\‘ N "’1
L
— T T T T T 1 T T T v
) O’O‘O/O-O-O
]
'
\ ~ 0
' -
]
104_ ] -~ —
0-0 !
] /‘O
- ]
2 ' O
N ' P
0 . fo—0—
t 0'.(/
¢
¥ /
) . p
[} \
103— ° ] -
1
]
° ' 0
o o -
' i
/ .
D voT
O/ ]
]
/. = ] /O s
. )
102 '/ ]
p —— 0
|/ \0
»
{OI ] v 4 1 - L 1 — 1 | 1 ] . 1
20 40 60 . 80 100 " 120 140
TIME (HOURS)

-

v



1l

Syn;hronized growth of a variety of organisms has been achieved by
initiating a culture with a uniform suB-poéulation (Tamiya et al.,1961),
Aftempts to enrich populations of Eudorina for uniform sub-populations
by differential centrifugation or natural sedimentation of the coenobia
were uﬁgggcaasful. Centrifugation resulted in sedimentation of
essentially all the coenobla, regardless of the speed or duration of the
centrifugation, Also, a uniform correlation between the coenobial
size and the rate of their/éettling through a column of water was not
observed.’ |

A large pr0portién of a coenobial population could be induced to
divide synchronously upon regrowth inLBC following cold shocks at
4 C for 24 h, or starvation in phosphate buffer for 15-20 h, It is
provable that several alternating cycles of starvation or ;old and
regrowth would synchronize tge majérity.of ;he population., However,
tnese experiments were not carfied out since a more convenient and
‘presunably less traumatic rethod to obtain synchronously dividing
populations was de;eloped.

Wnen -an asynchronous culture was grown to stationary phase, the
population became gquite uniform. The coenobial size was small,
cnaracteristic of newly released organisms. Dilution of this population
to about 100 organisms per ml, 8 to 12 h before the onset of the dark
- period, resulted 1n syncrronous release of daughter coenobla soon aftef
tne next light period began. As depicted in Fig, If-i, the synchronous

release was repeated during the next light period. The increments

Pl

usually obtained from such population ranged from 16X to 25X suggesting

tre stationary populaiion contained either a majority of 16-celled
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Figure II-3.

-15a-

The effect of initial population density on syn-
chronous growth of E. elegans 1193, EAliquots of

the same washed culture (o) were transferred to
fresh BC medium and grown at 32 C on a 16:8 light:
dark cycle, The 1lights were off from hour 8 until
nour 16 and from hour 32 until hour 40, The filled
symbols (e) represent.the grbwth of a culture started
from a culture that had completed a previous syn-

chronous increase at a low organism density (cf. Fig. 4).
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Figure II-4,
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The effect of population density on growth increase

of E. elegans 1193 during subsequent cycles. A

synchronous éulture maintained at low density was

diluted into fresh BC medium and 1ncuba£ed at 32 C

on a 16:8 light:dark cycle., Daily dilution of the

culture maintained synchronous growth., The increases
during each cycle, corrected by adding the increase ///J

due to late division, were 24X, 25X, and 12X respectively,
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© organisms or various proportions of 16- and 32-celled organisms,

Dilution of the culture after the second cycle maintained the synchronous
pattern (Fig. II-1), Although these dilutions were necessary to main-
tain the concentration of organisms within the range for exponential
growth, the light cycleswere critipal‘for the maintenance of the above
synchrony of the system (Fig.II-2), In this case, the same population
used to initiate the culture grown on the LjD cycle (Fig. II-1) was
diluted and grown in continuous light. The initial lag before resumption
of growth was still evident, but the subsequent growth was exponential

‘ for about 40 h, When this culture was diluted after reaching the

early statlonary phase, the same lag followed by an exponential phase
growth pattern was repeated (Fig., II-2). If dilution occurred during

the exponentiai phase, the lag phase no longer occurred and growth
continued exponentially,

Maintenance of synchronous growth usually involved daily dilution,
following release of the daughter coenobia, to a starting‘density of
from 5X1O2 to 103 coenobia per il. This usually involved about a 25X
dilution, When 2 synchronously growing culture waé lost, a new one could
be initated from a stationary phase culture., Microscopic examination
of the stationary phase culture ensured that the population was uniform,
and that it had not begun senescent decline. This decline was recognized
by the presence of abnormal coenobia fragmentation,

Evaluation of Synchrony

As noted in the previous section, the initial criterion for
synchrony was tne periodic release of daughter coenobia over a brief.

period every 24 h. A more detailed examination of the nature and timing
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*

of nuclear and cell division was carried”out on populations syn-
chronized by dilution and growth in"BC medium on a light:dark (16:8)
cycle, The number of nuclei per developing daughter colony was

counted as a function of time in aliquots taken at intervalé from a
synchronous population, The frequency distribution is presented in
Fig. II-5., 1In this pépulation, about 80% of the cells divided to

form 32-celled daughter coenobia, the renainder'forming 16-celled coenobia.
The culture could be divided into two principal cell populations; about
25% started divisions during the first hour (Fig. II-3), while 65%
started during the second hour. Less than 5% began the sequence LQ the
third hour. Very few cells divided before the major segments of the
populations, and about 2% of the population remained undivided after
the third hour,

The overlapping of the distributions of the various nuclear classes
reflected the asynchrony of the population, as well as the inherent
gradient of development existing within each organlism involved in
vegetative replication. The progression of the division numbers where
the 2-nucleate daughter coencbium became 4-nucleate, then 8-nucleate,
and so on, suggested that the frequency data could be replotted as a
progression of sequential events, To dp this the number of 32-nucleate
daughter coenobia present at each time was adjusted by adding the
number of ié-nucleate embryos present in the same sample., .The 16-nucleate
embryos were similarly -"corrected” by adding the 8-nucleate embryos
seen in the appropiate sample to the "corrected” 32-nucleate coenobia,
This procedure was repeated until finally the corrected 2-nucleate stage

was obtained, Thése transformed data are presented as Figure II-6.



Figure II-5.
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Frequency distribution of nuclear nuﬁbers in devel-
oping daughter colonies of a synchronous population
of E. elegans 1193, The nuclear numbers are:
mononucleate premitotic (o), 2 nuéieate (o), 4
nucléate (o), é nucleate (), 16 nucleate (v),

and 32 nucleate (o),
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The regres;ion lines were calculated for the linear portions of the
curves, and from the slopgs ;f these lines the X-intercepts were
determined, *In this pdpulati@n of Eudorina the treatment of the data
introduced a élight error because not all the 1é-celled daughter coenobia
_became 32-celled. Since it appeared to be a constant error for all

values no correction was attempted,

Division Intervals.

An estimate of tne duration of each nuclear division (i.e., inter-
phase to interphase) was made by the following methods. First, the
interval can be obtained directly from the differences in the vaiues of
the X-intercepts of the regression lines calculated froi the progression\-
of the nuclear numbef classes (Table II-1). Second, the areas under ’
the freguency distribution curves represent the relative duration of each
stage, Therefore, each area as a fraction of the total of the areas was
determined by weighing the curvés,of each nuclear number class. Each
arealdivided into the total average time for the division seguence
gave an estimate of the time required for each division, The time
from the disappearance of 50% of the mononucleated cells to the appear-
ance of 50% of the 32-nucleated daughter coenobia gave a value for the
interval from the end of the first mitosis to the end of the fifth
mitosis. Inspection of Figure II-5 showed this time to be 62 min,

The duration of the calculated intervals between successive ‘divisions
is given in Table II-2. A third measure of the intervals was obtained
by direct observation of the time between cytokinetic events occurring
in the development of the individual daughter coenobia. This assumed

that karyokinesis and cytokinesis were coupled in this rapidly dividing



Figure II-6,
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Progression of mitotic events replotted from Figure
5 as described in the text. . The nuclear numbers
are: 2 nucleate (o), 4 nucleate (O), 8 nucleate (&),
16 nucleate (v), and 32 nucleate(e). The dashed
lines represent the regression lines determined

from the increasing portions of each curve,
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TABLE II-1 The interval between successive nuclear and cell

divisions in Eudorina calculated from the data in

Figs., II-6 and II=-8.

. Interval. Duration (Min)
Nuclear (cell) Nuclear Cell
Number
\_ 2 - b 11 13
o4 - 8 9 12
g - 16 ’ 11 8
Total - = %

The valves were obtained from Figs. 6 and 8 as the
time separating the extrapolation of the regression
line for each stage to the X axis (frequency = 0).

