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ABSTRACT i N - K

Cells ‘in root meristems of Vicia fava are

heterogeneous for cell cycle duration, nuclezr voluﬁe
and cell shape.‘ Tﬁe present study.was made: (l)_ﬁo
determine volumes of meristem cell nuclei, (2) to' ‘
analyze changes in nuclear volumes during a cell

\\\ ;cycle in a marked population of tetraploi& cells in .

in nuclear-:volume;,  growth rates of nuclei protein

content and shapes of nucglej. The‘degree of hetero- ’ ™.
geneity is different in meriste of roots at

different developmental stages. Theéyresults also

reveal that there ‘is no definilte éOrrela_'on between
the volume of a nucleus andﬂits age in interdhase.
Purthermore, nuclei of non-cycling cells also apdear

.Qto grow.'
N

%

': }‘} The data on the marked oopulation of
teuraploid~ceil§:probide specific information about
changes in nucleérjyolumés during one cell cycle. The

. range ln nuclear.volumes71§ large even in early G,. )

‘Nuolei'grow at different rates:"i) Within‘any one

subphase of interphase, 2) betweep different subphases.

Even the volumes of prophase nuclei from/ cells witn

e ~~'_"iiiv Ce
¢ \ N '
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cells that take approximately the xane

complete a\cell cycle.

[l

F om the volumes of metaphase‘chromos

eomplements, ap estimate can be made of ! ’ﬁum

possible volume of nuclei at the beginniﬂg of .

. -

_interphase. The variggility .of these val 3 suggest
that there is a range of’ volumes among the nu ied ‘at
the very beginning'gf interphase. heﬁcé,'one oﬁx

na

the facfors affecting nuclear growth coul é\

volumes and, therefore, the chemical comoo*‘“iow of ) Sy
M [} - o" . . '\.\
- the chromosome complements from which the nuclel are '
formed. s - . ) Do
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I. INTRODUCTION

o

W

r

Meristems of roots of angibdsperms provide
a convenient system for .the study of cell proliferatior.
The meristem, which iqclﬂaes the proliferating eells -

I's localized at the\apex of the root. Moreover meristems

1
o3
.

are steady state systems, i.e., cell number‘rémains
approximately constant because)tin any . period of time,

-the number of cells that arg'p%oduced by celiidiviéion

equals the number of cells,K that leave the meristem.

Rooﬁ meristems.havé been‘subjecﬁéd to experimental
manipplatibn in order to,study cell proliferation. The

agents used In such studies include radiatdions,

temperature changes and cheémicals.

1

In anglosperms, after seed germination, the
radicle emerges and grows into the primary. reoot. Later

the primary root may develop lateral fcoﬁs: The lateral

hY

roqté are not preseﬁt during emBryOgenesis. They
arise from pericycle .and/onr endodermal cells of thé?\
primary roots sometime after radicle emergence.“'ThéQ
group.gf ceils derivéd froﬁ ﬁhe pericycle and/or

endodermal cells and which éventually give rise to-a

lateral root constitute a primordium.-

/

7

Generally,sﬁ?aking the meristems of primary:

and lateral roots have the following parts:

] '
- .

Py
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(1) root cap: a protective strucﬁyge-around'the tip

of the meristem,

(11) epidermis: a layer of cells that covers the

meristem, ' .. _ \\‘
) r Vol

¢ . “w
(111) a group of cells that constitute the meristem

et proper, lie beneath the root cap and the epldermis;’

these cells undergo cell divisions and produce
new cells.

5 A quiescent centre may or may not be present

at the -apex of the’merisfem. The cells of té:wguiesceno
centfe aivide rarely and have very long cell‘cycle
durations (Clowes, lQ@l).v The qulesceht centre is.not
preeent in the early stages. of developmeht of pmimar&.
roots (Clowes, 1958),‘or iateral roots; it deve10p5-§ﬁfer.
In the lateral roots, for example, the quiescent cent;e
develops afteriroot emergence (Ciowes, 1958; Macleodﬁand
Mclachlam, 197H7 _

In studies of the proliferating cells of

meristems 1t has often been assumed that éhe cells are

allke. But root meristems are not always homogeneous

populations of cells (Jensen and Kavaljian, 1958; Clowes,‘

' 1961) Root meristem cells. of Vicia faba are knowm to be-

heterogeneous for a number of characteristios. .These

include cell cycle duration, nuclear volume, chromosome -

J

volume and cell shape.

PN

[
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(1) ' Cell evele duration: though,the majority of

~ the cells in the meristem divide actively, some * cells
\\\./ ide very rarely (Howard and Dewey, 1960' Clowes,
1961; Murin, 1966; Rasch, ﬁhsch and wOodapd 1967).

