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ABSTRACT

-

Caffeine, a tr?methy]ianthine, is a potent inhib%tor of ¢yto-
kinesis in-plant cells; it induces the formation)of binucleate cells.
The use of binucleate cells is particularly revealing.since they make
it possible to compére the behaviour of sister nuclei in a binucleate
cell w{th the behaviour-of nuclei in sister cells, i.e. to compare the
“behaviour of sister nuclei in ong cytoplasmic environment or in twe
separate-%nvironménts. We have u5gd this technique tp study the
‘ gsymmetry of mitosis and the consequences of this asymmetry. With bi-
nﬁcfeate cells.we have shown that_a*number of differences éihibited by
the muclei of sister cells, i.e. differences in nuclear size, protein
‘content ‘and RNA content, are also exhibited by the sister nuclei of
binuclieate cellst The fact that these differences occurred in bi-
nucleate cells indicates that differences bé%ween sister nuclei are
inherent and arosé as a result of thé.mitosis .from which the nuclei
were formed. '

The subsequent beﬁhwiour of the sister nuclei i§.a150 affected
by the asymmetrical mitoses.” Sister nuclei of,binuc1éate cells showed
a differential growth pattern and when supplied with 3H-uridine a dif-
ferential ability to synthesize RNA. An analysis of nuclei of sister

cells revealed an identical pattern of behaviour. This suggests that’

the asymmetry of division not only produces sister nuclei of different
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size and macromolecular comtent but also results in functional dif-

-

b} -
in cell cycle duration is the result of asymmetrical mitoses. The

&

ferences betweén the two sister nuclei.
)
It is proposed that a large degree of heterogeneity in cell

size, nuclear size, macromolegcular coatents of cells and nuclei, and
asymmetrical mitoses are responsib1e(fcr-generating, at every mitosis,

physical differences between sister cells and these physical differences
ifferential behaviour of sister nuclei

are functionally related to the

and sister cells.
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INTRODUCTION

During a mitotic cell cycle a cell, on average, doubles its
constituents .and then divides, producing two daughter celis. Nuclear’
DNA follows this p?ttern; DNA content doubles over the cell cycle and
during mitosis sister chromatids segregate to opposite poles of the
cell to form the daughter nuﬁlei. ‘Thése are sister nuclei; they are
genetically identical énd each cbntains half the DNA of the parent
nucieus. Thus, in proliferative‘pdpulations of ce]]g such as root
meristems, a 2-fold range of DNA values exist; however, for many other
cell and nuclear parameters there isa much greater than 2-fold range
of values. In Tateral root meristems of V. faba there is a 6-fold
range in interphase nuclear volume values and a 10-fold range in cell
area (Davidson, Golding and Armstrong, 1978). Similar results have
been obtained ?rom root merisfems of other plant species (Davidson,
Pertens and Eastman, 1978; Ljﬁﬁon, 1967; Webster, 1979b; White and
Davidsoq, 1976). . RNA content, protein content and dry mass of nuclei
also show this high degree_of variability (Bansal and Davidson, 1978a; '
Lyndon, 1967; Bennett, 1970).

Since cells, on average, double their size and mass over a cell
cycle' this high degree of variability would at first seem to be
paradoxical. 'However, this v&riabi11ty might arise by asymmetrical
mitoses, which would result in pairs of sister cells differing in size.
This appears to be the. case; sister cells differ in size (Davidson,,

Pertens- and Eastman, 1978; Davidson and Pertens, 1981a; Ivanov, 1971;

.}.'-



Lehtonen, 1980}, and sister nuclei differ in volume (Davidson, Pertens
and Eastman, 1978; Davjdson and Pertens, 1981a; Webster, 1979b). Thesé
differences in cell and nuclear sizes can be re]éted to differences in
behaviour of siste; cells. Ivanov {1971) has shown that the majority
of divisions in the cortex of Zea mays are asymmdtric, producing a
Targer apical cell and a smaller basal cell; it is the larger, -apical
cell which has the shorter cell cycle. Analogous to this is the situation
found in the root cap initials of Zea mays. Both the cell and its
nucleus are larger in Row I than in the sister cell in Row II (Davidson,
Pertens and Eastman, 1978; Ivanov, 1979). The mean cell doubling time
for Row I cells is 10 hr. while for Row II cells it is 25 hr. (Clowes,
1976). Differences in cell cycle duration for sister cells have also
been observed in a numbe; of other species (Kubitschek, 1962; Lehtonen,
1980; L6péz-Sdez, Giménez-Martfin and'Gonzaiez-Fernéndez, 1966; |
Prescott, 1959; webstef, 1979a). Differences in cell c¢cycie kinetics
~ have been cited as the possible source of the variation in cell and
nuclear size in proliferative populations (Bansal and Dshidseﬁ1*%978a,
1978b; Davidson, Pertens and Eastman; 1978; Thomas, 1980). |

Differences in size of sister celis'can-be achieved in plant
cells by. the positioning of the new cell plate or cross wall at late
telophase. If the new cross wall is asymmetrically located in the
dividing cell then the resulting sister cells will differ in Tength and
most probably in volume as well. - Inequality in the size of sister
nuclei is more difficult to explain, hoﬁever; Davidson et al. (1978)
have.pointed out that the variation in nuclear volume could be generated
by variation in the volume of the chromatids that make up the post-

telophase. nucleus or variation in the nuclear growth rate. In Pisum



sativum mean telophase volume is 93 umB(Lyndon, 1967) while mean nucl&ar
volume of G1 cells is 239 um3(webster, 1979b). These results have been )
interpreted as showing that nuclei undergo a considerable degree of
hydration as they enter Gl (Lyndon, 1967; Webster, 1979b). Thus any
differences in chromatid vo]umes'wou1d have 1ittle affect on nuclear
volume once the nuclei were fully hydrated. However, variation in
nuclear growth rates could have significant affects on the size of
sister nuclei.

The initial phase of nuclear growth, i.e. in early GI, involves
the sequestering of macromolecu]és by the post-telophase nucleus from
the cytoplasm (Goldstein, 1976; Phillips,. 1972; Rao and Pfescott, 1970).
This stage is dependent on the ability of the nuclei to regulate this
uptake of material and-also on the amount of material available to the
nuclei. If the sister nuclei have different abilities to‘regu1ate'the’
uptake of molecules, or if the cytoplasmic environment in which the
nucliei find themselves is different, then. there will be a differential
uptake of material. This in tufn could affect tha second phase of
nuclear growth, which is thé‘douinng of its constituents during the
cell cycle.

For pairs of sister cé]]s, known to be in GI, the ratio df_

Targer to smal}er nuclear volume was 1.15:1 in Allium cepa (Davidson

and Pertens, 1981a) and 1.16:71 in Pisum sativum (Hepster, 1979b)1

Clearly, volume differences exiﬁt:between sister nuclei ear]ydin inter-
phase. To study these differences in sister nuclel and how they arise
we have examined sister nucle! in sister cells and in caffeine-~induced

binuéreate cells. The use of binucleate cells is particularly reveal-
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-ing since they make it possible to compare the béhaviour of sister nuclei
in a‘b%nucleate cell with the behaviour of"ﬁﬁcTei-in sister cells: i.e.
to compare the behaviour of sister nuclei in one cytoplasmic environment
or in two separate env}ronments. In cells induced to become binucleate,
sister nuclei have different volumes and ‘this difference in size is
established early in G1 (Davidson and Pertens, 1978, 1981a,

Stallwood and Davidson, 1977; Wellwood and Davidson, 1977; Nhite.;nd
Davidson, 1978) as it is in nuclei of sister cells (Davidson and Pertens,
1981a; Webster, 1979b).

Furthermore, the difference in volume of sister nuclei of
binucleate cells is maintained throughout interphase and eQen'into
prophase, with the sister nuflei exhibiting differential growth both in
absolute and relative terms (Davidson and Pertens, 1981a; Wellwood and
Davidson, 1977; White and Davidson; 1978). Thus the regulation of
nuciear growth must, to a large extent, reside within nuclei since,
if cytop}asmic factors were controlling nuclear size, one would expect
sister nuclei to adopt identical volumes as they progress through inter-
phase and increase in size. |

Finally sister nuclei in a binucleate cell can show asynchrony
in entry into S in ~ 20% of the cases (Benbadis, Ribsztejn and Deysson,
1974} or if sister nuclei enter S synchronously, as they do in poly-
nucleate cells, the duratfon'of S varies from nucleus to nucleus
(Gonzdlez-Ferndndez et al., 1971). Variation in the duration of G1, S
and G2 have also been reported between sister cells (Demcﬁegko and
Ivanov, 1977, 1978). These results confirm that sister nucféi‘are

capable of acting autonomously, even when occupying a common cytop]asm.
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Thus with binucleate cells we have a marked population of cells whose
age as they pro%eed through a cell c¢ycle is known and whose behaviour
paraliels that 6f sisfer cells.

‘In this study, we have used two species of plants, Vicid faba,

the English broad bean, and Pisﬂm.sativum, the common garden pea.

Once roots had reached a steady state of growth*they were treéted with
caffeine, an iqhibitor of cytokinesis (Giménez-Martfn et al., 1965;
Paul and Go%%; 1973). The caffe{ne treatment results in the formation
of binucleate cells, however, one problem with caffeine‘is the Tow
number of binucleate cells formed during a 1 hr. treatment. In order,
in the present study, to increase the number of binuc1eﬁfe cells formed
the roﬁts were pretreated with S-aminouracil (5-AU). This results in
a partially synchronous population of cells entering mitoses- (Davidson,
Golding and Armstrong, 1978; Jakob and Trosko, 1965;. McLeish 1969 ;
Rudolph and Davidson, 1975). At the peak of mitotic activity of this
population of cells the caffeine treatment is performed thereby en-
hancing the frequency of binucleate cells formed.

| In roots of V. jggg it was found that of the binucleate cells
produced,-on1y 15% of them completed a cell cycle and divided again.
Thase cells took 14 hours to complete a cell cycle; 14 hours is the
estimated cell cycle duration for fast cycling cells (Webster and
Davidson, 1968). At this time the remaining 85% of ‘the binucleate
cells still had a DNA content‘equiva1ent to‘thgt of G1 or the pre-; S
Tevel. It had been éxpected,tﬁat approximately '75% of the binucleate
cells would behave with the cycle kinetics of fast cycling cel]s;

Thus about 60% of the binucleate cells exhibited altered cycle



Kinetics, now being either slow or non-cycling cells.. Iﬁ bihuc]eate

cells nuclear volume was found to decrease over this 14 hour period.

The decrease‘in nuclear volume of sister nuclei was a differential

one; i.e. as mean nuF1ear volume decreased so did the mean volume
difference between sister nuclei. This means that the absolyte en
reduction in volume was greater in the larger nucteus than in the smaller

i

nucleus of each cell: this is further evidence of differential behaviour

4

of sister nuclei within a common cytoplasm.

This differential behaviour of the sister nuclei within a bi-
nucleate cell suggested that they might differ in thsir ability to
take up macromolecules. This possibility was tested ?n the foliowing *
way. RNA was labelled with 3H-UR and'the uptake of labelled, preformed
RNA was studied in binucleate cells. It will be reported here that the
uptake of 3H-RNA into the late telophase - early Gl nyclei the si;ter
nuclei was unequal. Also, analysis of RNA synthesis indicﬁtes that
tha rates of RNA synthesi§ dre different in the two siﬁter nuclei; this
was indicated by—tha relative differences in grain counts over the
sister nuclei/with time. This difference in level of RNA synthesis may -
result from the differences established. in the siﬁter nuclei when they
‘are formed. Such differences can come about by a differential uptake
of preformed RNAs and/or proteins into the forming nuclei (Goldstein,
1976; Phi]lipﬁ,'1972; Rao -and Prescott, 1970).

fe

On the basis of these results it was decided to determine the
macromolecular contents of the sister nuclei. Bennett and his
colleagues have shown that nuclear RNA and protein content are positively -

correlated with the activity of the nucleus, éﬁecificaIIy with cell



cycle time (Bennett, 1970; Bennett and Rees, 1969; Bennett, Smith and
Smith, 1972). Thus the differences in nuclear volume and behaviour of
sister nuclei could be due tp differences in RNA content, protein content
or possibly the degree of hydration of the sister nuclei. While different
degrees &f hydration would be interesting and suggestive of autonomous

. regulation, by a nucleus, of its wdier content, differences in macro-
molecular content would provide a basis for an analysis of the functional
differences between the sister nuclei in binucleate cells or the

nuclei of sister cells. -

For this stu§y P. sativum was used, for in contrast with V. faba,
the majority qf caffeine ihduced binuc]egte cells in this species compiete
a cell cycle and divide. However, as in V. faba, sister nuclei did not |
‘have identical volumes, nor did tﬂe volumes come to equi]ibrjum with-
time. RNA and protein contents were determined microspectrophoto-
metrically in the sister nuciei of binucleate cells and in the nuclei
of sister cells. With this data we were able to compare the relative i
behaviour of bairs éf sister nuclei in binucleate cells, in which they
share a common cytoplasm, with that in sister mononucleate cells, in.
which each nucleus has its own cytoplasmic environment. In both cases,
sister nuclei differed in macromolecular content; the mean ratio o%

RNA content between Sistér nuclei in binucleate cells 2 hr. after the
caffeine treatment Qas 1.74:1 while for protein content it_was 1.74:1.

The results from studies of V. faba and P. sativum Tead to the
conclusion that mitosis is asymmetrical for molecules that regulate
rates of macroho]ecular synthesis, nuclear growth and progress through

a cell cycle. Once this initial asymmetry has been established, it °



is maintaided throughout interphase, etgn in binucleate cells in

which the two nuclei share a common cytoplasm.
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MATERIALS AND METHODS

IT.1 -Germination and Culturing of Seedlings

Vicia faba seeds were germinated and grown as previously des-
cribed (Rudolph and bavidsbn, 1975). The seeds were soaked in distilled
water fqr 24 hr , the testae were then removed and the seeds planted in
sterile sand containing 25 mi H20 per 100 ml of sand. The Eeeds were
. 1eft in sand for 72 hr at which time the seedlings were removed from S
the‘sand, washed and suspended over tanks of disfi]1ed water. The
tanks were kept at zodb and aEE§ted continually; the water was changed'
every 24 hr. When the 1a£era1 roots had formed and reached a length
of 1\].5 cm. the treatments were begun.

Root.cultures of Pisum sativum were setup as described previously

(Scadeng and Macleod, 1976; Webster, 1979; White, 1943). Seeds were .
surface ster{aized with 6% so&ium hypochlorite for 5 min., rinsed in
distilled water and placed in moist, sterile vermiculite for 3-5 days.
When roots-were 4-5 cm. Tong the seedTinés were removed from the vermi-
~ culite and the apical 16 mm of the roots were excised and placed in
White's medium supplemented with sucrose to a final concentration of 2%,
50 ml of sterile medium and 10 roots were placed in 125 ml Bellco
culture flasks under aseptic conditions. The flasks were then placed
in a shaking water bath setat 1 cycle/sec. and 20°C. The roots were
allowed to grow for 3 days before treatments were, started.