The valves are given to the nearest minute.
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TABLE I1I-2 The interval between successive nuclear divisions in
e
Eudcrina calculated f}qg the frequency distribution

curves in Figs, II-5 and 1I-7,

Interval ' Relative Time

(Nuclear Numbers) Area (Min)
v =7

2 - LL 1.0 13

4 - 8 1,198 15

8 - 16 1.223 16

16 ~ 32 1,381 18

Total 62

Tne values were obtained by welghing the frequency
curves for each class and dividing the total interval
(62 min) required for the disappearance of 50% of

the mononucleate cells and the appearance of 50%

of the 32 nucleate daughter coenobia,
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system., In order to keep a given cell and its derivatives under
 observation the parent coenobium had to be compressed between a cover

glass and the slide, Division did.continue under theséiconditions, but
‘was slowed down and required about twice as long to complete the
processes aé the time obtained by the previous methods (Table II-3).

Assuming a uniform interval separating divisions, an average interval
was obtained by dividing the observed interval of 62 min by the number
of divisions, ife. L, occurring in the interval, An average4time of
i5.5 min'separated divisions,

Light microscopic examination of Feulgen stained cells suggested
trat cytokinesis does follow almost immediately after each nuclear
division, The information concerning the number pf cells per developing
coenobium, derived from the same population used to examine nuclear
nurbers, 1s presented in Figures II-7 ;nd 11-8., As expected these curves
depicting cell numbers were very similar to those for nuclear number
ver devéloping coenovium, The time between cytokinetic events was
asually 3 to 5 ain longer than tne interval for cofresponding nuclear
events, Tne discrepancy of times at the 8 to 16-celled stage may be due
10 a reduction iﬁ 16~celled organisms caused by their release as mature
coenobia,

vitotic Index

w_—-— Tne number of nuclel engaged in division at each stage in the deve-
ioping coenodvia was quite uniform and averaged 12.4% (Table II-4).
Althougn tne niuclear divisions within each developing embryo were

synchronous tne developing embryos within a single coenobium were not

synenronous due to a staggering of the entry of the cells into division,

7
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TABLE II-3 The time required for successive cell divisions

obtained from direct observation of gonidial cleavage.

Stage No. 5§2embryos, Time(Min)+ S.E.
observed
22— 17 . 22,9 +2.2
o8 wmoc 28+ 1.8
8 - 16 9 | 26,7 & 1.7
16 - 32 ' 2 32+ 1.6
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Figure II-7. Frequency distribution of cell number in developing
daughter colonies of a synchronous population of
E. elegans 1193, Symbols are the same as in

Figure 5
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Figure 1I-8.

-27a-

Progression of cell division events replotted from:

Figure 7 as described in the text. Symbols are

the same as in Figure 6.
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TABLE II-4 The_percehtagé of cells engaged in mitotia of the

2, 4, 8 and 16 celled stages of development.,

Cell Stage - % Mitotic Figures
2 13.6
N 11.9
8 -‘ o 13.4
16 11,7
Average 12.%

An aliquot of a synchronous culture was fixed,
nydrolysed and stained by the Feulgen procedure.
About 100 develaping daughter coenobia. at each

stage were scored,
. . et P
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Release of the daughter coenobia from the parental envelope usually

did not occur until development of all the coenobia within the

envelope was complete,
vj‘

 DISCUSSION

Populations of Eudorina elegans 1193. grown at 32 C can be

synchronized by light-dark cycles (16:8) provided an enriched medium
supports growth and Ehe pre-division population densi}y is main-
tained below about 103 organisms per ml., Under these conditions céll
division usually oceurs - during the 1light phase,

-The establishment of procedures to synchronize Eudorina is
viewed as a technique permitting studin of the relationship between
DNA synthesis and cell division. Therefore, a system&k%i study into

*the enviromental factors which may regulate the induction of cell
division was not undertaken, However, several observations, both
‘casual and systematic, give some insight into factors which influsnsé
the degree of synchrony as well as the time during the light;dark
cycle where divisions occur., These will be discussed briefly
because of their potential usefulness in any subsequeht studies on
synchrony and development in Eudorina,

Synchronization of many photoautrotrophic organisms is believed
to occur by limiping the growth in the light to a degree compatible
with maintenance of growth and predivision development only (Bernstein,
1960;Schrmidt,1961). The organisms that reach this level of develop-
nent then divide during the ensuing dark period. Growth during the
dark period is discouraged by culturing the organisms on a minimal

medium, Repetition of the photoautotrophic growth periods and the
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dark, hongrowth (but dividing) periods evéntually entrains the
population to a relatively high degree of synchrony.

However, Budorina must be grown mixotrophically in order to
obtain a significant proportion qf the population capable of under-
going division during a single 24 h growth cycle., In addition, cell
division uSually occurs during the light period. Synchronization of
Chlé}ella'usihg>mixotr0phic conditions has been reported (Senger and
Bishop,1969), Although the addition of 0,5% glucose allowed cell
material production fo continue during the dark period, cell
division still occurred in the dark. Thié suggested that Chlorella
is dependent on light for sufficient g;owth to support cell diwision.

The necessity of a feguiar photoperiod for the maintenance of
syncnrony in Eudorina is evident, but the ex§¢t rbie”éf,the 1ight:
dark cycle in synchrony induction is unclear.v Perhaps the lighf period
is required to supplement the energy requirements of the cells and
_fo reduce the organism's ge;eration timebto within a circadian
period. fhe fact that éynchronized cell divisions can be initiated
using either continuous light or lighizdarkvregimes suggests that
timing of events in Eudorina may not be triggered by the 11ght dark
shifts. A constant time period between cell divisions and the onset
of the light period was reported for Chlorella (Tamiya et al.,1961).
Its absence in Eudorina suggests that BEudorina lacks a specific pace-
maker (Zeitgeber). Consequently, Eudorina may respond more readlily
to relatively minor changes in the culture enviroment, The ability
of an organism not to divide or of an individual cell within a

coenobium to adjust the number of nuclear divisions to 4 under

[53
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conditions of slight crowding or to 5 when population densities are
low 1s perhaps one such response. These ad justments may enhance
synchrony since the mitotic gradients which exist ;ithinreach coenobiuﬁ
may be dagpened by this capacify of each cell to independently comélete
either 4 or 5 mitotic divisions, It is aiso possible that all the
cells of organisms starting division later than the majority of the
population may'be stimulated to complete -only &4 divisions. For these
organisms, daughter coenobial- release would coincide more closely
" with the bulk of the population, Specific 1nformation regarding tﬂis*
laiter possibility i;s not sought and it remains speculation, |
~ EVALUATION OF SYNCHRONY

Since this work reports the first systematid attempt to synéhronize
Euéo:ina, an evaluation of the success will be compared to an
"ideally" synchronized culture. The criteria used are those of (Senger
and Bishop,1:9,69).’ (1) ALL cells in the population should divide withir
one generation time, (2) tne number of mitotic products should be
constant for each cell in ihe'populatiOA,'(B)Yp?timal growth conditions
resulting in tne shortest genefatiOn tiie shodid Ee achieved and main-
tained, (&) the synchronizing procedure shouid caﬁse a ﬁinimum amount
of change in the physiological state of the cells, and (5) the duration
of the. burst of cell divisién should be as short as possible, 7

In Eudorina usually less tnan 3% of the cells do not divide'within
one grdwth cycle, However, the number of mitotic products varies,
being either 16 or 32, The growth conditions appear to be near optimal
since attempts to fur{her ennance the growth rate were unsuccessful,

In addition, a comparison of the growth rate of E. elegans 1193 with
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those tabulated for other green algae (Hoogenhaut and Amesz,1965)
reveals thaﬁ very few algae achieve'thé growth rate found in the
present study. The major aligning forc§ for synchrony in Eudorina
appears to be alternating light:dark cycles, The physiological changes were
considered to be minimal because the growth medium is enriched,
and therefore the metabolic deprivation encountered upon shift to the
dark is reduced. The synchronized population requires about 2.5 h
to complete cell division, Therefore it is considered that Eudorina
elegans 1193 approaches the ideal for a synchronized'systeﬁ.
The synchronization index (SI) formulated by Scherbaumm(1962;1964)

is a means of compariné the degree of synchrony achieved in differgnt

sx=1-t+? 2-n)
1.12 :

where: n = fraction of cells dividing synchronously
N
+ 1, t = duration of the spread of division events, and € = gt =

systems.,

generation time during nofﬁal logarithmic growth.