Thetre are two subpopulation§'of_cel wﬁ;h,diffefent

-

-

cglltéycle durations: . " ﬁ{
(a). fast cycliné cells: they éonstitut;_aﬁout 75%'

. - of the cells in mitosis at any timé;-their average
cell cyclé duration is 1A hours (Webster:énd -
Davidson, ‘1968). In tHe 1ong 1a@erals thay ;

.'constitute about 50% of the merisk@m cell papulation
'(Webstar and Dévidson; 1968) Macleod (1972) ,;4

however,‘estimated that about 64%. of the meristem j
cells are fast cycling in the longi}atérals.

(b) slow cycling cells: Athey cOnstitute about 25%

of the cells in mitosis at any time; phei&tcell
'rcycle duration 1s 30 hours or more. In tg§ 1ong

laterals they conbtitute about 35% (Webster and

Davidson, 1968) or 28% (Macleod, 1972) of the

meristem cells of long laterals.

‘Macleod ( 1971) also.reported that in the’did.
primary root meristemé of V.'féba; 1% cells are fast
cycling and 19% are slow cycling o —

Besides these two subpopulations of proliferating

cells tﬁere are also non—prq&iferating (non-cycling) cells

-

in the meristems of .primary and lateral roots. In the

-

-~ : '
. ‘ {



long lateral merlsteﬁs the freeuency of non-eycli?gj
cells 1s estimated to be lS% (Webster ene bavideon; 1968)
\ or 8% (Macleod, 1971). Approximetely 40% of the;cells
in the meristems of primary roots are non- cycling (Macleod
1971). The smallﬁbrimordia, ‘'which }s the.earliest stage
in the &evelopmeﬁt of lateral roots; appear to be tomposed
exciusively of proliferating celisfeﬁe they‘dq not have
eh;_non-cycling\cells (Macleod,\1971 Y; 76% of the. cells

i
are fast,cycling\and 24% are slow cycling.

{ ~
¢ v

(2) Nucleef volﬁme: it has been suggested

(Rasch gglgl., 1967) that primary root ﬁeristems

consist of two sﬁbpopulations o} cells each of which is.
log-normall&,&istributed' (i) comprising 10% of the
‘cells, which have smaller nuclear volumes and (11)
comprgsing 90%)of the/cells, having larger nuclear'
volumes. This was based on probit analyses of nuclear
volumee._ Howeﬁer, it was .assumed by Raeeh.gg al.; that
‘nuclear VOluﬁeiis proportlopal to'the elme spegﬁ.by'
the cell in 1nt§rphasé and that nuclear growth rate 1s
uniform throughﬁut the igterpﬁeee//'ﬂence, the values
used for the prqbit analysis were eelected not taken at.
. random, Contmn“ous treatments with aH"labeled thymidine

for 96- 120 hours showed that the 10% of the merlstem

cells with smaller nucle&r volumes did not incorporate

'3

any of the labeled precursor 1nto thelr DNA and thererore,

did not enter S phase ‘in the 96-»120 hours. Rageh et al
/ E

+

.
-



‘the. physiology ¢

'lateral roots of V. faba. Ben

sugpested that thefiwere-non—cycling cells. ‘Thege cells

were found to be dispersed throughout the meristem and

thereforc, were distinet from the quiescent centre cells.'
Rasch €t al. suggested that presumably they repreoent

additional loci of quiescent cells dispersed throughout

[N
Y

the meristem.

The two assumptions made by Rasch et gl.‘(l967)

hl

are lmportant

nce they concern a crlticél aspect of Y

the nucleus, 1i. e., rate of growth‘

Rascﬁ et al. (1967) did not- provide data to support 6;eir

assumptions and they cannot be accepted a priori. ’

Evidence to be presented later shows that both assumptions .

of Ragch et al. (1967) are incorrect. S ” -
It ‘has also been reported that nuclear/volumes |

differ in primary ahd lateral root meristems of V. faba

(Bennett, 1970; Bennett, Smith and Smith,»1912)capd 'A ‘ ,

the varlous stages of the deveiopment.of‘lateral'roote

~

of V. faba.

<
»
[
y o= -
\ v -
1

(3) ChromoSOme volune: ° Bennett (1970) and Bennett -

K\)’wg

Smith and Smith (l97§) have repOrted differences in the-
volume of the chromosome complements of primary and

€k (19?0) suvgested that

these ariations are related to frerent levels of

in the axiounts of total nuclear prot'in\ DNA content of .




A

S—

. chromosomes and nuclear proteins).