I1.2 Induction of Binucleate Cells

Once roots had achieved a steady state condition the treatments
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were begun. Sée&f%ngs of V. faba were transferred from tanks of dis-
tilled water to a‘5.93 X ]0'3M ;olution of 5-am1nouraﬁi1 (5-AU) for 6
hr. They were then washed and returned to tanks of distilled water.
r 15 hr recove:y the peak of mitotic activity'was reached and at this
~*_‘3:jj; thezroots were treated with aIO.l% solution of caffeine for 1 hr.
At the end of the treatment the roots were washed and transferred back
to tanks of distilled water. Roots were fixed at various times during
the recovery period. '

Once roots of P. sativum had become adclimatized to the culture
conditions they were pl%qu in sucrose supplemented White's medium
containing 5-AU (3.93 x 10‘3M) for 6 hr, then returned to fresh medium
and allowed to recover. After 13 hr recovery the peak of mitotic
activity was reached and roots were p]aced in sucrose supp]emented
White's medium containing 0.1% caffeine fpr 1 hr. The roots were then
washed and returned to fresh medium. Fixations were made at various{
times of recovery following the caffeine treatmgnt. _

A1l fixations were made 1n‘h&4n1 of a:g§1c acid-ethanotl (]/3*
v/v) conta1n1ng 0.1 ml of formaldehyde. |

II.3 Staining Procedures

Several staining'procedures were gmp1o§ed for the va}iOus para-
‘meters measured. For nuclear volume measurements, excess fixative was
washed from roots; they were hydrolysed in-iN HC1 at 60°C for 8 min.,
stained with Feulgen's reagent 1 hr, dissected into columns and Tighthy.
tapped to produce a monolayer of cells, The cells were then counter-

stained with Fast Green and the %stes made permanent. At no pm"nt in

-
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preparation of the slides wgreithé cells sqhashed; this was to ensure
that nuclear size and sﬂape were not distorted during prepard%ion of
the slides (Bansal and Davidson, ]97835. |

For DNA determinations in V. faba, standard microspectrophoto-
metfic methods were followed (Chayen and Denby, 1968; Gottlieb-
Rosenkrantz and O'Brieﬁ?’TﬁiT;\ﬁtLeish and Sutherland, 1961; Patau, 1952).
F{Qed roots were washed free of %ixative,,hydro]ysed for 1 hr'in 5 N
HC1 at room temperature and stained zg\fresh}y made Feulgen's reagent
for i hr. Slides were made as described above, however, no counterstain
‘was used; the slides were passed through three 10 minute rinses ip 0.25%
‘KZSZOS in 0.05 N HC1 to remove any unbound leuco-basic fuéhsin and
washed for 5 minutes in distilled H20 beforg.being prepare& asepenmanent W\-
mounts fn Permount.

For déterminations of DNA and nuclear protein content in P.
sativum, roots were again washed free of fixative, theh stained using
the combined dinitrofluorobénzene and Feulgen technique of'Mitchell
(1967). Washed roots were placed in the DNFB solution at 65°C ove-
night. After stafning,the roots were washed in 70% ethyl alcohol and
then rinsed in warm (NBOOC) water. The roots were then placed in 5N
HCl .at room temper#ture fof 1 hr, transferred to Feulgen's reagent for
1-hr, then slides were made as‘described for DNA determinafion in V.
jggé roots. ) _

To determine the RNA content of nuclei ‘the roots were staihed

using the Gallocyanin-chrome alum method (Mitchell, 1968; Pakkenberg,
1962). The stain was prepared by Shaking 300 mg of Gallocyanin in 100

-ml of HZO for 1 min., to this solution was added 100 ml of a 10% ;hrome
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alum aqueous solution (w/v). The ressiting mixture was boiled for 30
min. in a water bath, allowed to cool and then filtered using a §
Buchner Funnel. The filtrate was then adjusted to&pH !.6 using 1N HCI.
Roots, washed free of fixative, were placed in the Gallocyanin-chrome
alum solution for 12 Hﬁ at 40°C. The stained roots wére then washed in
distilied water adjusted to pH 1.6 using IN HC1. Permanent slides were
then made as described above. Though Gallocyanin-chrome alum is’ -
speciffc for nucleic acids it‘stainsvboth RNA and DNA, therefore a

second set of roots were pretreated with RNase (T mg/ml) for 1 hr at

60°C to remove RNA. These roots were then stained with Ga]}pcyanin-

chrome alum and permanent slides made of the preparations.

II.4 Nuclear VYolume Detefminations ¢

Nuclear volumes were determined as described by White and
Davidson (1976). Major and minor axes of nuclei were measured- using
an ocular micrometer{at a magnification of 1250 X and the shape of the

nucleus was classified as: 1) spherical; 2) semi-spherical; 3) oval;
,

or 4) elongate. Nuclear volumes were then calculated based on the
shape class ‘using the major and minor size measurements:'
1) Spherical ﬁ%c]ei; NV = 4/3 I r3 where »= } diameter

2) Semi-Spherical Nuclei; NV = 4/3 IIab2 where a = % major axis

b = % minor axis
LN b ) :
3) Oval Nuclei; NV = 4/3 It ab 2 where a = %‘major axis

b = ¥ minor axis
4) Elongate Nuclei; NV = 4/3 Tb° + 21 p? (a-b)
' whére a = % major axis

b=15m1‘norwA

\
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II.5 Nucleolar Volume Estimates

Area measurements of individual nuc]eo11 were made using a
MOP 3 digitzier (Carl Zeiss, Inc.).. By the use of a camera Tucida
projection, the area aof each nucleo]us was traced on the measuring

tablet of the MOP syst ; the machine delivers the area values in

_square microns. Each nucleolus was assumed to be a sphere, thus the

radius of each nucleolus could then be calculated from the area valyes
and then nucleolar volume by the formula:
‘Nucleolar Volume = 4/3 I ro

Since some nuclei contained up to 4 nucleoli, total nucleolar volume

v }
. per nucleus was calculated by summing the individual nucleolar

: . : s
volumes found within each nucleus. .

-’

II.6 Cell Areé Determinations

Cell areas were determined in the same manner as nuc1eolar

,areas uswng the MOP 3 digitizer.

I1.7 Microspectrophotometric Determinations

A1l macromolecular determinations, i.e. of DNA, nuclear protein
and nuclear RNA°contqu{ were carried out using microspéctrophotometry.

For DNA ?eterminations in V. faba the two-wavelength method of Patau

-(1952) was used, the waveiengths were 565 and 500 nm, the peak and

the 50% peak of absorption respectively. DNA meaéurementS'cn 30 bi-

.nucleate cells were made at 1 +3,1+6,1+12and 1 + 14 hr after

the cdffg;ne treatment. 2 and 4C DNA contents were obta1ned by
measuring 24 telophase and 24 prophase nuclei from control cells.

For DNA, nuciear protein and nuclear RNA content in cells of

P. sativum the one-wavelength method was used (Bansal and Davidson,
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1978a; Tobin, Yun and Naylor, 1974). DNA and nuclear protein were
measured in the same cells using the combined DNFB-Feulgen technique
(Mitchell, 1967); 30 binucleate cells were meésured at1+2,1+6,
1+70, 1 +12 and 1 + 14 hr after the caffeine treatment. DNA was
measured at a wavelength of 550 nm and protein determinations at 405 nm.
For Gallocyanin stained material pqak absorbency was found to
be 606 nm. Since Gallocyanin-chrome~alum is specific for nucleic
acid.but stains both DNA and RNA, RNA content was established by
subtracting the values for RNase treated material from the values of
total nucleic acid:
RNA Content = Total Nucleic Acid Content ~ RNase.Treated Material
At T + 2 hr 50 binucléate cells were measured to determine total nucleic

-

acid content and 25 binucleate cells from RNase treated roots at 1 + 2

. hr were used to éstablish the DNA content; these values were then

used to determine nuclear RNA content using the above formula.

II.8 Autoradioqraphy |
' RNA synthesis was studied by supplying roots with a 3H-urid1ne _

(*H-UR) solution having a radicactivity of 2 c{ZT; (S.A. 10 Ci/mmol).
V. faba roots were incubated in-BH-UR for 1 hr either during the
caffeine treatment 6r immediately following the caffeine treatment.

Repopulation of nuclei with preformed RNA was examined by

supplying the roots with 3H-UR for 1 hr after 12 hr recovery from 5-AU.

This was 3 hr before the peak of mitotic activity and\gefore t\F

time when the‘caffeine treatment was emplioyed. Most of the cells
“ ‘ ~

LS
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would be in G2.

Fixations wefe.made at The, 1 +1 hrand 1+ 3 hr i.e.
) immediately after exposure to caffeine and after 1 and 3 hr recovery.
Autoradiographs of the fixed material were prepared in tﬁe standard
manner for plant material (Davidson, 1964; Zuk and Swietlinska, 1973).
Cell columns wefe teased apart and preparations were tapped to give a
large number of isolated cells, separated from other cells. Iﬁ this
way, pairs of nuclei seen in squash preparations were kndwn to be
from binucleate.Fe1ls. To ensure maximum contact of cellular :
matgyial with the emulsion coat, the preparatioﬁs were squashed.
Squash preparations were coated with liquid emulsion (Kodak, NTB2)
and exposed for 10 days. Slides were‘}hen placed in developing
solution (D19), rinsed in distilled water, put in fixer (Rapid Fix)
and then given a final rinsé ih running water. The slides were
stained with toluidine blue, ruh through a dehydration series and made
permanent. Correction for background grains was made by counting the
number of grains in an area adjacent to aﬁd equal in size to the cell
being scored.

II.9 Cytoplasmic Gradients

To determine if cytoplasmic gradients existed in dividing
cells the cellular protein and RNA contents were measured at the
spindle poles of metaphase cells stained with either DNFB or
Ga]]ocyanin-chrome alum respectively. A constant plug size was used
in measuring, microspectrophotometrically, the amount of bound dye
at the poles of the mitotic spind]e of metaphase cells. The meta-

phase cells were from control, untreated material of P. sativum;

7 )
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50 cells were measured for both protein and RNA content.

I1.70 Identification of Sister Cells and Sister Cells in &I

When root cells are teased apart there is a tendeﬁcy for
older cell walls in a column of cells to separate (Thomas, 1980;
Webster, 1979a). Thus cells derived from a common ancestor remain in
distinct cohorts of varying sizes. In the preparation of slides for
this study tﬁg’roots were sufficiently teased apart so. that doublets .
and triplets were found. The doublets represent sister cells, if
both cells are in interphase the exact phase of the cell cycle that tha
cells occupy is not known. However, sister cells in Gl can be found )
in the triplets (Davidson and Pertens, 1981a;Webster, 1979b).

In P, sativum the average difference between cycle durations
of sister cells is 0.14 times the averagé cell cycle time (Webster,
1979a, 1979b). Thus with triplets, whenh one cell of a sister pair has
divided and produced two new sister cells, in GI, the other cell of the”

original sister pair will be in G2 or mitosis. It is the pair of newly
E%1’01"m¢=_‘d sister cells in the triplets which we are interested in; if -
triplets are chosen so that one of the cells is in mitosis we know,
from the difference in cycle time of sister cells, that the two cells
in interphase ére sisters and are in GI.

To determine total nuclear protein content of nuclei from
sister cells only doublets, with both cells in interphase, were scored
from control roots; they were stained by the DNFB-Feulgen technique.

By micrdspectrbphotometric determination of the Feulgen content éf the

nuclei we were able to classify nuclei as being in G1, S or G2. Their
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nuclear protein contents were determined and so estimates were obtained
of protein contents of G1, S and G2 nuclei.

Sister cells in G1 from triplets were used to determine nuclear
RNA content intééster nuclei from control roots. Thay were stained with
Gallocyanin-chrome alum and the total nucleic acid content was
measuredrby microspectrophotométry. The nuclear RNA content was then
estimated based on the G1 DNA content calculated from medasurements of
binuclieate cells in GI.

[I.11 Statistical Analysis

Cummulative percentage frequencies of nuclear volumes were
calculated as described by Bansal (1975). These frequencies were
then‘pTotted against their corresponding linear or log-transformed
values of nuclear volume to generate a probit plot. The probit plots
were then analysed to determine goodness of fit to a normal or log-
normal distribution using EDF statistics (Stephens, 1974).

| Frequency distribution histograms were generated for DNA
content and nuclear protein content; these histograms were plotted by
computer (HP-85, Hewlett Packard). Each sample was divided into 8
cI;ssés; the class interval was determined by the number of classes and
_tHE minimum,and maximum values-across the samples that were compared.
The height of the bar for each class interval rebresents the frequency
of that class interval.

Groups of paired data were analysed in several ways. For the

comparison of mean values the t-test for the differences between two
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means was dsed (Sokal and Roh1f, 1969). The Mann-Whitney U-test was
used to deterTj 1f the distributions between two samples were signifi-
cantly differensf;;fka] and Rohlf, 1968). Paired data were also com-
pared by caiculating a regression coefficient, slope and correlation
coefficient. These were calculated on an HP-85 computer using the
Paired Sample Analysis program from the General Statisties Pac
(Hewlett Packard Company, 1979). To determine if regression coefficients’
were significantly different an F-iest.for the differences between two
regression coefficients was employed (Sokal and Rolhf, 1539). Forra11

statistical tests thé 5% level of significance (p = 0.05) was used.

Wt



RESULTS
]

ITI.T Cell Cycle Kinetics of Caffeine Induced Binucleate Cells of V. faba

Roots ware treated with 5-AU and then with caffeine. The 5-Al
treatment produces'a wave of cells that enter @itosis together (Fig. 1).
The caffeine treatment was then given at the péak of mitotic activity.
This double treatment was successful in increasing the frequerficy of
binucleate cells from 0.9% to 3.7%. .

With this population of binucleate cells, nuclear and cellular
behaviour were followed over a period of one cell cycle. The following
parameters were studied:

1) the duration of the cell cycle in the binucleate cells
2) the proportidn of binucleate cells that divided

3) the DNA content of sister nuclei in binucleate cells
4) change;lin nuclear volumeé as the cells grow older

5) RNA gynthesis in binucleate cells |

IIT.1.1 Duration of the Cell Cycle jn Binucleate Cells

At 1 + 1 hr there were 37 binucleate cells per 1000 cells
scored but their frequency decreased between 1 + 1 and 1 + 3 hr and
remained around 10 per 1000 from 1+3t01+ 14 hr. This decrease
occurred because: a) no néw binucleate cells were formed after the
roots were removed.from caffeine, and b) 2 number of mononucleate
cells divided, adding new cells to the population in the period 1 # 1
to 1 + 3 hr (Fig. 15. Between 1 + 3 and 1 + 14 hr the number of cells
which entered and completed a division was low, thus few new

mononucleate ware added to the p0pu1ation;:;nnsequent1y the
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Figure 1

Mitotic Index of Mononucleate and Binucleate Cells After
5-AU and Caffeine Treatments in V. faba

—

The mitotic index of mononucleate ( o ) and binucleate ( Q )
cells at various times afte treatment with 5-AU and caffeine (CAF).
The vertical bars indicatd-the periods of 5-AU and caffeine treatments;
all times are given in relation to the 1 hour caffeine treatment. Each
M.I. is based on 3000 cells in the case of mononucleate cells and 100
cells in the case of binucleate cells. Data for the 5-AU treatment
and recovery taken from Davidson, Golding and Armstrong (1978).
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frequency of binucleate cells remained fairly constant (Table 1).
Large numbers of mononucleate cells were seen in mitosis at ] + 12 and
1+ 14 hr and their division resulted in an increase in the relative
proportion of mononucleate cells sdbsequent to 1 + 14 hr. This increase
made it difficult to find appropriate numbers of binucleate cells for
analysis. The mononucleatg cells in mitosis at 1+ 12 and 1 + 14 hr
‘were, for the most part, cells that were in division at the time of the
caffeine treatment but that were not induced to become binucleate: at
T+12and 1+ 14 hr they were undergoing a second -wave of semi-
synchronous division. |

- At T+ 12 and T+ 14 hr binucleate cells entered mitosis, but
only in Tow numbers: It was found that only 9 or 10% of the binucleate:
cells divided at these times (Table ). Iny. faba 75% of the cells
seen in mitosis are fast cyclers with a mean cell éyc1e duration of
14 hr (Webster and Davidson, 1968). 'Therefore, it was expected that
if the binucleate daughter of a fast cycling cell was also fast cycTing,
it should have entered mitosis in approximately 14 hr; in addition,
it was expectedlthat approximately 75% of the binucleate cells would
have completed a cell cycle by 14 hr. The observation that only 10% of
the b1nuc1éate cells are in mitosis shows that many Qf the binucleate
cells induced by caffeine n V. faba do not complete a cell cycle and
enter mitosis, or at least not within 14 hr. Thus, in addition to its -
ability to produce binucleate cells, caffeine also alters the cell cycle
kinetics of the cells induced to become binucleate.

The ability of caffeine to alter cell cycle kinetics, however,



Table 1

Changes in Nuclear Volume of Mononucleate and Binucleate Cells

During Recovery from Caffeine

Mean volume Eum3).of nuclei in mononucleate and binucleate
Lateral roots
were treated with 0.1% caffeine for 1 hour and allowed to recover

ceils in interphase

for 1 to 14 hours. Each mean + S.D. is based on 300 nuclei.

I) and prophase (P} are given.