In Eudorina the period over which nuclear division occurred for
about 97% of the population is 2.5 hours. A value for n = 1,97
(0,97 + 1) is.typiqe}/and.i?;:24h is regularly achieved. Thé cal-
culation SI value = 0,88, The miioticrgradients found in EBudorina
can contribute as much as 0.75 h to the spread of division events, a
feature which reduces the 3I values from 0,91 to 0.88. However, ihe
51 valuerof 0,88 compares favourably with tabulated values rang'ing from
0,20 to 0.80 (Scherbaum,1962), while a SI value of 0,83 reported for |
Cnolamydomonas ROQEMSIL Was conside;ed "perhaps the highest of any

species to date" (Bernstein,1960). A SI value of 0,63 has been obtained

{

)
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for E. elegans (Rayns and Godward,1965), but the credib%lity of the
value may be questionéd since they report a generation f&me of 5 -days
and maximum values for cell d{vision of 10% per day.

On the bésis of the reéults reported and discussed here the present
system probably represents one of the best exampies of induced synchrony
exhibited by any organism,

Mitotic Time

The mitotic time is the time requir;a by one nucleus to complete
the kinetic processes of division (prophase to telophase). Since E.
elegans undergoes a typical mitosis (Cave and Pocock; Goldstein,1964),.
a mitotic time can be calculated from the proportion of nuclei in
division compared to theJ}foportion in interphase, given that the time
interval between divisions iélknown. The proportion of nuclei in
division in a synchronous population of Budorina is 12.4%, an’an average
time interval between divisions is 15.5 min., The calculated time for
mitosis isarapid 2 min with an interphase period of about 13 min. This
value differs appreciably from the mitotic time of 10 min obtained
by Rayns and Godward (1965). They made the assumption that "the series
of mitoses follow in rapid succession, any timé spent in interphase
being insignificant compared with the mitotic time”. The studies ,
reported here show that about 20% of the time utilized by Eudorina for
the division sequence involves tne kinetic aspects of the cell cycle,
the remainder is the interpnase period. These data do not provide
evidence on tne temporal relationship of DNA replication and the growth
cycle, Howevef,isuffiéient time appears to exist for replication of DNA

to immediately precede each nuclear division,

‘\ N



CHAPTER III

INTRODUCTION - ISOTOPIC LABELLING OF NUCLEIC ACIDS IN E. ELEGANS

The problems involved in specifically labelling the DNA of the
algae are well known (Wanka et al.,1964; Sheridan and Steffensen,1965).
The DNA precursors thymine or thymi%igp are incorporated into nuclear
"DNA at very low efficiencies, This 1ow 1e§el incorpor&tion into nuclear
DNA appears to result from the failure of the eikenously supplied
compounds to be phosphorylated in vivo. The sal?age phosphorylating
enzyme, thymidine kinase, was not detected when it was specifically
looked for in Chlorella (Wanka et al.,1964). However, thymidine
labelling of chloroplast DNA has been demonstrated in some marine algae

(Sheridan and Steffensen,1965) and in Chlamydomonas (Swinton and

Hanawalt,1972)., In Eudorina an uncharacterized minor fraction was
labelled with thymidine which yielded thymine dimers upon ultraviolet
jrradiation (Kemp et al.,1972). They suggested the fraction might be
chloroplast DNA, although no evidence is given, Labelling of the nucleilc
acids of Chlorella by exogenocusly supplied uracil or uri&ine has been
achieved (Wanka et al.,1570). Adenine was effective in labelling the

nucleic acids of Chlamydomonas (Chiang,1968),

Tne present study examined the ability of Eudorina to incorporate
exogenous nucleic acid precursors into DNA and RNA., Although low levels
of incorporation were detected, no correlation existed between ther

period of nuclear DNA and the uptake of radicactivity.

MATERIALS AND METHODS

Eudorina elesars 1193 (Indiana University Culture Collection of Algae)

=)



.

was used for these studies ;nd was usually grown as ligquid suspension
cultures in either enriched (BC) medium or miﬁimal (BM) medium (Kemp and
wentworth,mﬁ) at 32 Cr The standard 1light intensity of 100 ergs
mr,u.?'s-1 was used during the 16 h liég:h;kﬁée which alternated with an
8 h dark phase. Synchronous cultures could be obtained under these
conditions (Chapter II),
- “Radioisotopes: Tritium labelled compounds were obtained from
Amersham-Searle and the manufaciurers specifica£ions of specific
activity and purity were use@.. The.compounds Qerex thymine (BH-T).
23.6 Ci/mM; thymidine (SH-TdR), 27.8 Ci/m@nine (PH-A), 15 Ci/mM;
uracil (SH-U), 25.8 Ci/mM, “ )
Incorporation studies: Cultures of E. elegans were usually grown
for 2 days in 0.1 to 2,0 u€i/ml added to the BC or BM media: Uptake
of the isotopicaily labelleq compounds was.examined by removing aliquots
of the culture at intervals followinglthe addi£1on of ihe comppund.

\ Extraction of labelled material from Eudorina. Iabelled cultures
were harvested by centrifugation, washed 3 times with Na—phosphate’
buffer (1,7 X 10-3M, pH7) before extracting the cells by a modified
Smillie and Krotiéfl(1960) procedure, The following steps were carried
out at 4 C, The cuiture was washed 2 times wifh absolute methanol,
once with 5% TCA,_agd once with 95% ethanol, The residue wég/;;iiacted
for 2-3 min with boiling ethanol:ether (2:1), Radiocactivity detected
in a second etnanoliether extraction was usually at a/g;;;;;ound level,
RNA was removed by 4 hydrolyses in 0.2 N KOH Qt 70 C for 20 min. The
naterial was cooled, acicdified, gqaawashgd ?ith cold 95% ethanol after

-

eacn KOHE extraction. Tne radiocactivity was at background levels in

-

A
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ine frourth extract, P *
D¥A wWas extracted from the pellet by hydrolysis with 5 or 10%Z TCA
or 5% PCA for 15 min at 90 C. Tﬁis extraction was repeated 3 times re-
ducirg the raciopetivity in the final extract to background levels. The
residue remaining was considered to be the protein fraction, |
Chromatograpnic procedures, Paper chromatograpny was used,to
examine the fidelity of the isotopic incorporation. The RNA and DNA
samples were first lyophilized tren redissolved in 80% formic acid and
é}ﬁrolyzed at 175 £ for 30 mir in sealed glass tubes. The protein fraction
~ was dissolved directly ir the formic acid and hydrolyzed. The hydfolyzed
material was taXen to dryness under a étream of nitiogen, resuspended in
a minimal volume of 0,1 =Cl and spotted on Whatman 3MM chromatography
naper. Descending chromatograms were developed in butanol:acetic acid:
water (80:12:20v/v) (3mith,1663) for 18-22 h at room temperature.
HadioaCti;i:y determ;nations. The dried chromatograms were cuf
into O.SIZm segments and eluted in 0.5 ml of 0.1N HC1 before adding 10 ml
of Dioxane bpased scintillation fluid. The samples were counted using »
a Packard TriCart 1liguid scintillaticn counter,
Radiocactivity measurenenté of liquid extracts of labelled material
were performed ty adding aliquois directly teo the scintillation fluid.
Tre proteir residue was first solubilized with Soluene 100.
Tnexical estimation of nucleic acids and protein. DNA was estimated
Ty *ne diprenvlamine procedure (3urton,1956), RNA by thg orcinol reaction
Marknarn,1955 , 2ni protein by tne metnod of Lowry et al., (1951).
. ,/'
7/
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RESULTS

Isotopically labelled adenine, thymine,thyﬁ?%éne, and uracil were
incorporatid toa limited extent into the nucleic acids of Eudorina (Table
iII-l). Aitempts were made to increase the efficiency of incorporation,
These included nutrient feduction or gtarvation prior to addition of the
labelled precursor, increasing the concentration»of theviabelled material,
, inclusién of adenosine in the incubation medium (Lark,1960;;klenow,1962).
and attempted isolation of a thymine-requiring mutant using the folic
acid antagonist, amethopterin, as the selecting agent (Hachman et gl.,1962).
None of these procedures were successful,

Despite the low levels of labelling found in BEudorina (i.e. less
than 1% of the améunt expected if incorporation proceeded to equilibrium)
the measurement.- of the uptake of adenine and thymldine during synchronous
growth was attempted (Fig. iII-l). The isotope was present throughout
tnhe synchronous cycle and samples were removed at intervals foryanalysis
of the radiocactivity incorporated’iQYG the DNA and RNA fractlons. Adenine
incorporation was maximal in both RRA and DNA within 8 h or less from
the time of isotope addition.r The low level of thymidine uptake occurred
mainly during 2-5 h period immediately following the addition of the
isotope (Fige. III-2). The addition of the isotope during either the
light or dark periods of the daily cycle did not influence the patterd’i
of uptake (Fig, III-2)., Therefore, the period of precursor uptake did
not correspond with the period of synchronous synthesis of DNA,

From these results the question of incorporation vs non-specific
bpinding became important. Previous studies had shown that thymine was

extensively metabolized in Eudorina wnile thymidine could be recovered

o



-38-

TABLE III-1 The extent of incorporation of labelled nucleic acid

precursors into acid precipitable matefial,

»

PRECURSOR pPM/CFU

' RNA . DNA
THYMINE - : 0.05-0.22
THYMIDINE - 0.,008~0.12
ADENINE 11.3 0,45
URACIL 0.06 , 0.012



Filgure III-1.

~303 -

The uptake of labelled adenine intq RNA (v) and
into DNA (¥) and of labelled thymidirie into DNA
(¢ ) during synchronous growth. The increase in
CFU (o) and relative increase of DNA (X) are also
snown, The shaded bar indicates the dark period

of tne 16:8 light:dark cycle, g
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Figure I11-2,

“40a-

The uptake of labelled thymidine into DNA following
ige addition of the precursor during the light period
(¢) and during the dark period (®). The corresponding
increase‘;h CFJ (o) of the synchronized culture is

shown.
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(as thymine) in formic acid digests of the KOH insoluble material (Kemp
et gl.,1972). Uracil and adenine were shown to be useful for nucleic

acid labelling in Chlorella (Wank et al.,1970) and Chlamydomonas

(Chiang,1968) respeciively. Therefore it was decided to examine the
fidelity of the labelling obtained using uracil and adenine in Eudorina.
Eudorina was grown for several days in the preéence of 3H-ura.cii
or 3H-—adeniné before being collected, waéhed. and extracted as described
in Materials and Methods. Chromatography of fofmic acid hydrolysates
of the RNA,VDNA, and proféin fractions gave the radioactiQe profiles
presented in Figs, iII-B and III-4, For both compounds the principal
peak of radiocactivity in the RNA sample corresponded to the relative
mobility of the compound used to label the algae,
In the uracil labelled material the RNA sample (Fig. 111-3) also
had significant activity associated with Rf values higher than uracil,
Tne DNA sample not only had activity in the regionrcorrespondiné to
uraéil, but also had peaks with lower (0.17) and higher (0.4) Rf values,
The protein fraction was contaminated by uracil and had additional
activity running as a broad smear ahead of the uracil peak. \
A major peak corresponding to ademine was removed An ghromatograms
of hydrolysates of tnhe RNA and DNA fractions from 3H—adenine labelled .
Eudorina (Fig., III-4), A second peak'(Rf 0.14) was also present in
these chromatograms., Chromatogréms of the protein_fraction Wwere charactgris-
tically a smear of radioactivity extending from Rf 0.1 to 0.9.
A series of experiments involving examination of thymidine uptake

into DNA fractions by neat killed, acid killed, and hydroxyurea inhibited

organisms was carried out, The results were inconclusive but the recovery
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Figure II1I-3. Chromatographic analysis of formic acid hydrolysates
of RNA (o), DNA (e), and protein (&) fractions from

a cuiture grown in the presence of labelled uracil.
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Figure III-4,

433~

Chromatographic analysis of fdfmic acid hydrolysates
i {
of RNA (o), DNA (®), and protein (&) fractions from ‘.~

a culture grown in the presence of labelled adenine,
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of label (BH-TdR) suggested that non;specific trapping could océu:.

Radiocautographic examination of sections of Eudorina following
labelliing with either 3H-TdR, 3H-T, dr H-a showed a rarndan, low distri-
bution of exposed silver grains over the cells, If non-specific trapping
of the label could account for some of the uptake observed, the radicauto-
graphs reveaiedAthat the gelatinous sheath gurrouhding thé cells and the -
colony was not involved.

DISCUSSION

Various attempts to increase the amountidf incorporaiion‘éf nucleic
acid ba;es and nucleosides info macromolecular compongnts 6f Eudorina
were unsuccessful. PFerhaps the simplest explanationgis that general,
efficient salvage pathways may nd exist in Eudorina.v %his was previously
suggested to be the case in some marine algal nuclear systems (Steffensen
and Sheridan,1965). ‘The failure to detect the salvage enzymé'thymidine
kinase in Chlorella (Wanka et al.,1964) supports this suggestion.

Many of the expériments reported in this chapter are incomplete,
Howéver, the low level of uptake into the macromblecular fraction and
the uncertainty regarding the éurity of the frgqtions shows this approach
to be impractical, Speculation regarding metabolic DNA in algae

(Iwamura,1965), or non-specific binding of the labelled compounds to

carbonydrates (Counts and Flamm,1966) or protein (Morley and Kingdom,

1972), are also unwarranted in the present case, Instead, in subSequent
- - - ‘i

chapters, colourimetric and microspectrophotometric estimations of DNA

replication will be presented,




CHAPTER IV -

INTRODUCTION - CHEMICAL ESTIMATIONS OF DNA CHANGES DURING SYNCHRONOUS

GROWTH OF HUDORINA ELEGANS

Tne deve lonment of methods to obtain synchronous growth of Eudorina

. elegans (Chgpter II) affords the opportunity to examine the time V
course of DNA synthesis aceﬁmpanyingwihe rap é sequence of cell divisions
in this organism. 'Each cell of 'a 16~ or 32§§§i?ed coen&bium divides

4 or 5 times within a total time of 1 h, The plakeal (flat-plafe) stages

formed invert; and are released as daughter (16- or 32-celled) coenobia.

This process requires 2 to 4 hours in a synchronous population and

is followed by an Qinterphase" of about 20-22 h. The timing of eventé
suggests the possibility that }otal DNA féplicatioh could occur during

the “interpbase" toﬂbe’foll;?E% by the divisio processes, reducing

the DNA levels. . The lack of precise, temporal alteration of DNA

replication and cell division has been notéd'for Tetrahymena, after heat
shock induced syncnrony (Jeffery et al,1G70). Polyploid ¢ells have been

reported in severallspecies of Chlamydomonas and the production of

daugnhter cells was accompanied by a reduction in chromosome number
(Buffaloe,1958), - However, sequential alternations @RJDNA synthesis
and nuclear divisions were found in Chlorella (John éi El"1972) and

have been suggested to occur in Chlamydomonas reinhardii (Kates et al.,

1662, That tne interdivisional interphase is not the period of DNA

replication nas beer found for Volvox carteri.(Yates and Kochert,1972)

and V, aureus (Tucker and Darden,1972), DNA>replication is restricted

to the period ¢f goridial cleavage in these colonial organisms,

~

‘

|
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Trne present s%udy reveals trnat DNA replication is concomitant
witn the mitotic sequences, In addition, standard nucleic acid
extraction procedures (3millie and Xrotkov,1960) followed by the Diia

estimation by diprnenylamine are not syitable for studies with Fudorina.

bt

nstead, the indole procedure (Hubbard et al.,1672) for DNA estimation
as we%} as milder extraction procedures are necessary.
YATERIALS ard METHODZ

Cultures of Zudorinz elegans 1193 (Culture Collections of Algae,

In@iana Universi+ty, were grown in an enriched medium consisting of a
aixture of Fris+ol's sal: solutionr(Cain,1965) and a modified Euglena
mediur (8:2 v/v. Xerp ard Wentwortn,1971)., 3Samples of tne algaer
were narvested a- irtervals from 4 litre éultures growirg syncnronously
or. a 1%ni3n lign+idark regime at 32 2 and concentrated by centrifugation
vuclieic acids were eytracted from ine material using a modification
of the procedure of Zzillie and ¥rotkov (1960). Tre céld (4 C) methanol
exwracticn was reveated X, ‘ollowed by a cold 5% percnloric acid (PCA)
extraction, Trne residue was wasrned with cold 95% etnanol and extracted