The

range of nuclear volumes, the percentage of binucleate cells and
the M.I. of mononucleate and binucleate cells are also given.

2

3

Mononucleate Cells

_Binycleate Cells

. P 1450 + 397 629-2686

Nuclear Volume (um3) M.I. Percent . . Nuclear Volume M.I.
| T (umd)
Time 'Mean + 5D Range Mean + SD Range
#1 I 1392 + 706 449-3338 14.1 3.7 1074 + 402 384-2910° 0
e 2014 + 896 742-4831 - - - - -
C1+3 1 - - - 1.7 1.3 766 + 276 173-1521 0
146 1 673 + 321 "116-2120 1.3 © 1.1 770 + 305 231-1871 0O
P 1235 # 475 390-2573 - - - - -
21 - - 12.8 0.4 559 + 221 '173-1490 10.0
1414 1 557 3.189'f225-1]45‘ 8.1 1.0 534 + 203 173-1278 9.0
P® 1063 + 314 570-2235 - - 994 + 506 285-1676 -
Control . _ f
I 730 + 261 269;i752 9.8 0 - - -

Binucleate cell prophase value based on 5 cells, i.e. 10 nuclei
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appears to vary from species to species. Caffeine induced binucleate
cells in A. cepa come back into division in high numbéf;,‘épproxfmately
75% of the binucleate cells were observed in division 13 hz after the
caffeine treatment (Giménez-Mart{n et al., 1965) and from our own studies
on caffeine induced Binuc]eate cells in roots of E,’Eétivum, grown in

root culture, over 60% of -the binucleate cells completed a cell cycle

(see Section III.3.1.). I}hus, though céffeine induced binucleate cells
cannot be considered to be physiologically normal (Clowes, 1980; Davidson
and Pertens, 1978, 1981a), nevertheless they‘present a unigque opportunif?
to study the behaviour of pafrs of sister nuclei. This opens up a |
number of avenues which have Targely been unexplored and iome of}}hem

will be examined in the course of this study (i.e. Sections III.2 and 111.4).

- IIT.1.2 DNA Content of Binucleate Cells

About 10% of the binucleate cells complete a cell cycle by 1
+ 14 hr. To determine where in the cell cycle, i.e. G1, S or G2, the
remaining 90% of the binucleate cells were located and the DNA content
of the sister nuclei in binucleate cells was determined. Figure 2 shows
the DNA values for the nuclei of binucleate cells at 1+ 3, 1 +6, 1 +
12 and 1 + 14 hr. At 1-+ 3 hr most of the nuclei appeared to have a
Gl DNA content with a few nuclei possibly in the eariy stages of S, j.e.
the nuclei with DNA contents greater than 404 a.u. By 1+ 6 hr it
can be seen that a few nuclei were definitely in S, while at 1 + 12 hr,
10% of the nuclei were either in G2 or éomp]ét%ng S. It was at this
,

time that the first binucleate cells were seen in mitosis._ At T+ 14

hr all nuclei of the binucleate cells had Gl DNA contents. This meqns
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Figure 2

BNA Content of Nuclei in Caffeine Induced Binucleate Cé]]s

Mean DNA content in arbitrary units of nuclei in binucleate
cells.induced by a 1 hour treatment with 0:1% caffeine. Measurements
were taken in G1 (1 + 3 hr), S (1 +6 hr) and G2 {1 + 12 and 1 + 14
hr). At each time 60 nuclei were measured, from 30 binucleate cells.
The 2C and 4C DNA values are each the mean of 24 telophase or 24 pro-
phase nuclei.
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that the Id% of the binucleate cells in’S and G2 at 1 + 12 hr must

have entered mitosis.J We see, therefore, a close agreement between "
M.I. and the percentage of binucleate cells with a 4C DNA content.
Since;there is probably some overlap of ce11s,‘besed on the MI scored

at both 1 + 12 hr and f‘+ 14 hr, we estimated that about 15“‘ef the bié
nuc]eate.cells divided. These resu]ts can be taken as d1rect eV1dence |
of a s1gnif1cant 1nh1b1tory effect of caffeine on many of the cells that
are binucleate: 85% of_these cells have not entered S by 1 + 14 hr, they

have been bTocked in G]._ It appears that they have been~changed from

'fgi} cycling cells to either slow cyciihg or non-cycling cells. The

@
remaining 15% enter ) by 1+6 hr and by 1 + 14 hr all of these bi-

nucleate ce11s must have been 1n m1tos1s, or had d1v1ded since no bi-
nucleate cells were seen whose nuclei had 4 C DNA contents (Fig. 2)

III.7.3 Nuclear -%'lume

Nuclear volumes were’deterﬁined for both binucleate and mono-

nucleate cells (Tab1e11) Mean nuclear veiume in both binucleate and

mononucleate cells at 1+ 1 hr was 51gn1ficant1y (p = 0 05) 1arger than

the mean nuclear volume from untreated control roots; i.e. 1074 um3

‘and 1392 um3 as compared to 730 um3, This increase jn mean nuclear

volume was due to the 5-AU pretreatment. In roots o V. faba and Z.

mays a 5-AU treatment causes an increase in both mea nuclea volume

%

and mean cell area (DaV1dson, Golding and C:mstrong, 1978 Dav1dson

and Pertens, 1981b), Thus the caffe1ne triatment was carr1ed out on a

pog&letion of cells whose nuclear volume was larger than normal.

“—



The most striking featuré of the study of nuclear volume in
caffeiné treated:roots was a reduction in mean volume of nuclei in
binucleate and mononucleate cells over 2 cell cycle (Tabie 1). In bi
nﬁcleate'ce115 mean nuclear volume decreased from 1074 + 403 um3 at 1 +

3

1 hr to 543+ 203 pm™ at 1 + 14 hr; in mononucleate cells the values

decreased from 1392 + 706 ym°

to 557 + 189 um3 over the same tiTe period.
Not only was there a decrease in mean nuclear volume but there was a
decrease over th; entire range of nuclear volumés. Even in nuclei that
musf have been progressing toﬁards mitosis; “there was a ‘reduction, over
thekﬁeriod 1+ 7,to1 + 14 Hr, in their volume kFig,,S):

| These results ar@ﬁﬁnexpected since during a cell cycle -nuclear
voﬁume ﬁorma]]y doubles: e.g. in co]chiciné induced tetraploid cells
there is a 2.7 fold increase in nuclear volume over one cell cycle
. (Bansal and Davidson, 1978b) and in caffeine induced binucieate cells
in A. cepa there is a 1.7 fold increase in nuclear volume from mid-GI
to mid-G2 (Sa&ristan-ﬁafate_gg;gl:, 1974). It is possible that this
decrease in nuclear volume in the binuc]qafe cé11s‘was because 85% of
them were arrested in Gl or, perhaps, were no 10nger cycling. However;

the same can not be said about the mononucleate cells which continue

to cycle. This reduction in nuclear volume could arise efither by a loss-

of macromo1etu12§ from the\Suc1ei or by a change in the degree of
hydration. The pos;;bie loss of.RNA‘ﬁrom nuclei underg53ng cantraction
was tested in the following way. Cells were allowed to ihcorporate
3H-UR and 3H-RNA moved from the nucleus into the cytdp]asm. When cells -

3

with “H-RNA were induééd to become binucleate, the 3H-RNA was taken up

by the nuclei as they entered G1. Immediately after the treatment the
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Figure 3 : ‘ ‘
- Preobit Plot of Lo -transformed Nuclear Volumes of
Hononﬂcleate and Binucleate Cells \\V}‘ .
Yy

A cumulative frequency of log-transformed nuclear volumes of
mononucleate and binucleate cells scored at 1 + 1 and 1 + 14 hp,
Each sample was of 300 nuclei. :

Binucleate Cells 1 + 1 hr o ;
Binucleate Cells 1 + 14 hr o .

'Mononuc1eate Cells 1 + 1 hr & 3

Mononucleate Cells 1 + 14 hr a .
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\ \
the average gran count per pucleusﬂgas 14.7 + 7.6 while at 1 + 1 hr

the value had/Tallen to 11.1 + 6.9 (Table 6). Thus, even though RNA

éynthe§£ is goiné on in these nuclei (see section III.1.4)} and the
number of grains per nucieus should be increasing, mean drain count per
nucleus went down. This means that RNA molecules brought into the
nucleus immediately after mitésis are being exported from the nucleus.
The implication is that the macromolecular content of the nuclei must

be decreasing and this contributes to the decrease in nuclear volume.

“III 1.4 RNA Synthesis. ' '

' In the presencé of caffeine, macromolecular synthesis is de-
pressed (Putrament et al., 1972; Zuk and Swiet]inska;LH973); this may
reduce the ability of the binuc]eaie cells to complete a cell cycle.
Therefore it was decided to examine RNA synthesis in the caffeine
treated cells. Labelled precursor, 3H-UR, was supplied to the roots
during the caffeine treatment. ‘Grain counts over nuclei exposed to '}
caffeine were considerably lower than over nuclei from control roots
(Table 2). This reduction in incorparation of labelled uridﬁne into
RNA is, in part, due fo'caffeine's ability to inhibit the uptake of
precursors of macromolecules (Kilbert gt al., 1973; Putrament:g;,gl.,
1972; Odmark, 1972; Z;k'and Sﬁietlinsgaf 1973). However; RNA synthesis
was also affected. During the 3 hr pefiod.stuaieq'the 1ncrea§e in grain
count over nuclei from caffeine treated material was less than in
controls, i.e. a 3.1 - fold increase in the total grain count for both
nuclei of binueIeathéélls and a 3.3-fold increase for the mononuc]eate‘
cells as compared with a 4.2-fold increase per nucleus ffdm control

é ,

cells {Table 2)}. Thesé values are a measure of net synthesis and they

L)
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< Table 2?2

Grain Counts from Autoradiographs of 34-UR Labelled Mononucleate and Binucieate Cells
Roots were W1mmﬂmm for 1 hr with both 0.1% caffeine and mz-cx. Grain counts were

determined over the cytoplasm (Cyto) and nuclei {Nuc) of both mononucleate and binucleate

cells, 100 mononucleate and 30 binucleate cells were scored at each time. CMytrol material

was treated for 1 hr with 3H-UR only. Nucleo-cytoplasmic ratios (N/C) are also given.
‘ [

[

N Binucleate Grain Count Mononucleate Grain Count Control Grain Count
Time Cyto + SO Nuc + SD® N/C  Cyto + SD  Nuc + SD N/C Cyto +'SD ‘Nuc £SD _N/C

3
3

1 12.23+7.09 8.76+6.36 0.71:1 u.mwwm.mo 5.38+3.57 0.69:1 12.22+B.78 15.72+9.47 1.29:1
1+ 1 21.10416.88 15.00#6.23 0.71:1 13.63+7.71 7.32+3.98 0.54:1 27.41+13.25 22.5149.95 "0:82%1
1 +3  42,93+17.24 27.17412.56 0.63:1 36.26+18.01 17.61+8.1 o.pm"~.~am.mmme.ha 65.75+27.48 0.44:1

For the binucieate cells the nuclear grain count is the sum of the grain count over the two

m*mﬁmx.sco_mw\\\
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do not include RNA exported‘from the nucleus to cytoplasm. This,

howgver, can be measured by the accumulation of Tabelled RNA in the

cytoplasm. In normal roots there was a 12.1-fold increase in cytoplasmic

grain counts in 3 hr roots while in caffeine treated material it was

much Tower, i.e. in binucleate cells it was only 3.5-fold and only

4.6-fold in mononucleate cells (Table 2). These data gﬂearly show that

net RNA éynthesis is higher in control cells than in caffeine treated cells.
. The difference between the rate of RNA synthesis in the bi-

nucleate cells and the untreated control cells 15 even greater than

fhe'increase in grain counts suggests. It must be remembered that the

binucleate cells were more than twice the size of the control cells .

(Table 3) and they have the equiva]ent'of a 4C DNA content, i.e. 2 Gl

nuclei. Thus, the surface area for the uptake of 3H-UR was greater-in

binucleate cells ,than in normal cells; and the amount of DNA which can

be transcribed to produce RNA is 4C in all binucleate ;el]s but only‘&

2C or 2C ~ 4C in many control cells. Thus the relative efficiency of

the binucleafe cells in synthesizing RNA was far Tess than that of the

control cells. - |

From 1 to.l + 3 hr mean nuclear volume in caffeine treated roots *
decreases by over 40% (Table 1).6::E?§FTEQ to an analysis of the rate of
export of RNA from the nuclei of binucleate cells and a comparison with
the raﬁe of movement of 3H-RNA f;om nucleus to cytoplasm in mononucieate .
cei]s (Table 2). In control cells the nucleus:cytoplasmic (N/C) ratio \\\

was 1.29:1 at the eﬁd of the 1 hr exposure to 3H-UR; i.e. oh1y 44% of

the tabellad RNA synthasized in that period moved into the cytopiasm.
T
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Table 3
Comparison of Cell Area in Caffeine Treated Material and in Controls
Mean cell areas (umz) are given for Binucleate and mono-
nucleate cells 1 hour after a 1 hour treatment with 0.1% caffeine,
i.e. 1 + 1 hr, and for untreated control cells in interphase and
mitosis; 75 binucleate cells and 150 ceils of all other types were ,
scored. The ranges of cell areas are also given.
Cell Area (umz)
Cell Type | p Mean + S.D. - Range
“Control Interphase 427 + 196 143 - 1073
Control Mitotic : 578 + 200 264 - 1069
Binucleate . 981 + 336 362 - 1874
/_\ Mononucleate ‘ 613 + 239 256 - 1518
\\ )
™~
A
.
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In mondnucleate cells of caffeine treated roots, however, the N/C

ratio was 0.69:71. Though less 3H-RNA was made in these cells than in
controls, a greater proportion of it had migrated to the cytoplasm;

the value was §9% of total SH-RNA. By 1 + 1 hr, the N/C ratio was 0.82:1
in control ceils.and only 0.54:1 in caffeine treated mononuc]éate cells
(Table 2). The data show that 65% of 3H-RNA was in the cyt0p1a§m of
caffeine treated monondcleate cells but the corresponding value was
only 55% in conEjh] cells. By 1+ 3 hr the N/C ratio was 0.44:1 in
~control cells and 0.49:1 in mononucleate cells of caffeine treated
material (Table 2). Therefore at 1 + 3 hr the relative amount of RNA
which had moved out of the nucleus into the cytoplasm was the same in
both contral cells and mononucleate cells, i.e. 69% of the H-RNA was
found in the cytoplasm of controls and 67% in mononué]éate cells from
caffeine treated material. Even though fhe amount of Tabelled material
in caffeine treated cells was leds than in controls, initially the
mononucleate cells are releasingsmore 3H-RNA to the cytoplasm thén are
the control cells. HOnger, by 1 + 3 hr the relative amount of 3H-
RNA released by both cell types was the same.

A similar pattern of 3H—RNA release to the cytoplasm was fouﬁd

in the binucleate cells (Table 2). As in the mononucleate cells a
relatively large proportion of the total 3H-RNA was found in the cyto-
plasm at 1 hr; the N/C ratio at this time was 0.71:1 as compared witﬂ

a ratio of 0.69:1 in mononucleate cells of caffeine treated material

and 1.29:1 in controls (Table 2). By ]'+ 3 hr the relative amounts of
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3H-RNA in the cytoplasm of binucleate and control cells were similar;

the N/C ratios were 0.63:1 and 0.44:1 yet in terms of the relative

amounts of 3H-RNA in the cytoplasm of the two cell types the values were

61.2% and 69.3% respectively. These values, a reflection of the relative

movement of material out of _the nucleus into the cytoplasm, show that

the rate of movement of 3H-RNA is initially higher in the caffeine

treated material. Howevér, by 1 + 3 hr the relative amounts of 3H-RNA

found in the cytoplasm of control and caffeine treated cells are similar.
Since the values from the control cells are an indication of the

normal rate of transport of RNA out of the nucleus into the cytoplasm |

Tt is evident that RNA was moving out of the nucleus at an enhanced rate

in caffeine treated material. In part, the release of RNA into the cyto- -

plasm in caffeine treated material must be due to normal export of RNA
from the nucleus; in parf, however, the enhanced rate of loss may be
attributable to the decrease in nuclear volume. Since'these results |
parallel those for the loss of preformed RNA (see section III.1.3,
Nuclear Volume); it appears that the reduction in nuclear volume coin-
cides with a Toss of macromolecules, at least Qith the loss of RNA,
from the nucleus. |

. R r .
II1.2 Differential Behaviour of Sister Nuclei in Binucleate Cells of

V. faba

#

Previously it has been shown that sister nuclei in binucleate
cells showed differer¥tal growth (Wellwood and Davidson, 1977; White

and Davidson, 1978). Thus,_sister nuclei with the same genotype exhibit
) &
‘ Lo

®

I
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phenotypic differences in size and pehaviour-whi1e existing in a common
cytoplasm. To analyse this phenomenon m099~€g11y, the decrease in
nuclear volume of the sister nug}ei was stqdied, as well as the rate

of RNA synthesis in the sister nuclei and the amount of preformed RNA
incorporated into the post-mitotic sister nuclei, i.e. into the sister
nuclei in the binucleate cells formed during the caffeine treatment.