“i in boiling etnanolether [2:1), After washing tre residue in cold 5%

PCA, nucleic acids were usually extracted with 5% PCA at either GC C

[

s extraction step was repeated and the

or 70 0 for wvarwing <imes, Tn
supernatanis Ware coxdired and analysed for R¥A and DNA. TIne final

- i

residue was dissolvei Ty reaiting in 2 N NaOH, neutralized with HC1 and

Proveir was estima-ed oty the Lowry metnod (Lowry et al., 1651,
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reaction (Markham,1955) using adenosine at the standard. DNA was
determined by eitrer the diphenylamine reaction (Burton,1956) or the
indole test (Hubbard et al.,1972). Polymerizeé calf thymus DNA was

tne standard for the DNA determinations, Standaré erfors calculated for
replicate samples of thé chemical tests wwere less than 5%,

Nuéléi were opserved in samples fixed in 3:1 (alcohol:acetic acid),
squasned, hydrolyzed in 3,5 N ACl at 37 C (Fand,i970), and stained in
Scniff's reagent (Deitc§15966). The nuclei in about 1,000 orgaﬁisms
were counted for each sample time,

RESULTS'

Synchronously growing cultures of E. elégans were examined for
cnanges in DNA content using the standard metho& of Smillie and Krotkov
{1960} where tne mucleic acid extraction step used 5% PCA at 90 C for
15 rin (Fig.IV-1) and DNA estimation was by the diphenylamine reaétion.
During the first syncnrorous period of division DHA replication
followed tne cell divisioﬁs. In addition{DNA replication as determined
by tnis procedure was biphasic. Tbe second period of replication
care after tne release of the daugnter organisms. A 36 fold increase
in the content of both RYA ard protein élso occured at this time (see

—Fig,IV4).- During tre éecond syncnronous cycle of cell divisions the
degree of synchrgpy was not as good as in the first éycle, due to
tnsufficient diiutibn of the culture (Kemp and iee,1975). dowever, DNA -

replication lagged benind cell divisions ir this case as well.

In order to determine tne reason for this blologically peculiar

-

situation, thé\felease of tne chromagenic substances during distinct

tnases of tne cycle was examined, Extraction of nucleic acids from a
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non-dividing population was carried out af ‘either 70 C or 90 C for

different times and the chromogens released analysed by both the
diphenylamine and indole tests (Fig. IV-2)., In the two populatiohs
represented in Fig, IV-2, maximum release of the chromogenic substanc;s
at 70 C was reached after a 10 min hydrolysis period. The DNA values
estimated by the indole précedure were consistantly nigher than the
estimates found using the diphenylamine test. Also, the chromogen
reacting in the indole test was unchanged at 70 C for at least 150 min,
whereas the material reacting in the diphenylamine test was progressively
nasked or destroyed after 20 min at 70 C in 5% PCA, Hydrolysis at 90 C
gave maximal va&ues at 5 min followed by an immediate decline of the
diphenylamine réactive material, Tne destruction of the indole
chromqgenic substances at nydrolysis temperatures above E0 C as
reported for model systems (Hubbard,1972) also occured in cell
hydrolysates of Eudorina, This was seen as a reduction in the maximum
DNA values oﬁtained and the progressive loss of material detected by the
indole test when nydrolysis was at $0 C (Fig, IV-2),

’

Tne same pattern was found when dividing populations were examined
(Fig.‘IV-f), except that hydrolysis times to obtain maximal extraction
were generally longer. Tne miniigm timg for maximal extraction of
chromogenic material was also variable’when different populations of
organisms in-division were nydrolyzed at 767C. Continued hydrolysis
peyond this minimun causéd a gradual reduction in the diphenylam%ne-
reactioﬂ, tut the indolé response reached a maximum and-remgined constant
for at least 150 min.

These data indicated tnat £he cnhromogens reactive in the dipnenylamine

%

<



Figure IV-1,

Felative increase in nuclear number (o), colony forming

units (viable daughter coenobia) (4), and DNA (e) in

synchronous p0pu1§%ions of Eudorina elegans, DNA was
estimated by the:diphenylamine reaction following

nydrolysis of sample in 5% PCA at 90 C for 15 min.
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Figure IV-2,

-‘508.-

VAN

Diphenylamine (o) and indole (®) estimates of DNA
content in a nondividing population of Eudorina
following different hydrolysis times in 5% PCA, The'
main figure shows extended hydrolysis times at 70 C,
Short hydrolysis times are.shown in inserts a (70 C)

and b (90 C) for a different population,



pg DNA/CFU

-50b-

IS5k o—eo—o—0 15t
o o—o
° : ~
10 00—o— o} 2 N
o 0 \\0 °
o
— 0
5+ 5}
, . )
T | F' ] A SN B SR
5 10 {5 20 25 5 10 15 20 25
1 A J L 1 1 1 1
20 40 - 60 80 100 120 140 160

HYDROLYSIS TIME (MIN)




N D

and indble reactions were too unstabie, or were interfered wiih. when
hydrolysis in 5% PCA was carried out at 90 C, Although more stable at
70 C the diphenylamine reactlion still indicated losses and subsequent
reductions in the specific chromogens. On the other hand, as in the
non-dividing populations, the chromogens involved in the indole reaction
from dividing organisms were stable at 70 C for extended periods.

Synchronous populations of Eudorina were re-examined utilizing the
indole procedure to anaylze the DNA chromogens extracted at 70 C for
60 min (Fig. IV-4), Changes in RNA, protein, and nuclear number were
also determined at intervals during synchronous growth.,

The major increase in DNA and the increase in daughter cells occurred
almost coincidentally over a 3 h period., These increases started at the
beginning of tne lignt period and both had total increments of’abégt
29 times, The & fold increase which occurred in the interval between
zero time and tne beginning of the next light phase may reflect
smynchrony in the system, or may correspond to organellar DNA synthesis.

Proteins and RNA showed a gradual increase in amounts per cell from
the time of inoculation until the release of the aaughter coenobia, A
more rapid rate of synthesis then occurred during the next four hours
resulting in a doubling of the amounts of RNA and protein present at

tne time of daughter coenobial release, The totalfincrement of RNA was .
; >
25 times and of proteins, 27 times, This is reasonable agreement with

the increase in ceil number, The increase in the number of viable

organisms in this culture was 14X,



Figure IV-3,

_52a._

Diphenyfamine (o) and indole (¢) estimates of DNA
content in dividing population of Eudoriha followigg \
differené hydrolysis times in 5% PCA. Main figufte A
shoWws estended hydrolysis times at 70 C., Short
nydrolysis times, carried out using a different
vopulation, are shown in the insert. ‘Bthenylamine

estimates following 90 C hydrolysis are represented

by the dotted line,




pg DNA/CFU

90

HYDROLYSIS TIME (MIN)

-52b-
‘ 7
I
] T A“‘T 1] ] i ',
[
e
[
/
100} ¢ - 4
60 ¢« —
e '
_ 8 o
,87/0)”8“~o
20—/0/ -
1 1 i 1 i
/ 5 10 15%20 25
o\\\\\
e ) o\\\\\
o\\\\\\\\\\\ -
(o)
1 i ! i 1 1 .
40 60 80 100 120 140 160

5



Figure IV-4,
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P
)

<

' Relative increase in DNA (e) and nuclear numbers (o)

in a synchronous population of Eudorina. Hydrolysis
was in 5% PCA at 70 C for 60 min and DNA estimates by
the indole procedure, Relative RNA (V) and protein

(f) increase are also shown for a synchronous Eudorina

population,



. , (SHNOH) _ws_;ﬁ
mmvmmmmm,_momm_m_tm_m_v_,m_;m___o_m

=53

1 ) I I ! ! | -FN_\‘\_\\_\\ﬂ\\_\\\_\\_\_.

o

.-

JAILV3Y

3SV3EONI




DISCUSSION ‘ : a
The increment observed in viable organisms during a synchronous .

cycle of Eudorina elegans is dependent upon the average number of ceils

per organism produced in the previous cycle. A synchronous poulation J”\J/
is usually obtained by dilutions of a stationary culture in whi»ch‘ most °
organisms are 16 celled. éince each pell gives rise by division to a‘
daughter organism, the increase in viable org?nisms is about_ié.r However,
the fresh medium and thé dildted coﬁdition inducing synthoh;ug growth
allows a significant proportion of the déﬁghter,orgadiéﬁsiéo have 32 cells,

i.,es to have undergone 5 divisions. The amo@nf of DNA increase. expected

in these cases will aﬁproach 32 times, 1In practice; the increase is
about 25 to 30 times since nctall cells divide:5ntimes, but stop after
4 divisions ( Chapter 2).

The problem in tbe present study‘has'been to obtain estimatés 9f
the amount and timing of the DNA increases., It is clear that the
substrates reacting with diphenylamine7(purine.deox§ribose) and inddle ‘
' (5' deoxyribose monophosphate) are destroyed by a not (90 C) acid
extraction (see Webb anerundstrom,i965; Hubbard et al.,1972).

Altnougn hydrolsis in 5% PCA at 70 C appears to liberate an apporiate
amount of indole régctive material, the measurable diphénylamine
reactive material is low. The reason for this is unclear, but the
discreéancy aﬁpears to be stage dependent, In norn-dividing populations
tne maximal céntent measured by the diphenylamiﬁe reaction is about 83%
of that'measured by the indole reactioh. When dividihg pbpulﬁii are’
examined, tre dipnenylamine reaction gives a maximal DHZ;estimate which

" is only about one-nalf of the value obtained by the indole procedure.
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Tnerefore, any DNA increment in Eudorina associated with, and measured
during, cell divisions will be underestimated by the diphenylamiﬁz
-~

reaction. Tris reduction in DNA estimates during the growth cycle resulis 2

ir the heasured‘increment lagging behind the real increment in DNA

amounts., Hige .d'presumably more agcurate estimates of DNA values

are again obfaired with diphenylamine after completion of éhe division
sequénces/and release of the daughter organisms.(Fig. V=17,
Another probliem is that the optimal extraction conditions obtained ‘
non-dividing populatioh are not optimal for dividing popula@ions.
Circadian fluctuations in the diphenylamine-~ aqd ?euigen- DNA values
found for peripheral leukecyteé (Fentaine and Swartz,1972) were
considered to be due to conformat;onal changes in the leukocyte
caromatin, Growth?cycle dependent changes in chromatin structure
may also account for tre changes in DNA extractability in Eudorina. ip
any case, the stability ef tne material ;eacting witn the indole test
wien nydrolysis is carried out at 70 C seems te.allow maximal extraction
at all.stages. Tne minor fluctuations in extractapility during the
progress of a population through division>are also eliminated by using
the lenger nydrolysis time at 70 C,.

Ctilizing trne indole reaction to estimate material extracted from

samples takern from synchronous population of E. elegans 1193 tne

amount of DNA prior to rerlication is about 0.5 x 10-12g per nucleus.

n additior, ine replication period is coincident with the interval of
nuclear and c¢ell division, The interved separating tne increase in DNA
~

and the increase ¥ nuclear numoer is in the order of 2-3 min., These

data are all consistent Witn tne interpretation that eacn nuclear division .
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is preceded oy a rourda ZNA replication., However, due to the overlapping

o7 *re Zivision proceszes witnin *re population, cycles of DNA replication

]

]

necn geparated by cell divisions cannot be ruled out entirely by~this

Tre data from tre present study not only illustra*e inat DNA
syntresis is confired 1o tne period wnen active nuclear division occurs,
ot oalsc tnat 4. S INA doutlirgioccur witnin 3 h., The average time per

INA dounling of 40 min is snorter than durations reported for othrer

syncnronized algal systezs, for example, the four successive doubling:

of DNA ir Chlorellz owvrencidsa, strain 211-2b each required 11C min

‘Wanzz and ¥ulders,1%77 , wnile s+irain 211-Bp recuired 130 mir

~ -

¥olullougn and Jorn,1G72 ., Crlamydomonas reinnardt! cultured on a light:

S

o]
dzrr (1412, cycle doubled its DNA content in an average time of 77 min
S vztecs et al.,l?é?f. Wrer. growrn under <ne more rigorcus conditions

ol a 12 e . lizrc:idark cycle, z2rn average DNA doublirg time of A0 min .
w2z acrieved {(lier and ¥nuwsen,1C77 , Irnformation ‘romr otner studies

Wit Eudsorina suggesTts +nat a round of DNA replicaticr ir ar individual



AN

O,

57
CHAFIER V¥
IUTRCDUCTION - MICROSFICTROPHOTOMETRIC ANAYLSIS OF D REPLICATION

IN ZUDORINA ELEGANS

it =%

In‘Euqorina elezans the vegetative cycle involves a rapid
sequence of 4 or 5 mitotic divisions i;’each cell of the parent coenobium,
This seouence, which occurs every 24 h, requires about 1 n (Rayns and
C—odwa;d,lc)éS), with each 2 or 2 min division sepaiated by an’interphase
of about 10 min (Chapter II)., We have recently established that DHNA

reslication occurs coincicentally writh the cleavage processes (Chapter IV),

2 situation analoszous to that reported for Volvox carteri (Yates and

=

“ochert,1972) and V. aureus (Tucker and Darden,1972).
However, a mit~zic gradient within each organism, coupled with

N

the Tmultiple, ranpic seguence of divisions did not allow a precise

4
relztionship between DIt renlication and cell division to be determined
= chemical analysis of swnchronous -opulations {(Chanter IV). Also,
since :%f;uptake of racioasctive precursors, i.e. thvmidine, into DA
ir. Zudorina is verv 1suw (Temp et al.,1972), and perhans not localized
i~ the nucleus (Swinton 2rnd llanawalt,1973), different approaches are

e a

3 of DI% replication in colonial swystems.

recuired to examine the timin
tantitative cvischemistry was chosen, although the small riuclear size

Fr —

and low ZIUL content cer nucleus sresented difficulties, Recent improve-
o

ulzen procedure (Fand,197Q) and the
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valuation of the stained material
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e us 7 Zeter—irte tne DI renlication precedes each



4

-58-

nuclear division. The entire 10 min interphase appears to be devoted
to tnis replicétion process,
MATERIALS and METHODS

Squash preparations of ldive cells-from synchronous cultures df
Z. elegans were fixed in 3:1 (alcohol: acetic acid) for 30 min following
removal of the cover glass after freezing the preparation. The fixed
cells were hydrated, hnydrolysed in 3,5 N HC1 at 37 C (Fand,1970), and
stained in Schiff’'s reagent (Deitch,1966). After bleaching in sulphite
solution, they were dehydrated and mounted in glycerine (RI=1.515),

Absorption by the bound dye was‘measured at 57 nm usjing a Carl”
Zeiss‘Sc;nning Microprotometer (SMP) equipped witg;a precision scanning
stage (Zimmer,1970). The SMP had an Jltrafluor 100X oil immersion A
objective (NA=i.25), an aperture of 1y 2nd used a scanning step size o;é\QEJ
%*. Kaﬂg

Instruction to the ﬁiérophotometer and digital analysis of the
microscope image was performeq by a PDP-12A digiial compuier using a
programme d85ignated APAMOS (Automatic’phbtometric analysis ofAmicrdscopic
objects by scanning) which is similar to the original programme TICAS |
(Taxonomic intracellular analytical system) (Wied et al,,1970). Visual
cnecks and elimination of extraneous itehS'in the scanned area could
e mad; during the display of the measured po;nts on an Eccompanxdng
CRT display unit, _ 7 : .-

Interphase nuclel were scanned igom all stages of daughter
éoénobial developzentl Several groups of nuclei, eacn derived from a
single parental cell,‘vere measured to esfablish that/these nuclei were.

troceeding througrn <ne dilvision sequences in synchrony. Once tnis was



-59-

found to be the case, subsequent measurements were done on single
nuclel as representative of the stage of development of the particular
embryq. Altnougn cytokinesis follows each nuclear division (’Chap-
rer TI) the stages were called; for convenience IN(PK), 2N, 4N, &N,
32N, an %N, to designate late premitotic, the products of 1, 2, 3, &
or 5 successive nuc;ear divisiens, and the nuclei of newiy released

organi§ms, respectively. Chemical analysis had shown tnat tﬁe 32N and

IN populations snould represent tne 1C (non-replicated) class for
DNA values ( Chazter IV).
RESULTS