IIT.2.1° Nuclear Volume of Sister Nuclei

In the binucleate cells, volume differences between sister
nuclei were clearly seen (Table 4). At 1 + 1 hr the meah difference in
nuclear volume between sisters was 253 + 201 um3; this difference dropped

to 97 + 89 um3

at 1 + 14 hr. Therefore, mean difference inrnuclear
volume decrease& at the same time as mean nuclear volume decreased, -

c.f. Tables 1 and 3. Since mean difference in nuc]éar volume as a

- fraction of mean nuc]ear_volume decreased the contraction sﬁdwn by

sister nuclei was a diffefential one. Thus over the 14 hr ﬁeriod studied
the larger nucleus-ofnthe sister pair-decrea;ed in volume to a greater
extent than the smaller ﬁucleus, both in absolute and relative terms.
This can be seen in the ratio qf the mean nuclear volumes, 1arge/sma1l
(L/S), which fell from 1.27:1 at 1 + 1 hr to 1.20:1 at ] + 14 hr

(Table 4). However, the sister nuclei never become equal in siZe, sincé
pairs of prophase nuclei at 1 + 14 hr had an L/S ratio of 1.20:1 (Table 4).

L]

II1.2.2 RNA Synthesis in Sister Nucleij

‘The differential decrease in nuclear volume of pairs of sister

e
A

nuclei indicates a certain degree of nuclear autonomy in behaviour. A

N

I
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Table 4
Differences in Volume of Sister Nuclei of Binucleate Cells
Mean volume (um3) of the larger and smaller nucleus in 150
binucleate cells of V. faba roots treated with 0.1% caffeine for 1
hour and fixed 1 to T4 hours later. The mean differences, ranges of
differences and the ratio of volumes (larger/smaller) between sister
nuclei are also given.
Nuclear Volume (um3) Differences in Nuclear Volume (ums)
"Time Mean Larger  Mean Smaller Mean + S.D. Range Ratio (L/S)
.+ S.0. #S.D. :
Tl T2 r423 w738 253:200 oM 1.27 ;]
1+ 3 847 + 285 685 + 242 162 + 146 0- 820 1.24 : 1
1+6 850 +325 691 + 262 159 + 145 0- 808 1.23 : 1
1+12  612+222 507 +209 . 105+ 80 0- 343 1.21 : 1
1+14 582+ 210 485 + 183 97 +

9 " 0-521 1.20:1

1+14 :
Prophase™ 1083 + 544 904 + 510

£

+119 . 17-279 1.20 : 1

a Prophase value is basad on 5 cells only, i.e. 10 nuclei
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more direct approach to determine if the behaviour of Ehe sister nuclei
was.differentia1 was to study the synthetic capabilities of the sister
.nuciéi  of binucleate cells. Labelled precursor, 3H-UR was supelied
concurrently with the caffeine treatment, this ensured that labelled
precursor would belava11ab1e ﬁithin the b{nucleate.cel1s once the sister
nuclei reformed at the end of mito;}s and began RNA synthésiﬁi_

The grain count per nucleus between_sister nuclei was signifi-
cantly different (p = 0.05, Table 5) at each time examined. The actual
rates of increase of grain count§ over the two nuclei of the binucleate

cells were also different, for the nuclei with the higher grain count the
rate was 3.6 + 0.29 grains/hr‘whi]e in the nuclei with the lower gfain-
count it was 2.5 + 0.86 grains/hr. Thus the pair of sister nuc1ei”
within a common cytoplasm showed a differential ability to synthesize
"RNA; this parallels the differential changes observed iﬁ <;e volume of
the sister nuclei. One striking difference between sister nuclei f\es
in their reiative abilities to synthesizegRNA and in the degree of dif-
ference between fheir_vo]umes. While the ratio of nuclear vo]ume, g/S,
for sister nuclei changed with time, on average it was 1}2:1;_however,
the‘average ratio of grain counts for sister nuclei, higher to Tower,
was 1.84:1 (Tab]e 5). Thus, the metabolic capability of the sister °
nuclei showed a fﬁr greater difference than the difference in their
nuclear volume would Tead us to expect.‘

Analysis of sister cells from untreated, control roots supplied
with 3H-UR showed differences in nuclear grain counts similar to those

between the sister nuclei of binucleate cells (Table 5). Analysis of
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Tabla 5 . &
Differentia1 Synthesis of 3H-RNA in Sister Nuclei of Binucleate Ce]IS

Mean grain counts and the ratio of labelling intensity (High/
Low) for the sister nuclei of the binucleate cells in Table 2 are
presented. The rates of 3H-RNA accumulation, as a measure of RNA
synthesis, within the sister nuclei are-also-given; these rates, which
are the increase in grain. cougt per hour, were calculated by regression
.analysis of the grain countS hetween 1 and 1 + 3 hr. Control data came
from pairs of sister cells from untreated material exposed to “H-UR for
1 hour, 30 pairs of sister cells were scored: ’

o _ GcTeag Grain Caunts . ,
Time Mean + §.D. High + S. .Low + S.D. Ratio (H/L)

Control © 9.65+5.65 11.63 +6.00 7.67 +4.57 1.52 : 1
1 S 433£3.55 5.57+3.73 3.10+2.9 1.80:1
T 7.50 + 4.60 10.23 + 4.30 4.77 + 3.04 2.14 : 1
1+3 13.58 + 7.29 16.60 +3.04 10.57 +5.37 1.57 : 1
Rate * \‘ - 3.6 +0.29 2.5 +0.8 1.44 : 1
/ T I
A\
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the individual ratios indicated that the disE;ibution of differences g
was greater in the binucieate cells than between sister cells, even i;i__d/)

~

_ though regression analysis showed the two cell p&égl?tions to have

almost identical slopes after 1 hr of labelling; i.e. 0.651 c.f. 0.645
for control and binucleate cej]s, respectively. There are.several
QE::ons for these apparently conflictiné‘results: 1) these resu1ts'deal
with relative ;nd not absolute diffefénces,wZ).in absolute terms grain
counts-per nucleus are significantly higher in-eentrols than in bi-
nucleate cells. These twa facts combine.td indicate;thaéekhe relative
difference is not as great in Eéntro]s,'as it is in binucleate cells,
but it also indfcates that‘the differences are maintained over é*cell.
cycle since the contr61 sample was comﬁosed of Gl; S and G2 ce11s.
Further it shows that, early in Gl, a difference is establis?pd)betwéen
the two nuclei of a qféter pair whether they are in a binuc]eatg cé11,
and sharing a cdnmon -cyt0p1a‘sm, or are in separaff' ceﬂs@th their own

. o . g,
environment; also, that this difference is maintained over a cell cycle.

. . IIT.2.3 Repopulation éf PoSt—Te1ophase Nuclei by Pfgformed RNA

- Analysis of the uptake of preformed RNA showed. that sister nuclei
in binucleate ce1}s did not take up egua%'émounts of the labelled RNA.
At 1 hr; immediately at-the f the ¢affeine treatment, the bindﬁﬂgate
cei]s showed mean grajﬁ counts of 18.57 + 7.80 graiqc/ﬂUCTeUS.pvqr the
5.

19 grains/hucleus

“over the more 1ightly labelled nucleus (Table 6).  Since RNA synthesis

does not occﬁr dufing mitosis in V. faba (Davidson,'1964) most of the

labelled RNA observed at 1 hf must have-been synthesized in the previous
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Table 6

Differential Uptake of Preformed 3H-RNA Into Sister Nuclei After

Mitosis

Roots were labelled for 1 hr with 3H-UR 3 hours prior to the
5-AU induced wave of mitosis and during the peak of mitosis the roots
were treated with 0.1% caffeine for 1 hour; the binucieate cells were
then examined by autoradiography to determine grain counts over the™
sister nuclei. The mean grain count, the grain counts for the sister
nuctei, the ratio of the Tabelling intensity (High/Low) as welldas
the tptal cell grain counts are given; 30 binucleate ceSIs were seored
ag/each time. , 6\\

: Nuclear Grain Count

Time Total Grains Mean + S.0. /High + S.D. Low + S.D. Ratio
- Per Cell : : N a (H7L)

1 78.1 + 27.0  14.72 + 7.63 18§ +7.80 10.87 +5.19 1.71:1
T+1  80.2+28.2 11.07 +6.92 13.47 + 7.50 3.67 + 540 [1.55:1

143 299.9+93.8 3875 + 15.94 44.03 + 16.75 33.47 + 13.36 1:31
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¥ . , .
interphase. However, since RNA synthesis resumes in interphase nuc1¥i

it was difficult to determine if the changes. in relative grain counts
‘was due to 1) continued'uptake of preformed RNA, 2) ne@ty synthesized
RNA or 3) both.a Between 1 hr and 1 + 1 hr the total numbé; of grains
per binucleate cell was not significant]} different (p = 0.05), j.e.
78.1 % 27.0 c.f. 80:2 j_ZB.é grains/cell for 1 hr,and 1 + 1 hr,
fespective}y (Table 6). Thus,_ovéra11 grain counts reﬁained the same
at these two t1me§. The distribution of grains did éhange, howe:er;
grain counts per nucleus fell while the cytop]asmic grain counts in-
creased {Table 6). These results.sqggest that RNA incorporated into
the nucleus at the end of mitosis is being released from the nucleus
during a period whe 1nuc1eaé volume in the binucleate cells is de-
creasing (cf. Tablegs 6 ahd 1). . < |
The release-of preformed 3H-RNA from sister nuclei is also
differential. Betwsen 1 and 1 + 1 hr the mean grain count per nucléus

fell from 14.7 + 7.6 Yal1.1 + 6.9 grains (Table 6), at the same time

“ the ratio of grain counts, high{ to low (H/L), between the pair of
‘ sister nuc¢lei decreaseh_from 1.71:1 to 1.55:1 (Table 6)w After 1 {
1 hr grain counts per ce]1iincreased dramatica1lj (Table 6), suggesting
that RNA synthesis had started and that 1abe1]ed~precufsor present in
.cytoplasmic pools was being uée&, resufting fn much higher grain counts.
Nevertheless, the results indicate that loss of preformed 3H-RNA,
- betweeﬁ Tand 1+ 1 hr, was differential; i.e. in a binucleate cell,-
‘ the nucleus containing the greater amount of 3H-RNA, as determined by . //’

re
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grain counts showed 2 greater loss in labelled material than its sister
‘nucleus. These results parallel the observed differential decrease in
nuclear volume exhibited by sister nuclei of binucleate cells.

!’f\‘.
ITT.3 Caffeine Induced Binucleate .Cells in Roots of P. Sativum

It had been our inteﬁéion to further characterize the differences
PR ' T - - '
between sister nuclei of binucleate cells in V. faba by examining their

nuclear protein and RNA contents. Alowever, attempts to grow seedlings,

using \seeds from sever o Tots, proved to be impossible due to-a

fungal infection whfich appeared at the time of lateral root emergence.
Because of tﬁe cyto]ogicalgef%ects produced by pestiﬁides (Cottes et al.,
" 1982; Upadhyaya and :Noodén, 1977) rather than treating the seedlings
with a fungicide, it was decided that another system should be found.
Root cultures Tooked appealing because of the ease of working with‘
large numbers of roots and a constant environment coutd be haintained for
root growth (Webster, personal communication). The choice of P. sativum
as the experimental organism was made because of the extensive work which
haé_been done with-roots of this plant in culture (Scadeng and Macleod,

1976; Webster and Van't Hof, 1970; Welister, 1979b).

III.3.1 Ce11'Cyc1e Kinetics of Binucleate Cells of Pea Roots

Excised roots. were cultured (see Methods and Materials) and

. treated with 5-Al to increase ‘the degree of mitotic synchrony. When
the semi-synchronous wave of cells entered mitosisrthe roots were
treated with 0.1% caffeine for 1 hr (Fig. 4). The roots were then
allowed to recover and samples were taken at various tlmes between 2

and 20 hour; after the caffeine treatment.

~
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Figure 4

Mitotic Index of Mbnonuc1 te and Binucleate Cells After

2-AU and Caffdine atments in P. sativum

L\

The mi
{O) cells 3t
(CAF}. Each M.
cells and 100 ¢
bars indicate t
1 all times are
treatment.

>

totic ‘Tndex of mononucleate ( @ ) and binucleate

various times after treatment with 5-AU and caffeine

I. is based on 3000 cells in the case of mononucleate

ells in the case of the Binucleate cells. The vertical

he periods of 5-AU and caffeine treatments; as in Figure
given in hours and relate to the 1 hour caffeine

N

2]



(H) JWIL -
10

MITOTIC

INDEX

. i

nv-s

£l

X0

02+

Hoz



Fi

47

Binucleate cells were first g%gﬁﬁin mitosis at 1 + 10 hr and
reached.their peak M.I., 19.3 at 1 + 14 hr (Table 7, Fig. 4); Mean
cycle duration for binucleate cells, therefore, is approximately 14 hr,
Microspectrophotometric determinations of DNA content showed that all
binucleate cells were still in Glat 1 + 6 hr (Fig. 5A and B).
However, some had begun S at 1 + 10 hr (Fig. 5C) and some binucleéte
cells were even in mitosis at 1 + 10 hr (Table 7), indicaking that a
small proportion of the bi.‘l:ludeate cells cr;;p'leted S and GZin .about
4 hr; i.e. they were in G1at 1.+ 6 hr.but were in mitosis at 1 + 10 hr.
The majority of binucleate cells were somewhat slower, i.e. af least
50% of them were still in S at 1+ 10 and 1 + 12 hours (Fig. 5C and
5D) and were in G2at 1 + 14 hr (Fig. 5E). Between 1 + 14 and 1 + 20
hr about 50% of the binucleate cells underwent mitosis (Table 7,_‘
Fig. 4). .This evidence indicates that there is variation in thé cycle
duration of binucleate cells. “

The cycle kinetics of the binucleate cells that complete their
cell cycle by 12-14 hr, i.e. the most rap1d1y cyci}ng binu;]eate;ce11s,
are particularly interesting. Their G1lasts at 1easf 6 hr (Fig. 5B)
and S + G2 lasts only 6-8 hr (Fig. 6 and 5B). 1In Wohonucleate cells
of pea roots, grown undef ;ulture conditions similar to those used
here, mean duration of G1was 4.8 hr, mean duration of S + G2was

3

11.8 hr and mean “Cycle duration was 18.7 hr'"(Scadeng and Macleod,
1976). Thus, re1qtivg_ to the values for untreated cells (Scadeng and-
MacLeod, 1976), the most rapidly cj@c]ing-bimic te cells show: I) a

reduction in the duration of S+ G.2and of a cell ¢ycle and 11} an
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Figure 5

Changes in DNA Content Qver a Binucleate Cell Cycle

. ' 1::7 Frequency histograms of the DNA content, in arbitrary units
‘ (a.u.}y, of the nuclei from binucleate cells induced by a1 hour °
treatment with 0.1% caffeine; (A) 1 + 2 hry, (B 1 +6 hry, (C) 1 +.
10 hr, (D) 1T+ 12 hrand (E) 1 + 14 hr. The cells were stained by
the combined DNFB-Feulgen technique; DNA content was measured by
microspectrophotometny.
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Figure 6

Comparisons of Various Cell Parameters over a
Binucleate Cell Cycle

The mean values of DNA content (DNA), nuclear protein
content (NP) and nuclear volume (NV) at various times of recovery
are given for binucleate cells induced during a 1 hour, 0.1%
caffeine treatment. The values have been plotted on the same
relative scales thus facilitating comparisons between the various
parameters. QS;\ ‘
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increase in duration of Gl. Further evidence that the duration of G2
' O
in binucleate cells has been reduced is this: from the decrease in M.I.

in the first 6 hr of treatment with 5-AU the mean duration of G.2+ g_

* can be calculated (Socher and Davidson, 1971) and was.estimated to be

3.2 hr. Thus, §21s shorter, in binucleate cells, than in the mother
cells from which they were derived.

II1.3.2 Nuclear Volume of Binucleate Ce11§ =

It has been shown that mean nuclear volume decreases during
interphase in caffeine induced binucleate cells of V. faba (Table 1).
A similar decrease in nuclear growth was seen with P. sa ivulm roots

grown in culture. Mean nuclear volume in binucleate cells fell from

387 + 142 um3 at 1+ 2 hr to 304 + 108 um3‘at 1+ 6 hr (Table 7). This

period in which the decrease in nuclear volume occuyred, coincides with

i

the extended Gl period (cf. Table 7 and Figure &} However, unlike

-~

. \
the situation in V. faba, this reduction in nuclear v01umg\fi:eji::oranx{\\\’////

By 1 + 10 hr the trend of nuclear contraction appeared to be reversed

s
(Table 7), and significantly, this coincided with the onset of DNA ’
synthesis (Fig. 5C). From 1 + 10 to 1 + 20 hr nuclei of binucleate .
cells continued to grow apd increases in their volume were Seen _ ——
particularly in the nuclei that formed the upper 50% of the distribution

(Table 7). To determine if the reduction in nuclear volume was due to

a loss of macromolecules, the protein and RNA contents of the nuclei of

binuc1e%§e cells were measured.
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TabTe 7

Changes in Nuclear Volume of Binucleate Cells in P. sativum

Durihg Recovery from Caffeine

Mean + S.D., minimum, maximum and values frog percentage cumu-
lative frequency distributions of nuclear volume' (um®). Each value

is based on 150 binucleate cells. The frequency of binucleate cells, =

based on 3,000 cells, and their mitotic "index M.I.) are also given.

The times given are hours after a 1 hour tre with 0.1% caffeine.
3 Binﬁc]eate
Nuclear Volume (um”) Cells

Time  Mean +S.D. Min. 10 25 50 75; 90 - Max. Frequ. M.I.{
B - -

bl e P

142 3874182 133 %25 274 36 463 582 837 0.47 7.0
146 304+108 83 18 226 297 361 431 780 0.63 o
1410 374 +124 130 225288 364 431 542 8Y  0.37 1.3
1@z 218 95 225 24-33% 427 510 723 0.2 a.g
11}4- 453+ 180 ¢ 130 263 322 428 532679 1189  0.20.19.3
1416 5624335 106 231 304 470 732 1039 2433 0.10 11.1
__1?13 2+200 101 226 304 413 511 713 1672 0.47 9.7

1+20/ 504+ 268 134 274 369 497 659 850 2074  0.50 9.3

Confyoi 274 +122 89 . 133 189 245, 339 431 842 . - -
\ S ~
’.

.cziil_



54

. ‘ \
L,// I}I.3.3 Nuclear Protein Content

\

Nuclear volume is determined by the amounts of various low - \\\
mo1ecu1arwweight molecules, by maérqmo]ecules, e.g. DNA, RNA and prd%ein,
as well as by the degree of'hydratighfﬁ Changes in nuclear vb]ume must
result from changes in one or more of fhese co%ponents. First we
cgysider changeﬁ-in*protein‘contént oflhuc1ei; fs there‘aﬁy corre1?tipn
between the protein content and the volume of a nucleus? Histograms
for nuclear protein content have been made for various points within
the binucleate cell cycle (Fig. 7). The analysis of DNA contents
showed the duration of Gl was extended while S + G2 was shortened and
the ccmbingd effeFt of these changes was a reduction in totaT';ell

.; cycle time by some 4 hr. 7 o --_ ;’\\“

During the extended G1 per1od there is.a significant drop 1n
nuclear prote1n cantent -and this drop para]]els the change in nuclear
yolume eﬁ‘Etly (F1g§§\g_325’7, c.f. 1_+ 2and 1 + 6 hr). Between 1 +

o G}and 1 + 10 hr, when DNA contents are first seen to increase, mean
nuclear prd%ein and mean nuclear volume show a parallel increase
: Mean nuclear prote1n content continues to increase with time wh11e
mean nuéﬁear volume shows some fluctuation between 1 + 10 and 1 + 14
hr {for exp1anat1on see III 3. 2 Nuc1ear Volume of B1nuc1eate Cells).
However, there was a strong corrg]ation between the protein content
and the volume of a nuc]éué§ i.e. changes in mean protein content of

"r’l . ) , .
, nuclei paralled changés.in their volume (Fig’ 7). The correlation co-

B TS

efficient between these twd.parameters was r = 0.79 for the 5 defer-

minations made between 1 + 2 and 1 + 14 ﬁr; . Ykorrelation between

A
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Y ' .
Changes in Nuclear Proteifi Content Over a
Binucleate Cell Cycle -. :

- -Frequéncy histogfams of the nuclear protei

T

n content, in

‘arbitrary units (a.u.}, of the same cells whose DNA contents are
ame -as those in -

given in Fig. 5. The times for A-E are also the s
Fig. 5. The cells were stained by the combined DN
te;hnique;’protejnfgon e

s

FB-Feulgen

as megsured by microspectrophotometry.
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nucl ear volume and protein conten‘t‘is even stronger, r = 0.99, in
the peripd T+2t01+10 hr. The decrease in the r va]ue-toﬁardé the
end of interphase refTects-fhe,increase_in the range of prptein contents
‘as more and more nuclei enter S and G2 (Fig. 5D and E, c.f. Fig. 7D and E).
Q\\T‘h_.ese results are similar to those found in P sathhm‘wheﬁé\nuc]qg?
dry_mass and nuclear volume had a correlation coefficient of 0.73
(Lyndon, 1967} and in V. fggé_where the correlation coefficient between
nuclear protein boﬁtent and nuc]eér volume was 0.74 (Bansal and Davidson,

- —_—
1978a). Changes in protein content, therefore, do contribute to.

-

changes in nuclear volume.

IIT.3.4 'Nuclear RNA Content

~ Total nucleic acid content of nuclei was measured in: 1) caffeine
induced bihaé1eate cells 2 hours af%er the end of the caffeine treatment,
2) monondéTeate cells of untreated roots and 3) pairs of:sisﬁer cF11s;_ -
known to-be in G1," from untreated'roots. Sinte at 1 + 2 hr the bi; \\hj _
nucleate ce11s are still in GI (see.III.3.1 abdvéj the pairs of mono-
nucleate'ce1ls-§e1ected for anaTysis‘were also in G1. Thus a cﬁmpgrison
could be made between pairs of sister nuclei that either shared a common
- cytoplasm or were in separate ce11s; ‘
" The ﬁethod o?rgéiegfjné G1 cells 'has been described (Method ahd '

Matér1a1s). The pfeparatiqns were stained with Ga1locyan1n-chrdme‘

alum; this 1s'spécifiq for nuclei;'acids, but it stains bofh'DNA and
~ -RNA. Therefore other;roots were pretreated wifh RNase to remove RNA

" and the RNA content of thé nuclei was estimated by sﬁbtracting the g
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1Tab1e 8
Nuciear RNA Content

>

Mean values for total nucleic acid content (+ S.D.) and DNA
content (+ S.D.), taken from RNase treated material for caffeine
induced binucleate cells?, sister cells and controls are given.
Estimates of nuclear RNA content are derived from these values.

Total nucieic acid content.and DNA cantant weré measured by micro-
spectrophotometry on Gallocyanin-chrome alum stained material; 50
binucleate cells, 25 pa1rs of sister cells and 100 control. ce11s were
scored

N

Control Cells  Binucleate Sister
' Cells | Cells

r .

Total Nucleic Acid Content  78.7°+ 24.2  74.8 +18.9  66.0 + 11.3
DNA Content (RNase treated) 70.1 + 19.1 57.7 + 10.0  (57.7)°
RNA Content | 8.6 7.1 8.3

< RNA/DNA Ratio 0.12 0.30 . “FEEM_

3

b1nuc1eate ce1ls were scored 2 hours- after the caffeine treatment,

‘G1

Since binucleate cells at 1 + 2 hr dre in G1 the DNA value found for
these cells was used in calculating the RNA value for sister cells,
which were a se]ected sample consisting of Gl ce]ls (see Materials
and Methods)

Lo

i.e. at 1+ 2 hr, at this time binucleate cells are known to be in ‘ .

AR
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value for the RNase treated material from the value of total nucleic

—

acid.

The mean nucleic acid content per nucleus for the b1nuc]eate

cells was 74.8 + 18.9 a.u. while the means for contro1 ce]ls and the :{

pairs of sister cells were 78.7 + 24.2 e‘u and 66. 0t 1 }3'a u.;” 
reépect1ve1y (Table 8). When the b1nuc1eate ce]Ts were comparedlto the o
pairs of sister eells mean nucleic acid content per nuc]eus was fqund '
to be s1gn1f1cant1y greater in b1nuc1eate ce11s than 1n the s1ster ce11s ,
(p = 0.05, Table 8). Since. both populations of ce115 were in G1, thelr
DNA content per nucleus would be identical, these results 1nd1egte that.
the nuclei of the binucleate cells contained more RNA than nuclei frqm/’
untreated cells. | , ; ’
‘The above observations were confﬁ;QEd by tﬁe values obtained
from the RNase treated materia].f,Once the RNA heq been removed the
mean nucleic acid content per nucleus for binucleate cells wasnonly'.

.57.7 + 10.0 a.u. while for the ¢ontrol mononucleate cells it was 70.1 -

g i_lg.f (Table 8). Since RNase removes RNA, the values obtained are an

*estimate of the DNA contehf-per nucleus, and since the binucleate cells

' were in G1-it is not'surprising that their DNA content was Tower than

that from-control mononucleate cells which were made up of cells in .
G1, S and G2 This means: that. b1nucleate cell nuc1e1 contain, on
“average, 17.1 a.u. of RNA per nucleus wh11e control mononuclieate cells
and pairs of sister cells contained only 8.6 a.l. and 8.3 a.u. of .RNA

per nucleus’, respectively (Table 8). This increase in the mean nuclear

’ w



60

RNA content in binucleate cells may be related to the increase in
méan nuclear valume of the binucleate cells (c.f. Tables 7 and 3);
this possibi1ity‘is examined in the next section.

I11.3.5 Relationship of Nuclear Volume to Nuclear Protein and
. Nuclear RHA :Cantent

We have shown that for.the most rapidly cycling b1nucleate cells
nuclear protein’and nuclear volume are highly correlated (r = 0. 788 .
Flg 6). However, it was also found that mean nuclear volume of b1-\“f’”“
nuc]eate cells at 1 + 2 hr was significantly greater (p = 0.05) ﬁhan
}t was for control cells in Gl (c.f. 387~ﬁm3 and 189 um3, Table 9) yet
mean nuclear protein content for.these two populations of cells was
not significantly different (p = 0.05, c.f. 54.2 a.u. and 56.6 a.u.,
Table 9). This situation was true for all times examined, in fact,
nuclear protein content of binucleate ce1js tended to ‘be lower than
controls whilé nucledr_volume was always greater in binucleate cells
(c.f. Table 7 and Fig. 8). These results show that volume and, protein ,
content of nuclei can vary independently of one another anH(;;éy S S
shggest that protein!coﬁtentnis not the most critical componeng governing .
nuclear volume F |
- RNA content aﬁd volume pf nuclei; on the other hand, showed a
’ftrdng correlation. There r $ a 2.06-fold increase in mean nuclear
RNA content in bihﬁc]egte cells»over control cells 1n‘Gl,jiean nuclear
yolume increased by 2.Q§; 1& i? the anqueate ce11s‘LTable 9).

Further, the correlation cdefficient between th@ larger or small



Figure 8

Changes in Nuclear Protein Content in Nuch;,waB Increasing DNA
Content in Binucleate and Control Celis

AT
_ The protein akd DNA content of a nucleus were determined, by
microspectrophotometry, after staining by the combined DNFB-Feulgen
technique. 'Binucleate cells, jnduced by a 1 hour 0.1% caffeine
treatment, were scored 2, 6, 10, 12 and 14 hours after treatment;
30 binucleate cells were scored Atleath time. Control nuclei were
divided into 6 classes on the basis\gf™ their DNA content and the

mean nuclear protein content/ya% calculated for each class; 100
control cells were scored. ‘
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nucleus and their corresponding nuclear RNA content, for binucleate
and control cells, was 0.888. These fesu1ts indicate that nuclear
RNA content is a more important factor in determining the nuclear
volumerpf a cell than is the nuclear protein conteézi

- Of the fraction of RNA which is important in determining
“nuclear voTume rRNA appears to be a likely candidate. While no direct
measurement of the rRNA coptent of tﬁese ﬁﬁcTef was made, total nuc]eolaf
volume per nucleus was Tﬁﬁgured. Total nucieolar volume compared to
ﬁﬁ@iﬁar volume in thé-same manner as nuclear RNA content, gave an even
higher correlation coe%ficient, r = 0.998 (Tabie 9). -Thé Qmplication
of these results is that the metabolic activity of the nucleolus,
which must be controlled by the needs of the cell, sets the limits on
nuclear volume. That is, a more active nucleolus would be producing
a larger quantity of rRNA thﬁsfgiving a larger nucleolus, which iﬁ_turn
results in a 1ar§er nucleus. However, how this process is initiated

or controlled is still not_known.

PI1.4 Differential Behaviour of Sister Nuclei in P. sativum
... The two nuclei of a biﬁiETeate cell are the prodﬁcts of one
mitosis and occupy a single cytoplasmic environment. In spite of this
e arE . . . | ’ -
the sister nuclei of 2 binugcleate cell differ in size in all but a.
small proportion of cells (Davidson and Pertens, 1978; Davidson and
Pértens, 198;a;ue11wobd and Davidson, 1977).. We héye,already'shown

that this was the case for caffeine induced binucleate cells in V. faba

-
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Table 9

8

Comparison Between Sister Nuclei of Binucleate Cells and Nuclei of Sister Cells -’

-~

A comparison between sister nuclei of nmﬁﬁmﬂzm *za:nmq cizcndmmnm cells in m_ (1.e. at d + 2 hr)
and nuclei of sister cells from untreated material. Mean values for nuclear protein content (NP},
nuclear RNA content (NRNA), nuclear volume (NV) & nucleolar volume (nuc V) are given. The values for
nuclear volume and nucleolar volume for Gl cells is based on 50 pairs of sister cells, the nucleolar
volumeg for the binucleate cells is baskgd on 50 cells,

\.

/\ - k *
Binucleate Cel}s (G1) : ‘mﬁ o Sister Cells (G1)

Parameter Mean * S.D. rmxmmmw S.D. Small+ S.D. “"Mean +Ss.D. Large + S.D. Small Mum.c.«
NV (um®)? 387 + 142 420 + 146 354 + 131 - 189 + 67 206 + 67 - 172 + 63
nucy (um°) 38.9 +16.8 43.3+17.2 34.6+13.2 17.3+8.0 19.9+8.6  14.7 + 6.5
NP (a.u.)? 54.2 + 11.6 57.6 + 12.0  50.8 + 10,2  56.6 + 10.1 58.8+ 10.1  54.4 + 0.2
NRNA Am.jnvn, 17 21.7 2.5 8.3 1.5 5.0
2 Nuclear volume data for binucleate cells are from Tables 7 and-10

- ., , AN
b Nuclear protein data are from Tables 11 and 12
¢ MNuclear RNA data are from Tables 8 and 13 _

. o | 5

LT
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(Table 4). In this section it will be shown that sister nuclei of
caffeine induced binucleate cells have different volumes (Table 10)
and that the differences between sister nuc1e1 arg ma1nta1ned as
nuclei change in volume (Table 10). These differences in volume

between sister nuclei Ted to an ex@mination of the extent of dif-

ferences in the macromolecular content\of sister nuclei; microspectro-

65

photometric determinations revealed that the sigter nuclei of binucleate

cells differed both in grotein content (Table 11) and RNA content

.