In order to oétimize the amount of dye bound by tnhe ndclei of
E., elegans, tne time of nydrolysis in 2.9 N HCl at 37 C agd the amount
of time the hydrolyzed materlal was incubated in thg-Schiff's reagent
was varied., The optimum time for hydrolysis w;s 20 min and for staining
a minimum of A0 min was required (Fig. v-1). . Unhydrolyzed, stained
. material as wéll as nydrolyzed, unstained’material do not have sufficien£
absorption at 57C nm to influence the detection system., Examples of
a’matrix of extinction vélues obtained as a print-out of tne CRT display
of micr;speét:opnotometric scéns of individual cells or developling embryos
are presented as figures V-2a, V-2b, V-2c, V-24, V-Ze, v-2f, V-Zg.' The
nuclear orientaticn witnin the squasned preparatiogs of developing
exbrvos as well as +ire individually measured absorption valyes (x100)
‘of tne Feulgen stained interpnase nucléﬁ are evident. Since the step
size of tne individual scap,p?ints was lﬂ' the relative nuclear sizes

(staired areas, could ve obtained directly from tne scar patterns,

Note that tne scans zre of a single cell or thHe products of a single

Q
wy

cell, developing as one of tne 1% or 32 celled daugnter organisas,
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V-1. Tne effect of nydrolysis and staining times on tne
amount of measurable dye by nuclei in non;dividing
populations of Eudorina.

.a. Staining time in Scnhiff's reagent Witn a
= nydrolysis time of 25 min, ‘
"b., Hydrolysis time in 3.5 HC1l at 37 C using a
- staining time of 2 n.
The bounh dye was measured at 570 nm and is presented

an average absorbance units (AJ) + SE per nucleus,

?é:{ﬁ“
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Filgure V-2a.,

-61a~-

A matrix of extinction values (x100) of a scan Feulgen-
stainedrpremitotic nucleus (INPM) of Eudorina. The
unstained (.i.e. undetected) area witnin the nucleus is

-

the nucleolus.
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Figure V-2b,
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e

A matrix of extenction values (x100) of a scan of a
Teulgen stained 2-nucleate (2N) developing coenobium of

rudorina,
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Figure V-2C. A matrix of extinction values (x100) of a scan of a

Feulgen stained UL-nucleate (4N) developing coenobium

of Eudorina,

&
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Figure V=-2d.

-Fha-

A matrix of extinction values (x100) of a scan of a

Feulgen stained 8-mucleate (8N) developing coenobium

of Zudorina.
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Figure V-2e. A matrix of extinction values (x100) of a scan of a
Teulgen stained 16-nucleate (16N) developing coenobium

of Fudorina,
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Figure v-2f,

~-£ba-

A matrix of extinction values (x100) of a scan of a
Feulgen stained 32-nucleate (32N) final mitotic

embryo.
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Figure V-2g. A matrix of extinction values (x100) of a scan of a

Feulgen stained postmitotic nucleus (IN) of Eudorina

\

» 7 3 h after the completion of the mitotic events.
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Internal consistency of the scans was checked by repeated scanning of

the same group of nuclei, The mean values of these repeat scans were

not sta@tistically significantly different,
As a result of the-developmental gradlent‘found in Eudorina,

s

several stages coexist for a time within the same organism. Therefore,
nuclear scans of embryos following different numbers of divisions )
were obtained fro within the same organism., Differences’ 1ntroduced
by»prepafative procedures were minimized in these circumstances., A
meximum lag time of 45 min'between the division of the penultimate
cell.and the entry of the ultimate cell of a coenobium into division
was observed, | o .

The cells of the mature-coenobium (1NPM) have large, diffuse, and
consequently faintly stained nuclei, An area within the nucleue not
stained by the Schiff's reagent, presumably the nucleolus, was often
seen~(F1g V-2a). When tneICell divided, the resulting 2-celled stage
also possessed a definite nuclear area but the nucleolar reglon was
difficult to detect.V However, thernucleolus was present at this and
at subsequent interphase etages and‘showed up clearly in material

stained with Azure blue (see also Cave and Pocock.i951). As the

number of divisfons‘increaEed the nuclear region remained distinct in

each division product but the area of each nucleus decreased (Fig V-3). -
\ : -

The sfﬁined nuclear area after the 5th nuclear division was about one-
third of the area of the premitotic nuclei. It was assumed that the
absorbing area of the cell at 570 nm was equivalent to the nuclear area

of the cell (cf Gottlieb-Roserikrantz and O'Brien, 1971), and therefore

\the total estinction values could be directly compared,
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Newly released organisms have beén shown previously ( Chapter IV)
not to entér DNA synthesis for about 20 hours. Thus,‘the extinction value
of 3.77 + 0:03 obtained from 107 individual nuclei at this stage was
-considered to be the 1C :%;Pe (Table V-1, Figs V-#)."When developing
embryos were exdmined at ;arious stages, a ranée from 1C to 20<values
was obtained. lValues approaching 3C or 4C or-beyondeere never
encountered (Table V-1, Fig V-4), The frequency distribution:
pattérns‘of the total extincfion values were reasonably symmetrical.
An exception was thé 16 N class, where a minor peak neaf the 1C value
was evident, Statistical analysis (F-test) éomparing the mean valueéj f
of the seven classes of measurements (representing immediate pre-
division, the products & 1, é. 3, 4, and S divisions, and newly released
organisms) showed significant differences, However, these data analysed
by the Student-Newman-Keul mul ange test (Sokal and Rohlf,1969),
revealed that statistically similar gro?pé were present (cf. Ffg. V-4),

The mitoses occurring within a single embryo were sjnchrdnous
(Goldstein.l?éﬂ; Lee ;hdﬁKemp, unpbl,) and followed each synchronous
sequence of DNA synthesis, as observed in 2N, 4N, 8N, and 16N nucle;.

DISCUSSION -
ﬁicroépectrOphoiometric’exaﬁination of Feulgen-DNA content at

v
" various stages during vegetative development of Eudorina elegans

established that DNA synthesis precedes each nuclear division, - iy
‘The?efore, schgmesfinvolving total DNA synthesis prior to all or some

of the divisions are éxéluded. since such schemes wouldA;gquire

total extinction values in'excess'of the 2C values observed. The skewed

nature of the frequency distribution patterns of total extinction

Fesieef v
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Figure V-3.

Decrease of the nuclear area + SE as the nuclear number
increases in the developing coenobia of EBudorina. The
nuclear area correspondé to the stained region by

the SPM.
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Table V-1

Area and total extinction- of Feulgen stained nuclel’ of

déveloping Eudorina elégans.

STAGE  Number Area (nm’) lgMean-exgégftign Log, ME

+ SE -~ (ME) + + SE

IN(PM) 30 97.8+2.3 6.,0040,12 2458+0,27
2N . 61 82.5+2.1 5.69+0, 14 2.5140,77
Y 108 69.7+1.2 © 642040.10 2.6340.56
8N 102 61.2+1.9 6.46+0.13 26940, 44
16N 61 43,6+1,01 5.5940,19 2:48+0, 60
32N 26 33.641,06 345040,12 i?ébib.26
1N 107 35,040, 48 3.7740,03 1,9140,18
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Figure V-4, Frequenggv tribution histograms of the relative DNA

coritent, as 1og2 total absorbdnce; of developing coenobia

of Eudorina elegans, The dotted lines represent the 1C

and 2C ‘values, The nuclear classes designated by the

same symbol represent satistically indistinguishable

classes,

o '
-
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values towards the 2C valué indicates that a G1 period betweenAthe ’§§¢;~
divisions within'a sequence 1s‘1nsignif1cant. In addition, the lack of

a definite subpépulgtion exhibiting 2C values suggests that diViQion
oécurs immediately following a round of DNA replication. Thus a G2 period
is also absent, The presence of two populations of nuclei in the 16 N
gléss does not mean that a G1 exists uniquely for tgis stage, but rather
that a fraction of the organisms cease d;yid;ng while many proceed to

the 32 N class. This interpretation is supported by acﬁgal counts of

the progeny Eu&?rina, where both 16~ and 32-ceiled organisms are seen.

The general conclusion is that‘DNA replication occupiésAessentially all

of the interdivision iﬁéricd for divisions t;w‘é through four or five.