(Table 13).

IIT.4.1 Nuclear Volume.and Nudlear Protein Content of S1ster

Nucliei in Binucleate Calls

Sister nuclei in binucleate cells induced by caffeine in P.

sativum, as in !,-faba, had different volumes. Mean volumes of larger

and smaller nuclei in the pairs of sister nuclei in binucleate cells

have been compared at each of the 8 times studied (Table ]0): each

pair of means is significantly diffdrent (p = 0.05). This establishes

|

o

that the differences are real and that t ey are maintained as binucieate

cells increase in age from '+ 2 to 1 + 2 hr (Table 10). Regression |

—_—

analysis of mean nuclear volume of sister nucTeiy smaller versus

-1argép, for the 8 obsérvations between T+2and 1+ 20 hr showed a

11nearf§§%§tionship (Fig. 9). 'The correlation coefficient between

pairs %

sister nuclei show the same relative change in volume over an 18 hr

mean values is high, r = 0.97; this shows that pairs of

‘period. Confirmation of'this relationship was obtained by plotting

mean difference in nuclear volume against mean volume; this yielded a

o



Differences in Volume of Sister Nuclei of Binud1eate(Cells_

Mean volume (um

3y of th

Table 10

66

e

e larger and smaller nucleus for the bi-

nucleate cells given in Table 7. The mean difference and the ratio of

volumes (Larger/SmaITer)hbetween S

ister nuclei areglso given.

L

Nuclear Volume (um3) Differences
Time Large + S.D.  Small + S.D. Mean + S.D. Ratio (L/S)

| 1 - - (um®)
142 420 + 146 . 354 + 131. 65 + 64 1.19:7
1+6 332 + 115 277 + 94 55 + 50 ?.20:1
1+ 10 M #1310 338 + 105 73 + 69 1.22:1
1+ 12 382 + 120 323 + 99 59 + 56 1.18:1
1+14 ©492 + 186 413 + 163 79 + 80 1.19:1
1+ 16 619 + 373 505 + 283 114 + 148 1.23:1
1+ 18 481 £ 215 . 403%176 78 + 8 1.19:1
1+ 20 588 + 291 500 + 235 88 + 97

A
1




Figure 9

, Comparison of Nuclear Volume of - - '\‘f'
. Sister Nuciei of Binucleate Cells [

A p1ot-df nuclear volume, low versus high, is given for
sister nuclei of binucleate cells. The values plotted here are the
values given in Table 10. A linear regression of these values was

generated by computer analysis;the correlation coefficient (r) and
slope (m) are also given. - > '

s v
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N

corr,]ation toetficient of r = 0.930. Protein content of sister nuclei-
were then compared and a slightly different relationship emerged.

The prptein contents of sister nuclei were compared using the
t-test and the Mann-Whitney test.‘ Both showéd that prﬁtéin contents
were significantly different (p = 0.05) at 1 + 2 and 1 + 6 hr. At all
"other times the diftgfence between sister nuclei was not statistically
significant. Nevertheless, sister nut1ei differed in meat protein
content in all fixations (Table 11). Also, the absolute increésé inf

;;, protein content was almost identical in both the higher and Tower
content nuclei, i.e. 19.4 a.u. and 19.7 a.u. (TébIe 11). Thus, an
absolute ditference of 6.8 a.u. between sister nuclei is established

-~

by 1 + 2 hr, but Between 1+ 2 and 1 + 14 hr, the increase in protein

content is almost identical in both nuclei. This Qas copfirmed by re-

gress1on ana1ys1s of mean nuc1ear prote1n tent, lower versus higher;
N . .
: the absolute changes in nuclear protein content were virtually identical (F“‘f
™~ " o - _ '
in both nuclei over the period from 1 + 2 to 1 + 14 hr. 7
- . e This means that tﬁé nucleus tontaining the Tower: am6unt of
prote1n at 1 + 2 hr takes up more prote1n, on'a re1at1ve bas1s than
the nuc1eus w?th the higher protein content at“] +.2 hr. The res&Tt
“of this was, that for the 5 qptecminations betwgen 1+ 2and 1 + 14 hr, &y

‘ 5;;%? “the'correlation between mean nuclear protein content'aﬁg mean differences

;—_’—\\\¥<;__,1} nuclear protein bohténf was not very strong; 1.e. r= 0.544, Changé L

in ?rntein content of sister nucted , therefore, does not clearly

o ;;::;>_ : para11e1 change in Rthgar volume. :;Eﬁpjﬁe 5 determinations of. nuc1ear
\ q "'\‘ . . ’ .
i s D R SR e

-
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Table 11

Différences in Protein Content 6f Sister Nuclei of Binuclezte Cells:

, " The mean protedn content of the sister nuclei of binucleate
cells are given; each value, based on 30 pairs of nuclei, is given in
arbitrary units.. The mean difference and the ratio (High/Low) of
protein content between sister nuclei are also given. The protein
content was measured by micro®ectrophotometry. The increase in mean
protein content between 1 + 2 and 1 + 14 hr is given as the increase
over a 12 hr period. :

. Nuclear Protein (a.u.) . Differences
Time High + S.D. Low +.5.D. Mean + S.D.. " Ratio (H/L)
) (a.u.) :

T +2,  57.6 +12.0 50.8 + 10.2 6.8 + 7.5 1.14:1
T+6  49.2 +11.2 43.9 +10.5  5.4+4.1 1.3 -
1+10 55.3+17.4- 50.5+14.5 ~ 4,8 +7.5 1.09:1
1+12  68.0 +20.4 61.8 + 18.1 6.2 +5.0- .  1.10:1

" 1+14 77.0+16.6  70.5+16.8 - 6.5+5.4 . 1.10:1
12h  19.4 19.7 - - -
increase \ - : | .

{ .
“*. . . . . “-',g
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voiume for whTch there are correspond1ng protein values, i.e. between ~
1+2hrand 1 + 14 hr, the relative changes in the large and small

nucleus were equal and mean nuclear volume and mean differences in

~nuclear volume showed a high correlation, r = 0.900. Furthermore the

Y

'.correlation between mean differences in nuclear volume and the mean

differences in nuclear protein content was only 0.067, i.éﬁ cf Tables
10 and 11. This r value is Tower than the r value, 0.788, between mean

nuclear volume and mean protein content. The difference betweer these

#—two r values suggests that the difference in vo]ume'betwéen sister .

- nuciei is not due entirely to differences in their protein contents:

other factors nﬁét aiso contribute.

IT1.4.2 Nuclear Protein Content of Nuc1e1 imr-Sister Cells

_The behaviour of sister puclei can also be studied by determ1n1ng

nuclear paramaters from pairs of sister cells. SIS er mononucleate

cells were se1ected and the DNA and protein content ucleus

were measured m1crospectroghotometrical1y. On ‘the basis of their DNA‘

content, pairs of nucle? in G] ) and G2 were selected and their protein

‘;-qontents were determlned. In 9 pairs of cells, out of a total sample

,of 50 pairs, the two nuc1e1 were out of synchrony. e.g. ane was in G2

and .one in S (Tab]e 12) Protein contents of the sister nuclei ofe
two mononuc1eate cells waere not 1dent1eal;)n most cases and the mean }gl
difference ranged from 4.4 a(gi in G1/G]—pa1rs to 9.8 a.u. 1n G2/G2
pa1rs (Table 12) tﬁiﬁlnear regression p]ot.gﬁ the lower against the
higher prote1n content of sister cell nucle1 (Fig ?OA) yielded a
N - e

Y7 R a \.
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*\ Tablé 12
S

Differences in Protein Content of Nuciei in Sister Cells

»

The mean prqotein content of the sister nuclei and the ratio
of protein content (High/Low) between nuclei of sister cells. N is
the number of sister pairs scored. The sample.of 50 pairs of sister
cells is grouped according to DNA content of the sister nuclei. The
DNA and protein contents were measured by microspectrophotometry; values
are given in arbitrary units (a.u.). *In 0DD pairs sister nuclei were
in different phases of interphase. .

g

\ o Nuclear Protein (a.u.) - .
Pairs N  High + S.D. Low #S.0.  Ratio (H/L)
61 - 6 22 " 58.8 + 10.1 54.4 +10.2  1.09:1
s-5 14 90.7+12.4 . 84.2+10.2  1.08:1
62 - G2 5 108.4 + 6.2 - 98.6 +11.8  1.11:1
o . 9 92.4 + 20.4  85.0 +16.2  1.08:1
T .
Mean of , ) :
all pairs 50 '78.7 +22.3  72.6 + 20.3 / 1.08:1
3
. )'
- & .’ -~ !
’ 4 ‘ L} - ’ -
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o .
. \§h;:ég .
Figure 10 ™% = '

Nuclear Protein Content‘of Pairs of Sister Nuclei

_ TheSe plots are. linear regressions for nuclear protein
. contents (NP) of pairs of sister cells. Thegalue from the nucleus
& with the lTower protein content is plotted against the value from the
§ Sister with the higher protein contént. (A) Pairs of sister nuclei
from sister mononucleate cells of untreated roots. (B) Pairs of sisterf~
J nuclei from binucleate cells induced by a 1 hr treatment with 0.1%
caffeine. The correlation coefficient (r) and slope (m) are also-given.
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.slope value of 0.876. The corqéli#%on coefficient for protefn contents
- of these pairs of sister nuclei was r =-0.965. A plot of protein
contents from sister nuclei of binucleate cBlls yieided sim{lqpf%aluesl
The s]ope of e linear regress1on (Fig. 10B) gave a vaTue of 0.870
and r = 0,946. The regression coefficients of these twoiglots were not
51gn1f1cant1y d1fferent (p = 0.05)." The two nuclei produced by one
A mitosis behave, overal], in a s1m11ar fashion whether they are in one
cell or 1n two This.suggests some degree of autonomous regulat1on,

by nuclei, of their growth and behaviour. , *

II1.4£3 Nuclear RNA Content of Sister Nuclei in Binucleate Cells

At 1 ; 2 hr microspectrophotometric determination of'Feﬁlgen
.ostained material has shown that.the DNA content of sister nuclei in

b1nuc1eate cells is identical and at the 2C level (see Section II1.3,

~ F1g 5A). Since the DNA contents of the sister nuc1e1lare_1dent1ca1,
any differences in their tota? nucleic acid cdntent; as measured micro-.
spectrophotometri;a11y on GaIIocyanin-ch;ome alum stained materié1, must

: _ reflact a ‘difference in their RNA content. |
Sister-nuclei 1n b1nuc1eat§§ce11s did show a d1fference in total

nucleic acid content (Tab1e 13) While the méan nucleic acid cohtent

2

per nuc]eus was 74. 8 +18.9 a. u.(:or binucleate ce]ls, th?_s1ster nuclei
wi;xﬁdbe higher nucleic acid contegnt had a mean of 79 4 + 19 3 a.u. and
‘the sister nuc1e1=with the lower nucleic acid content had a mean ofs 7
70.2 + 17.5 a.u.’; thesa values Were significantly different (p =". 05)
- The mean ratio, high/low nuc1e1c acid contents waQ\l Lﬂ 1, s1nce

- o
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. - Table 13 ) ‘ .a._ A

o . c:«ﬁmxmsnmw *: the z:ndmmw RNA no:._um:ﬁ of Sister z:ndm._‘ o 7
! : N ) o . .
Mean values 3?&32 nucleic acid and the estimated ::&mms RNA nozﬂmza are given for the ' .
sister nuclei of the binucleate and the sister nv:m given in Table 8. The ratios of aunﬂoaoﬂmnimx )
content (High/Low) are also given. All values afe ; 8&::.2.« units (a.u.) . . ) 7\
. A : .
. - \- - -
; o Nuclel of Binucleate Cells - Nuclei of Sister Cells
T . High +S.D.  Low + D, Ratio High + S.D. Low + m.c.p/. xmﬁ\*o . .
— . (H/L) . . (H/L)

I.a

Total Nucleic Acid no:w\&« 79.4 + 19.3 70,2 + 17,5 1.,14:1 69.2°+ 11.6  62.

DNA Content® " 57.7 7.7 - 57.7
RNA Content IR 125 1.74: SN 50 Ao
a wz»oﬁozﬂmi was estimated from Z::&mm«m cells treated with RNase; thesa cells’ zmq.m known to be
n ,
7 S AN
» % A | . .
- . “ D
. . | A
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'the diffErences in RNA co

'ferehpes between-sister nuclei.

DNA content of the two nuelei is identical, this difference between‘
the two must be due to different RNA contents. This was eonfirmed'by
exam1nat1on of the RNase treated mater1a1 (Tab]e 13), wh1ch gave an-
estimated DNA content for the two sister nuclei of 59. 0 + 10.2 and
56.4 + 9.9 a.u.; these values were not significantly d1fferent (p = 0.05),
therefore, the mean DNA content for GI ce11s was estimated to be 57. 7
+ 10 0 a.u.

From the values of total nucleic acid content aqd of DNA, from
RNase treated material, the eetimated RNA values were 21.7 a.u. foeg

the nucleus conta1n1ng the greater amount of RNA and 12.5 a.u. for, the‘L

/

*nucleus conta1n1ng ththesser amount this gave a ratio of 1:74:1°
l(Tab]e 13). Hhi{i this ratio between the sister nuc1e1 appears quite

‘large and is greater than their nuclear volume ratio, 1.19:1 (see

Section I1I.4.1, Table 10) it must be remembered that'the RN/ content -

~of a nuc]eus makes up only a smalt fraction of the tota] macromo%ecular

content of a nuc]eus ; . the RNA/DNA-ratio is 0.12 in contro]s and

‘ 0.30 in nuclei of b1nuc1eate cells. "Thus the d1rect contribution to

the actual physica1 size the nuéleus by the RNA 1s smal]- howerer,
Z:ent are,. in édd1t1on to the protewn content

d1fferences further ”VTaence that mo]ecular contents of sister nuclei

are not identiea1 and that they contribute to the 'vo.lume differences

The RNA and prote1n content differences may also reflect funct1ona1 d1f- '



78
- . ! ’
. ‘z *
[I1.4.4 Nuclear RNA Content of Nuclei in Sister Cells p

As with nuclear protein content, the RNA content of sister
q} - nuclei can be usefully compared in sister 'cells as well as in binucleate
cells. From control preparations, stained with Gal1ocyanin-£hromé
alum, sister cells known to be in G} were chosen and their nucleic
acid contents were &etermined b{ microspectrophotometry. The mean
nucleic acid content of the sister cells was 66.0Qf?{1.3 a.u. From
‘\Hﬁ‘\ . the estimatedvmean G1 DNA value of-57.7%£ 10.0 a.u. for Gallocyanin
stained material, the mean RNA contenWyfor these cells was estimated
% to be 8.3 a.h.'(Tabie 8). Compqrison of the values from pairs of
sistér«nuﬁlei revealed that téta1 nuc¥eic dcid éshtent per nucléus
?. '.£/D ~ was rarelé e same in both nuclei. Since all theseé nuclei were in
G1 their DNA content will be identical. The, difference in total nucleic
aqid.content is evidence of‘difﬁerences in RNA content betheen nuclei
of sister cells. o [ - | 7
| The mean ratio of nucleic acid content, Higher_to'Lower (H/L), =&
was 1.11:1 for tge_ﬁuclei of sistef ce11§ and 1.14:1 for the sister
» nuclei of binucleate cells (Tabie 13). Since ;hese.fatios prdved-to ? _‘
- be significantly different (p = 0.05), regféssion analyée;.o# these.

two populations of cells were carried oyt. Plot of these regréssions .

arg, é'hown in Fig. 11A and 11B; the two p1ot§‘ appea‘réd to be similar,
- suggesting that;thé two popu1atiqnsiof cells had similar distributions

of RNA, higher to iawé?iRNA'content,.for the pairs of sister nut1ei.f
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Figure 1

Total Nucleic Acid Cantents of Sister Nuclei

Linear regression plots for the total nucleic acid contents
are given for the sister nuclei of sister cells (A) and of binucleate
cells {B). Since all cells were in G1 the DNA content of both nuclei,
in pafrs of sister cells and in binucleate cells was identical, any
differences indicated by the ragression analysis must be due to dif- :
ferences in the RNA content of the nuclei. Total nucleic acid conteg%\_ﬁﬁqus‘

' was measured by microspectrophotometryHggiJaal1ocyanin.stained material;

e

50 binucteate cells at 1 + 2 hr and 30 pairs of sister cells from triplet
analysis of control material were scored. The correlation.coefficient
(r) and slope (m) are also given..
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However, statistical analysis of fhecbw&’regressions showed them to

be different‘(p = 0.05). Since the regress1on coefficient for the b1~

nucIeate cells was greater than that of the sister cells, 0. 824 cf.
"0.768, the RNA contents of the sister nuclei-of binucleate ce]Is tended

to be cleser to each other than the R-

contents of nuclei in sister
cells. This was confirmed by the est1 tes of the RNA-content of the
nuc1e1, this is shown beTow. _
Mean RNA contents of the sister nue1e1 in b1nuc1eate cells
were est1mated to be 21.7 a.u. in theé nucleus with the h1gﬁer.RNA
content and 12.5 a.u. in the nucleus with the Tower. RNA content. (Table
13). For'nuclei of sister ceIIs mean RNA contents were estimated to
be 11.5 a.u. for the nucleus w1th the higher RNA conteht and 5.0 a.u.
for the nueIeus.W1th the lower RNA content (Tablg I3) Thus, even ¢
" though in absolute terms thé.amdunt'of'RNA per nuc]eus«wae less in the.
~sister cells thandin.tﬁe binucleete_ceIIS,,the re;jgiofﬁnecIed? RNA
content;‘H/L, was 2I30:I for sister'eeIIS as compered to 1.7‘:1 for
biﬁueIeate'ceIJs. 'Therefore, on a'reIatiye basis,qsister nuclei of
.binucieate cells wene more alike In “RNA content than neclei'of sister
cells. Nevertheless, it is obv1ous that there are d1fferences between
sister nuclei and these d1fferences pers1st whether the s1ster nuc1e1.
share a commnn cytop]asm or are in their own separate cytoplasm.

III 5 Cytop1a5m1c Gradients - .

The mechan1sm underlying the different1a1 behav1our of sister *

nuclei may involve cytoplasmic gradients. Cytoplasmic gradients in
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e
mitotic cells have Tong been reéa;ded as a possible mechanism fors
producing differences beiween daughtér cells (Jaffe, 1979; Sinnott and
: . - . e
Bloch, 1939; Woodruff and Ted fer, 1980; Zelger, 1?71). S1nce-the o~
nucieus sheds its RNA and non-histone proteins during mitosis and
these macrg\gﬂecules igfate back into the daughter nuclei, near or

at the comp]et1on of ka ok1ne51s, (GoldsteIn, 1976; Phllllgz, 19725

_Rao and Prescott, 1 s 1t is possible that cytop]asm1c gradients -

' 1nvo]v1ng an unegaai, d1str1but1on of these macromoIecuIes could resu]t

K

in, the d1fferent1a1 behaV1our of 51ster nuc1e1. Th1s ‘section, ‘therefaore,

-

-

dea]s with the d1str}but1on of prote1n and RNA w1th1hbthe cytop]asm(r

dur1ng m1tos1s

. M1crospectropnptometric determ1nat1ons were carr1eduout\on meta- ‘

~ phase ce]]s, é%1ng a constant measuring area, amount of protein or

ase cells. Protein
ith ‘DNFB and RNA S:
m.

was determ:ned‘from contndf ce]ls stained w1th GalIocyan1n chrome aty

RNA was determined at the 2 poles of'\pese mg

content was determified from control cells stain
o

[
M

III 5. I CytopIasm1c D1str1butions of Prote1n and RNA

" Mean prote1n content of cytoplasm d1fferedvat the two poles

: \\\c_——\of the cell. The maén cytop]asm1c protein content for. the po]e.of.the “

o

ce]]‘ﬁith the higher-amoﬁnt of protein was 23.1+ 4.5 a.u, and for 'the .

‘opposite pole, the side with the Tower amount of .protein, thé*mean cyfo-

plasmic protein content was 21. 3 + 4.5 a. u., these values were s1gn1f1-
cant]y different {p = 0.05, Table+<14).: .The mean ratio, H/L, of
prote1n was 1.09:1 (Table 14): and analysis of'iho distributions of

' - protein content at the two poles»indicated thEE—EFE?'éame'from;QIf- P

N .

S T S S
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Table 14

Protein and RNA Content in Metaphase Cells

Mean values for cytoplasmic protein and RNA at the spindle poles
of metaphase cells are given. Protein and RNA content were measured
microspectrophotometrically on ONFB and Gallocyanin-chrome alum stained
material, respectively. A fixed plug,size was used for all determinations;
100 cells for-each macromolecule were scored. The ratio of macromolecular
content (High/Low) is also given. A1l values are in arbitrary units (a.u.)

Macromolecular Content (a.u.) _
High + S.D. Low + S.D. Ratio (H/L)

Protein Content _  23.1 + 4.5 21.3 * 4.5 1.09:1
RNA Content 20.2 + 6.8 17.9 + 6.6 1.15:1
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ferent populations (p = 0.05). Thus the amount of protein fouﬁd at
opposite ends of a dividing cell, i.e. at the spindle poles of a
metaphase cell, are different. '

RNA showed a similar distribution pattern. There was a markedly
a;ymmetrical distribution of RNA between the two poles of the cells.
Analysis of the distribution of RNA content at the two poles of the
cells, high content compared to low content, inhdicated that the RNA
contents at the poles came. from populations having different distri-
butions (p = 0.05). Mean RNA content at the pole with‘the higher RNA
content was 20.2 + 6.8 a.u. and at the pole with the lower RNA content
the mean value was 17.9 + 6.6 a.u. (Table 14); these values were sig- |
nificantly different (p = 0.05). Thus, RNA within the cytoplasm of
metaphase cells is asymmetrically distfibutEd with a mean ratio, H/L,
of 1.15:1 (Table 14}.

Since both RNA and protein showed an asymmetric distribution,

" an analysis of regression was carried out on the distribution of these )
two macromolecules; Figure 12A and 12B shows the linear regression for
‘protein and RNA respectively. The slopes for both the regression curves
were identical (p = 0.05), this suggests fhat the. relative distributions
of these two macromolecules, over the population of metaphase cells, were
the same. As stated above, if key regulatory molecules were distributed

fn this fashion, it could lead to the differential behaviour observed

in sister nuclei.



L5

85

Figure 12

Cytoplasmic Protein and RNA Content in Metaphase Cells

Computer generated linear regressions are given for the
plots of the differences in protein ?A) and in RNA (B} content on
either side of the metaphase plate. Protein and RNA were measured by
microspectrophotometry of DNFB and: Gallocyanin-chrome alum stained
material, respectivély. A fixed plug size was used for all determin-
ations; 100 cells were scored for each macromolecule. The correlation
coefficient (r) and the slope (m)} are also given.
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< DISCUSSION

IV.1 Induction and Use of Binucleate Cells

F

The origin of this study Ties in an attempt to deterrm'ne_ how
heterpgeneity of cell cycle dgxi}ion arises in root meristems. Methyl-
xanthines prevent cytokinesis in cells undergoing mitosis; the resulting
‘sub-popu]ation of binucleate cells promised to be an‘a1most ideal System '
for the study of variation in cell cycle duration. This estimate of
the‘%otentia1 in the use of a methjlxanthine treatment was based on a
number of studies of binucleate cells induced in-yoots of 5Iijgm_ggﬁg_
(Giménez_-;r-'lart‘l'n (ﬁ\gl 1965; Gonzdlez-Ferndndez et al., 1977;
Sacristan-Garate et al., 1974). Unfortunately we have not been able
to repeat the results reported by the Spanish workers; From tﬁa\outset .
(Stallwood and Davidson, 1977; Wellwood and Davidson, 1977) the
methylxanthines have proved to be potent inhibitors of cell growth and .
pro]iferatioﬁ; these observations‘agree with those of many other workers
that methylxanthines inhibit RNA and protein synthesis (Putrament et al.,
1972; Sakagughi and Tanifuji, 1968; Zuk and Swietlinska, 1973), reduce
cell proliferation {Timson, 1972; Weinstein et al., 1975) and a%fect
cell differentiation (Ahmad, Russell and Ahmad, 1979; Kreider et al.,
1975; Yoshiﬁi and Yasumasu, 1978). But though methylxanthines did not
facilftate the analysis of cel]lcyc1e heterogeneity. in meristems,

'further study of the binucIeaté cél]s they induce revealed inherent .

differences between sister nuclei; these differences are considered

87
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to be inherent since they occur even thdugh the two sister nuclei

share a common cytsplasm. ‘The present study deveTopéa, therefore, out
of-thefinitia1 observations of the differential hehaviocur-of the sister
nuclei.

The use of binucleate cells to study differences between sister
nuclei has several advantages; first the time at which they were formed
and thus the time épent in interphase jg known. Secondly, differences
between sister nuclej can be determined wilhout the complication of
haying to take intd account” the different sizes of mononucleate cells.
The results from the binucleate cells gTabIe 15) led to a'giudy of the
behaviour of nuclei-of -sister cells; these results are also summarized
in Table 15. The resuits show, for all of the paramet;rs measured, that
sister nuclei are disfinct1y\différent, whether they are sister puc]ei.
from a binucleate cell or from sister cells.

~ = The implication of the results from the binucleate cells on the
process of cell division is two-fdid. First, differences between
sister nuclei must arise as a result ofE;;tosis and not of events that
occur after cell division, whén daughter nUcAei no longer share a common
cytoplasm. Secondly, these diffarences in sfsger nuclei once established

are stable, inherent differences exist even when sister nuclei share a common

cytoplasm. The importance of theée findings for meristematic cells

is that mitosis must be viewed as a highly differential event which

not only leads to differences in the size of sister cells but also to
differences in behaviour between sister cells; i.e. it is not just a

means.of segregating DNA into two more or less identical cells. In

o



89

light of these findings we will discuss the mechanisms which may be
invoived in generating these differences between sister nuclei during
mitosis and the result of these differences on cell cycle duration,

£

nuclear size and rates of growth in both sister nuclei and sister celils.

IV.2 Asymmetrical Mitoses: The Role of Cytoplasmic Gradients

The differences found between sister nuclei must arise as a
" result of events in mitosis, since they are exhibited both in binucleate
and sister cells. Given the quantitative and qualitative equality of
DNA separation at mitosis, the differences in the behaviour of sister
nuclei can not be due to genetic differences. The differential behaviour
- of sister nuclei in the initial part of Gl.confirms that mitosis results
in a differential distribution‘bf some key molecules to thé groups of
chrom;tids present at the two poies of a spindle at the end of telophase.
Such a differential distribution could be achieved if these
molecules were carried, as structural components, by the chromatids
themselves or, alternatively, by a gradient arcund the spindie. In
metaphase cells we have shown that protein and RNA are unequally dis-
tributed on opposite sides of the metaphase plate (Table 14). Thus,
at the end of karyokinesis, as the nuclei reform, the two sister nuclei
occupy different cytoplasmic environments. [f regulatory molecules were
present in the cytoplasm and were distributed along the 1ines of the
gradients exhibited by pfotein and RNA, then as the sister nuclei re-
formed the number of regulatqry molecules taken in by the sister nuclei

could be different.
'..
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Table 15

Summary of the Ratios Between Sister Nuclei in Binucleate Cells’

and in Sister Mononucleate Ce}]s

2

-

The ratios of values from sister nuclei, high to low or large
" to small, are given in this table. The values are a summary of the
data reported in Table 1-13.

Binucleate Cells Sister Cells
Parameter Species Agea Ratio Phase Ratigi?_
(hr)
Nuclear Volume Y. faba 1 +1 1.27:1 - -
P. sativum 1+2 1.19:1 Gl 1.20
Nucleolar Volume  P. sativum 1+2 1.25:1 G1 1.35:1
Nuclear Protein ~
Content, P. sativum 1+2 1.14:1 Gl 1.09:1
e ‘ : :
Nuclear RNA ‘
Content -P. sativum 1+2 1.74:1 a1 2.30:1
Preformed SH-RNA V. faba 1 1.71:1 - -
. per nucjeusr‘ i 1+ 1 1.55:] - -
1+3 1.31:1 ¢+ - -
Amount of 3H-RNA
per nucleus V. faba ) ] 1.80:1 6G1,5,62 1.52:1
1T+1  2.14: - -
1+3 1.57:1 - -
Net Rate of RNA V. faba b 1.44:1 - -

Synthesis

b The rates of RNA synthesis were calculated over a 3 hr peridqd, i.e.
from1 to 1+ 3 hr,
St

3 A11 binucleate cells at the times«given are known tohEe in ;fi/

—
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It 1s known that the nuc1eu2/;6gds its RNA ;%d non-histone
proteins during mitosis and that thése maéromofecu1es migrate back
into the daughter nuclei near or at the completion of division (Goldstein,
1976; Phillips, 1972; Rac and Prescott, 1970), therefore, it was felt
unlikely that regulatory molecules were carried afong as structural
.components-of the chromatids (Goldstein, 1976). There is evidence,
however, which suggests cytoplasmic gradients ﬁay,be involved. The
mitoses which give rise té root hair cells and guard mother cells are

- asymmetric divisions (Sinnott and Bloch, 1939; ZETgert 1971); furthermore,
in both of these mitoses the cyFoplasmic organelles are polarized

along a gradient so that the end of thé cell destined to give rise to

the more highly differentiated cell i.e. the root hair cell or the

guard mother cell, receives the higher density of organelles. Not

only do cells have the ability to differentially distribute organelles
within their cytoplasm, they also possess the capability to distfibute
'maﬁromo]ecules within the cytoplasm (Capco and Jeffery, 1981; Woodruff )
and Telfer, 1980). Exogenous vegetal pole poly (A)+ RNA' when injected

into Xenopus 1aevis zygotes accumulated along a concentration gradient

- from the vegetal hamisphere to tﬂ\ﬁan1mal hemisphere (Capco an Jeffery,
1981). 51m11ar1y, in the cocyte-nurse ce]I syncytium of Hyalophora
cecrogi$~the distribution of proteins, of known electrical charge; is
affected by an endogenously generated gradient of electrical potential
(Woodruff and Telfer, 1980); in this system the exogendus proteins
carrying a negative charge accumulated within the oocyte while those
pfoteins with positive charges accumulated within the nurse c§]Ts.