The diffuse nature of the 1§(PM) nucleus makes estimates of

DNA levels inaccurate because of the low stain density; However, scﬁns
of lé(PM) nucleijin cbenobia containing cell§ already inAdivision
suggest DNA replication is in progress, Chemicﬁl estimates of DNA
amounts a1§o indicates tha£ this replication must occur just pfiér to

the division itself (Chapter IV), - We conclude that the first cycle

of DNA replication probably has similar parametefs as the subsequent

sequences, \,

The statistiéal‘ ffefences détected betwegn the nuclear and
number classes confirm lthe 32-celled pre- oruquediate post-release
coenobis as unique and resﬁmably, as the 1C class. The fluctuations
in the amount of Feulge =DNA measu;ed.for»thé nominally homogeneous 1iC

class (1N monstrates the small measurement errors resulting

® . .
fropf preparative and instrumental variations. Such minor errors are

magnified in Eudorina as a result of the small nuclear size and low
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DNA content.

Average values approaching the 2C class, obtained in the developing

-

.embryos, emphasize the rapidity of the initiation of DNA synthesis

following mitosis, The differences within the groups of developing
embryos are not unexpected and are believed to indicate different ‘
extents of DNA synthesis. Some fluctuations due to measurements error .
may be superimposed on the real values due to the low amounts of bound
dye. On the other hand, the differences between the groupscof
developing embryos could reflect slight differences in the rates of DNA
synthesis in the organisms of different nuciear number,

Relative nuclear size decreased in a linear’manner with each nucleer'
division. The final nuclear area is about one-thirg of the initial value,

suggesting that nuclear growth occurs during the development of a

new organism. In Chlamydomonas reinhardii, the nuclear envelope remained

Intact during division, expanding and infolding over the daughter nuclei
(Johnson and Porter,1968). This process was not fully examined in
Eudorina, but the increase in total nuclear size per embryo isl‘
consistent with a similar expansion of the nuclear envelope occurring

in Fudorina. ’ .

The amount of DNA which must be replicated per'nucleus in the 10-~-15
min interval available is estimated by the indole procedure to be about
13g ( Chapter IV), Assuming that Eudorina replicates DNA at
rates similar to those reported for eukaryotes (cf. Taylor,1968), |
i.es ZHm per min, then ébout 8000 initiation sites-could be present.
However,\no information of DQA replication rates is available for algae,

and it is possible that the unique cell cycles encountered are coupled

with unique patterna and/or rates of DNA replication,
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, CHAPTER VI

DISCUSSION - GENE&‘:)

The primary aim of.the present 1nve§11gation was the elucidation

\\/‘

of the temporal sequence of DNA synthesis, nuclear division and

cytokinesis. in the life stages of the colonial green alga, Eudorina elegans.

During the growth cycle of 5 days, each cell undergoes 4 or § karyo-
kinetic events in a period of 1 h to produce 16 or 32 daughter cells, .
respectively (Rayns and Godwards,1956), Tﬁis unique‘ observation
suggested the,possibility af unusual sequencing of DNA replication

" and segregation, &hese could 1n§olve multiple rouhds of DNA  replication
prior to muliple rounds of cell division instead of tﬁe nor&al alternation
of éepiication and segregation,

This study has revealed that in vegetative cells of EEQSF}PE! like
other organisms, a round of DNA duplication preceded each nuclear
divi;ion. However, unlike other plant and animal cells, DNA replication:
nuclear and somatic divisicrs alternate consecutively 4 times in the
course of 1 h followed by an intervening growth‘period_of 23 h o

Further 1nvést¢gations fo provide evidence to explain the grouping

4
o
il
ki
3
4

of-4 or 5 divisions rather than the normal reguiar alternafions of groitﬁ
énd division over the entire life cycle would be of interest. A

reduction of the expenditﬁre of time and energy by the cells during

division and a better utilization of the photo-synthetic period could
- ;

be taken into consideration, '
This study does support the finding of Rayns and Godward (1965) in

that a mature vegetative cell can divide‘into 16 or 32 daughter\gells in
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about 1 h , However, the mitotic time of 3 min>determined'iﬁ this stﬁdy
differs ffoﬁ the mitofic time ofV10 to 15 min calculatéd by Rayns aﬁd\
Godward and the 10 min inferval betwéen the disappearance and appearanée
of the nucleolus of mitotic cel{s observed by Cave and Pocock (1963),
These differences may be attributed to the use of different:strainsAof
Eudorina and/or the enhanced growth rates used in the present study.
Moreover,»whilg Ryans and‘Godward assumed that 1little or no fime was
'spent in interphase, it hés been shown that a significant amount of

time (10 min) is spent in interéhase as compared to mitosis, One must
speculate that Eudorina does possess é vefy‘effiCient mechanism for DNA
duplication, Based on the estimated rate of DNA helix replication for
eukaryotic organisms, on the length of the synthetic period, and on the
amount of DNA, about 8000 seperate'intrachrdmOSOmal initiation sites must ‘eg
exist for DNA synthesis. This speculation assumes that the estimated
rate of DNA replication, the current concepts of chromosome structure
and replication. and simultaneous replication of all initiation points
areapplicable for Eudorina,.

The growth period of 23 h can be considered an extended G, period,

1
After tﬁe first douBling of DNA a G2 period was not detectable nor was

*

there any detectable G, and G2 periods between each of the following 3

1
or 4 S periods. This observaiion would suggest that under conditions

cell division G1 and G2 are expendable, However, even in their

the events associated with G, and G2 é§§35t111 be present, only

1
temgorally displaced in the cell cycle.

The rapid progressi%h of the mature gonidia through cell division

indicates that there is Tittle time to correct any errors madeby the
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one of the best synchronized systems available: (1) the degree of cell

cell during replication and division. Thus‘Eudorina is capable of
interrelating and‘coordinafingva variety,of'function£1 capacities and

is dble to ascertaln specific 1nformation concerning the amount of
structural elements existing to ensure the fidelity Af multiplerrounds of
cell division, The'integrity of sgch a complexvsystem may be examined

by t%e\selective applicatiop of congdtions that alter those

critical functions necessary for the initiation, continuation, aﬁd/or
completion oﬁ cell division, Any pertu%bations to the system would be
manifested by abnormal cellular events, This approach, aithough qnly
superficially discussed, may provide fprther insight into those components

of the cycle regulating cell reproduction,

The attainment of cell division synchrony during this study has

provided the opportunity to 1nvest1gate‘::szﬁggression of nucleic R
acid synthesis in thé 1ife cycle of Eudorfila and will prove to be very

useful in future 1nvest1gation€. The unified progression of cells
thrbugh their 1life cycle ampli%ies tﬁe cellular processes of a single
cell at any given time. Thus the sequence and regulation of gene action
in development and d;fferentiation can be determined with greater ease.
Not only will synchronized cultures provide the tool for the aﬁalysis of

any cell parameter but the study of the causal factors responsible for -

S whal R

the aligment of individual cell cycles may give an indication of

conditions necessary for cell feproduction. This study has prdvided

[N

cycle aligment is excellent; (2) cultures are easily established -

and maintained over an indefinite numbsr of cycles; (3) physiological S i
. I .

shocks which would impose unnatural patterns of ¢ellular consituent
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accumlations are not emﬁloyed; and (4) the organism is not unicellular but
multicellular, As far as I am aware this is the first report of
synchronous growth of a colonial organism. - ' -

In Budorina synchronous cellular events are exhibited at three
lénels.' Firstly, all the cells of a culture can be induced to
dividé together. Secondly, each of the 16 or 32 cells of ‘coenobium
divides almost in unison within the same coenobinm. sho;ing only a -
very shallow mitotic and cleavgge gradient. Thirdly, a very tight
synchrony exiots for each 'stage of nuclear and”cytoplasmic division
within each developing embryo. Although it remaino'to be shown, it
is expected that these cells undergolng synchronous roproduction are
morphologically and psysiologically similar at any given time, Aiso
considering the malticellular nature of Eudorino; the present system

is readily available for the study of intercellular interactions.

Since this coenobial organism represents an evolutionary attemnt at

-

‘multicellular organization future research in this direction could

‘prove promising.-

The aim of most current work on cell reproduction is the
determination of the molecular events that underlie each cycle of division -
(Gl' S, 62, M) with the hope of finding the cause and effect relationships

that coordinate the entire cycle,. It 1is hoped that this study

" has laid a solid foundation for??ggearch, using Eudorina as an

experimental system for such studies,
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