These findings supporf the theory that gradients of macromolecules can



be used as mechanisms for the distribution of requlatory molecules

to the spindle poles on ejither side of the ﬁetaphase plate and thus
ultimately to the sister nuclei. ‘g, |

Two : es of molecules, postulated to have regulatory roles
. in the reformation of nuclei at the end of mitosis, Which are shed from
the nuc]eus during mitosis, are the lamins of the nuclear en§e10pe
(Gerace and Blobel, 1980 ; Gerace, Blum and Blobel, 1978') and the NuMa 5
protein {Lydersen and ﬁettijohn{ 1980). During interphase both of
these protein_classes are found withie the nucleus; the lamins are
the ﬁajor polypeptides making ﬁp the lamina structure of the nuclear
enve]ope (Gerace and Blobel, 1980 ; Gerace, Blum and Blobel, 1978 while
NuMa is found scattered throughout the nucleus in distinct clumps
(Lydersen and Pettijohn, 1980). During mitos{s the iamins are found
distributed throughout the cytop]asm (Gerace and Blobel, 1980°; Gerace,
Blum and Blobel, 1978 )} while NuMa is 1oca11zed at the spindle poles
gLydersen and Pettijohn, 1980); dur1ng late anaphase-te]ophase, however,
"these proteins return to the reforming nucleus. These proteins,
together with other matrix proteins and nuclear envelope proteins, are’l
thought to play an. important role in the requlation of nuclear reformation
at the end of telophasa. Whether oe not they are responsible for con-
trolling the differential uptake of macromolecules, by sister nucfgi
during eariy G1, is not known. Nevertheless,'if these requlatory
molecules were distributed unequally between the two sister nuclei it

could lead to the kind of differences in behav1our observed between

sister nuc1e1 in this study.
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IV.3 Cell Cycle Differences Between Sister Celis

The asymmetric distribution of macromolecules, i.e. protein and
RNA, witﬁin the cytoplasm of mitotic cells (Table 14) also has impli- -
cations for tﬁe duration of the cell cycle in the daughter cells.
Because of the asymmetric distribution of macroéo1ecu]es the resdﬁting'
daughter ce]]s, which we know can differ in size as a result of the
position of the crossQa1I (Davidson, Pertens and Eastman, 1978;
Davidson and Pertens, 1981a; Ivanov, 1971), differ in the concentration
of macromotecules per unit cytoplasm. It has been shown in a number of
plant species that, 1) the concentration of RNA per unit of cytoplasm
of a tissue is. negatively correlated with the mean duration of the cell
cycle for the cells in that tissue (Ha]]ét, 1972, 1978; Michaux,1971; Michaux-
*Ferrigére, 1981; Nougarade and Rembur, 1976, 1978); 2) the rate of RNA
synthesis as ca1Cu1éte¢ per unit cytoplasm is also negatively ¢Br-
related with the duration of a cell cycle (Hallet, 1972, 1978; Michaux, 1971;
Michaux-Ferritre, 1981). Extrapolating these results to the situation’
fpund between sister cells, the varfation seen in cell cycle duration
of s1stef cells (Davidson and Pertens, 198la; Ivanov, 1971; L6péz-Saéz,
Giménez-Martfn and Gonz&lez-Ferndndez, 1966; Webster, 1979a) would cor-
relate with differences in the concentration of RNA within the cyto-
plasm of the sister cells. Qur results on the distribytion'of RNA
during mitosis indicate that there is a difference in the concentration
of RNA on either side of the metaphase plate (Tabie 14). These results
parallel the results from studies on animal cells grown in culture which \\\_

showed that mitosis results in an unequal distribution of RNA to

A
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daughter celii/kbarzynk1ew1cz et al., 1982; K111ander and Zetterberg,
1965a, 1965b) and which led to the conc?us1on that the ability af the
cell to go through a cell cycle is negativ@ly. correlated to its RNA
content (Castor, 1980; Cleffman, Reuter and Seyfert, 1979; Darzynkiewicz

et al., 1979, 1982; Johnston and Singer, 1978 Zetterberyg and K11]ander,
o

~1965a, 1965b). Since 8dl of a cell's RNA content is r1bosoma1 RNA it

would appear that the ab111ty to traverse a cell cycle may lie in the
metabolic capability, or more precisely, the.ability to synthesize }
protein within the cell.

IV.4 Differences in Size and Growth of Sister Nucleij

The asymmetric distribution of RNA between daughter cells not
only correlates with differences in cell cyele dyration in sister
cells but also effects the size of sister nuclei. Nuclear sizef in

) - .

v P
part, is a reflection of the amount of material available to the

nucleus in the cytoplasmic environment in which it forms at the end

© of mitosis and it would?E;VEXpected that the larger nucleus of the pair

of sisters will form in the part of the cytoplasm with the;higher;
density of macromoiecules. However, whether the uptake'of material
into the nucleus is due to regulatory mo]ecules_or is merely a bassive
response to the material preéent in the cytoplasm is not kpown.: Re-
gardless of the mechanism involved a differential uptake of material
does'occur, resulting in different protein and RNA contents in siséer-'
nuclei of sister cklls (Tab1e 15); and sister nuc]ei whether they

are in binucleate or s1ster cells, are rarely identical 1n size.

*
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-
The'casg of the binuc1eafe cells is particularly interesting.
While caffeine blocks cytokinesis, the difference) in size of the sister-
nuciei of the binucleate cells indicates that i} does not destroy the
gradfient that existed in the mother cell at the time bf.mitgsis.
Furthermore, as-the ﬂinucleate cells Erﬁceed through a cell cycle the
differepces;in nuc1ea; size (Tables 4 and 10; Davidson and Perteﬁs,
1978, 1981a; Wellwood and Davidsen, 1977) and proﬁéin content (Table 11)
are maiﬁtained. This data from the binucleate tells suggests two |
things; first that the requiation of nuclear growth, once the injtia];
differen%ia1 uptaké of materia] at the end of mitosi§ has occurred, -
resides in tﬁe nucleus and not fhe_cytoplasm. Secondly the molecules:
'inv01vgd in.the regulation of nuclear growth are not éﬁchanged between
“the two nuclei of a binﬁcieate cell.
This second point is in contrast to the situation found in
+ other binucleate systems. In binucleate cells, constructeﬁ by nuclear
transafantation, exchanges of specific‘classeé of proteins and RNAs
between the 2 nuclei héve been repbrted (Goldstein, 1976; Goldstein and
Ko, 1981; Legname and Goldstein, 1972; PrescStt and Goldstein, 1968;
Wise and Goldstein, 1973;. From these results from biducleate cells
‘as well'as the observation that these proteinS'and'RNAs are shed from
the nucleus dur1ng mitosis only ﬁp ré;ssociate with the reforming
« daughter nuclei at the end of mitosis (Goldstein, 1976), it has been
' rj>postu1atéd that these shuttling proteins and sma11'huc1ear‘RNAs play a
_f key rale in gehe expreésion by acting as requlatory molecules

(Goldstein, 1976). Furthergore, in binucleate Hela cells, formed by

»
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4 Table 16

~

. Correlation Coefficients Betﬁéen Nucleus and Nucleolus or Nucleus
and RNA Cézjfnt

-y

The correlation coefficients showing the relationship between
the size of the nucleus and the size of -the nucieolus or the RNA,
*content of the nucleus arg cited from the Titerature and this study.

Correlation Coefficients

L3

Type of ~ Source Nucleus vs - Nucleus vs .
Measurement - Nucleolus RNA Content
Volume ' Armstrong .
(present study) 0.992 0.866
- Bennett (1970) - : 0.919
Dosierb& Riopel
(1978)° 0.941 | -
Hallet (1978) 0.998 -
Lepoint & Goessens)
(1982) 0.833 -
Maher & Fox (1973) 0.847 ) -
Sacristan-Garate et al. -
(1974) o . 0.990-0.997 -
White & Kaltsikes (1978) 0.624 » . -
Diameter Kohlegbach & Meusser .
: _ 1971) 0.932 -
Mass  Ayonoadu & Rees (1971) 0.952 0.967
Bennett & Rees (1969) 0.918 -

2 Refers to how the nucleus_and nucleolus were measured, i.e. either by
volume, diameter or mass measurements; all-RNA measurements were by
microscopectrophotometry '

These values were estimated from gréphed results
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fusion of 2 mononucleate cells, there is an interaction between the
2 nuclei (Rao and Johnson, 1970); when cells in different phases of

the cell cycle/ were fused together the two nucleij became synchron1zed

»
and enter mit

-

is together. Therefore, it would seem that components
responsibig for{he differential behaviour of sister nuclei in our
System, i.e. the differential growth (Tab]e 10), the differences in
protein and RNA contents (Table 11 and 13) and the differential rate
of RNA synthesis (Table 5), must belong to a different class of molecules
than the shuttling proteins and smail nuclear RNAs or the substances
responsible for the'synchronizatjon of nuclei in binucleate cells of
Hela.

Since, as we have stated ebove, the d{fferences in cell cycle

. duration of sister-cells are related to fhe metabolic capabilities of
the cells, it appears that the differences in the s1ster nuctei may
also be related to their metabolic abilities. Nucleo]ar volume, for
-example,cdn be used as an estimate of rRNA pfoduction (Maher and Fox,
1973); this was confirmed by Hallet (1978), who showed that after
labelling with 3H-UR the amount of labeTTed‘RNA found in the cytoplasm
gf-e cell was highly correlated with its nucleolar volume. Since a
larger nucleolus implies greater activity of rDNA, producing higher
quantities of rRNA, and since nuclear and nucleolar 51ze are highly
corre1até3ﬁ~%qple 16), a larger nucleus must represent a more
metabolically active nucleus than a smaller nucleus. Our results from
b1nuc1ea%3#gells,'1nduced in V. faba, confirm that sister nuclei, even

-_—

when Sccupying the same cytoplasm, differ in their ability to synthesize
] f ' —
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RNA (Table 15).' Thus, nuclear voiume is not merely a reflection of
the amount of material present within the nucleus but is also a.

reflectign of its metabolic state.

IV.5 Consequénces of Asymmetrical Mitosés )
L -It has been suggested that theﬁg;xmggtry of -division, whether
it produces cells of different sizes ér“of different macromoiecular
contents, is marely a “randoh error in &ivision" (Killander and
Zetterberg, 1965a). It has a]sb been suggested that thé vo]uﬁe dif-
ferences observed between sister nuclei is also a random event of
mitosis (Webster, 1979b). We feel that this is not the case. Given
the overall structure of the root and the precise patterns of cell
division and growth that occur to give rise to this structure, it
seems to us, that any asymmetry ar1s1ng between components within this
system must be carefu11y requlated and integrated into the overa]l
pattern. This means that the cytoplasmic gradients, the d1fferences in
nuclear growth rates and cell cycle durations in sistér cells must be
regulated in such a way that the overall growth and development of the
root is unimpaired. In ;h{s_section we will be examining how the dif-
ferences in sister cells are compensated for within the root; that is,
how.these differences are made part of overall root growth and
development.

It must be képt in mind that the maristems we are looking .at
are mature, steady state systems in which: 1) meristematic cell number
is kept constant; 2) cells appear, on average, to double in si;e over a

cell cycie; 3) mean cell cycle dufation and mean cell size reméin
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constant and 4) the range in values for both cell cycle duration and
cetl size also remain constant. While th; exact value at which these
parameters are set may vary from root ‘to root and which are most
certainly affected by the environmental conditions under which the
roots are grown (Thomas, 1980; Thomas and Davidson, 1981, 1982), it
ié obvious that within any meristeﬁ these four points hold true. This
means that differences between sister cells, which are generated at
every division, must be compensated for by some subtlelbalance between
rates of cell growth and cell cycle rates or else the differences
between the largest and smallest ce1Is-ip the poputation would become
greater and greater.
Compensating mechanisms, that correct for inequalities of 6311
division, have been studied in a few species. For animal cells, grown
in culture, the differences between sister cells are compensated for
dufing 61 of the cell cycle (Darzynkiewicz et al., 1982; Killander and
Zetterberg, 1965a); measurements of RNA, protein and mass show the
highest coefficients of variation immediately after mitosis, i.e.
early in G1, and.the lowest c.v's occur in S phase cell. From this work
it has been postulated that differences in sister cells, with respect
to RNA aﬁdvprotein, are co&pensated for during the phase or compartment
of equaIizétion (GlA) of GT which is then followed by a prereplicative
compartment (G]B); the heterogeneity in cell cycle duration is a

reflection of the time spent in G1, (Darzynkiewicz et al., 1982}.

In the conical mutant of Tetrahymena thermophilia, cells

divide asymmetrically to produce a larger anterior cell and a small
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posterior cell. Furthermore, more than ane cell cycfe is requiréd to
compensate for differences between the pairs of sisgér cells (Schifer
and Cleffmann, 1982). In this case it was found that the difference .in
the size of sister cells was e]iminated_éxc1usive1y by changes in cell
cycle duration; it was not eliminate& by differences in growth rates.
Also, not only did Gl vary in duration but S and G2 were also found to
be variable (Schdfee and Cleffmann, 1982). Therefore, fér both of
these examples the result is that in the cell cycle that follows an
asymmetrical mitosis, the larger cé]] undergoes less than a doubling in
size while the smaller cell more than doubles in size.

_ In plant cells there is an analogous situation. However, while
the growth rate of individual cells can differ in single-celled
organisms (Schifer- and Cleffmann, 1982), the sister cells of p]a&;
meristems are forced to grow at the same rate {Green, 1976; Webster,
1980). The rate of cell growth, or more precisely the rate of cell
wall expansion must be the same in sister cells since within the meri-
stem all the cells are interlocked into the overall structure and
- furthermore, the rate of cell wall expansion is governed by the meri-
stem as a whole not by the indiQiduaI cells (Green; 1976; Webster, 1980)}.
Thus, in plants, the only method of compensating for differences in
cell size is an alteration in ceM cycle duration in sister cells. The
result of this is that it is'the larger cell of a sister pair which

1
has the shorter cell cycle (Davidson and Pertens, 198la; Ivanov, 1971;

Nebster,'1979a); nd ip/general, the larger nucleus of a sister pair

is located in the larger of the two sister cells (Davidson, Pertens and

-



101

Eastman, 1978; Ivanov, 1979). Thus the visible asymmetry ~of cell
division is directly parallelled by the asymmetrical distribﬁfion of
macromolecules (Téﬁ]e 14).in such a way that it is the end of the mother
cell destined to become the larger daughter cell of a sister pair that
possesses the cytopﬁaém with the higher density of macromolecules.

This process insures that in the subsequent cell cycle the larger cell
is provided with macromolecules that enable it to compiete a ce]T cycle
faster than its smaller sister. Furthermooe, the size of the 1arger
ce]I when it begins Gl is more than half the size of the mother cell:
thus it does not need to double in size before reaching the size of the
mother cell at mitosis. This means that, on average, the Iarger cell
of a sister pair does not double in size, but é%.grows until it reaches
the meén size for mitotic cells and then divides. Conversely, the
smaller cell of a sister pair must‘grqw more than twice its originaj
size if it is to approach the mean mitotic' size for the population-
failure to do so before it divided would result in a progressive’ drop
in_mean mitotic sizg with time. However, mean mitotic size in mature
roots remains éonstant, thus this compensatory mechanism insures that N
in the root meristem ce1ls'difide'at a size which tends towards a con-
stant mean value regardless of their size at birth. On this basis, the
asymmaetry of cell division.and the resulting_difference in nuclear size

and nuclear macromolecular content, i.e. RNA and protein, are functionally

related to the difference in cell cycle duration of sister cells.



CONCLUSIONS

P -

1. Caffeine treatment of meristematic ce{js.results in a
population of ce]]s which have altered cell cycle kineé;cs. In y}
faba 85% of the binucleate cells induced by caffeine were still in 61
14 hours after the end of treatment; these cells have been changed from
fast cycling cells to either slow cycling or non-cycling 5&115. In P.
sativum the Binuc1eate cells had an extended Gl period, however, there
was a reduction in the duration o; the S + G2 period resulting in an
overall decrease in cell cycle duration.

2. Caffeine treatment also results in a decrease in nuclear
voiume with time. In V. faba the decrease in nuclear volume was
coﬁtinuous over the 14 hour period studied and was paralleled by a
loss of 3H-1abe11ed RNA from the nucieus‘snd a reduction‘in the abi]fty
to synthesize RNA. Tn contrast to the situation in V. faba, the
decrease in nuclear vslume of binucleate cells in P. sativum was only
temporary and'coincideq with the extended G1 period. -Microspectrophoia—
metric determination of nuclear protein content revealed that the
changes in nuclear volume were accompanied by changes in nuclear protein
content. |

3. While caffeine induced binucleate cells cannot be consideréd
to be physio]ogica11y narmal, the behaviour of sister nuclei, which

share a common cytoplasm, showed interesting parallels to nuclei of

sister cells, which are housed in their own separate cytoplasm.
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4. Mitosis results in sister nuclei ﬁhich differ in size,

protein content and RNA content whether the nuclei are in a binucleate

cell or in sister cells.

| 5. The differences between sister nuclei are established, in

part, by a differential distribution of macromolecules within the cyto-

plasm of the mitotic cells. This resu]t; in sister nuclei forming in

cytoplasmic envirenments with different éﬁounts of material which may

be taken into the nuclei as they form at the end of mitosis. This was

confirmed by a differential uptake of preformed 3H-RNA into sister

nuclei in binucleate cells. N ’ "y
6. The differential mitosis results in sister nuclei with |

different rates of RNA synthesis and differential growth patterns.
7. We propose that, in general, mitosis is an asymmetrical

event and that the asymmetry of cell division and the resulting dif-

ference in nuclear size and nuclear macromolecular content, i.e. RNA

and protein content, are functionally related to the difference in

cell cycle duration of sister cel)s. Furthermore, it is this

~ asymmetry of division which is a\major contributor to the striking

degree of haterogeneity which is observed in root meristems.
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