6

chromosome complemant of different volumes remalned -

‘constant. Hence, there is evidence for the exlstence

of variabllity both within -and between‘mefistems of
roots at dilferent developmontal stages 'The variability‘
ocecurs both at the cellular level (cell cycle -duration

and cell shape) as well as,the subcellular level {nuclei,

- L Al

N . .
'yl

(4)- Cell shape: the majority of the cells in the meristems

appear to be square or rectangular in shape. Dissectidn

-of columnébof cells_frdh the primary and lateral roots

&

has reveal&éd the presence of oddyshaped cells. The

.Qredueﬁcy'éf these;odd-shaped cells 1is assocliated with

(a) variatioﬂsb;n the orientation of the spindle, which
1s sometimes asymmetrical and (b) wunequal growthﬂofﬁb
different paft; of a cell (Davidson, 1972, 1975).

The. presence of fast, slow and nén-cycling

cells within a meristem means that it is physiologically

complex, since there are cells with different cell cycle

fdurations. It is also structurally complex. Fast and

'\

slow cycling cell for example,. are present throughout
the meris;em. The results suggest “that cells adjacent
to one another. along a'column'and ih different columns
may differ ;n cell cycle duratigh,CDayidsdh, 1972). In
éddition to the various types of heterpgenéity just .

described, meristems may differ from éne,anoﬁher‘;n other.

ﬁays. A number\ ofi'physiological changes take place'during

" - ) .
; :
. L
. n
: .
.
\k -
\



N
the development of lateral ﬁootq from Lhe pnigtndia;
‘i.e., changco in the proportion of“cyclinm éna‘xsn—cycling
cells, chenges in the~cel1 cycle duration of fdst cyeling
cells, and in the respoﬁée to exogeneous thymidine, to

colchicine, ﬁ—aminouracil and indole acetic acid

(Davidson, 1972).

-~

Variability 1in cell or nuclear shape, in the
volume of metaphase chromosome’ complements or protein

cont&nts of nuclel all provide evidence that the

) *

meristematic cells of a root are‘heterogeneouéfTb§ more
than cell cycle duration. Meristems appear to be

physlologicallky and structurally complex populations

“*

éf cells. One problem'is to relate the heterogeneity

~N
of cell cycle duration to the aother aspects of heterogeneity
shown by meristems. Some evidence for heterogeneity for
nuclear volyme has been, presented (Rasch et al., 1967;
Lyndon, 1967 Bennett, 1970); but the results were not
.interpreted in terms of heterogeneity for cell cycle-’”“’”//w’ﬂvr
duration. It wasetherefore declded to/stud§ nuclear

volumes, in. lateral and primary roots and in pnemordia, .

and to attempt to correlate them with the time spent

by a cell 'in interphase. ' » ) -
;The analysis of the form of the distribution

of nuclear volumes in lateral roots 1éh to similar

studies on vo&ng and old primaries and on primordia.

The results yielded data on randomly selected nuclei that



o —

’

o

f@prcsent all parts of Interphase. For'an estimaté of
nuclear volume in a specific, part of the celchyc]e,
prophase(nuclgi were measured. Stud{es of " interphase
and pfabhase'nuclei revealed that there is.considerable

variation in nuclcar volume. To idéntify the time

‘when this variability is generated in interphase, a

marked population of tetraploid cells was induced in

the mgfistems of long lateral roots by treatinﬁ them

with 0.002% solution of colchicine for one hour. Volumes
of interphase nuclei were determined at 4, 10 and 14
hours from the énd of treatment. Tetraploid prophase

nuclear volumes were determined at 13 and 14 hours from
»

the end.of treatment. These results provide data on

.~ —Tuclear volumes in early -(G;), middle (S) gnd late (G,)

e ,4“va%agé§’gﬁgzhterpﬁése prophase for the tetraploid

—
———eIT population.

N

Volumes of Eotal chromosome complement at
hetaphase were determined. These values give an estimate
of the minimum possible nuclear volumes in early G, and
also the degree of variatlion that would be eXpeéted//
among nuclei in early Gl.«

From these results, we can: (1) define the

Y

variability and the form of distribution of nuclear

volumes in an unselected and hence, heteropgencous

populatlon of interphase cells; moreover, this also

w provides data bearing on the variabillity of érowth rates



9‘

of nuclel gf meristem cells.

(2) define the vériability of volumes of nucleil in
prophase; this also indicates variations in growth

rates améng the rucleil in interphase as well as

% lack of correlatlon between nuclear volumés and

the time spent [n interphose. S

(3) defingﬁthe varlations In the amount of nuclear
proteins and its relationship to nuclear volume. .

(4) defline the changes in nuclear volumes of tetraploid
cells as they progress through interphase and when some
of them enter prophase.

(5) use the estimates of minimum possible nuclear volumes

in early G) to definé“the variation in volumes of nuclel

at the beginning of iﬁferphase.

The results,yreportedhhere, provide substantial
evidence for heterogeneity in nuclear volumes and growth
rates of nuclei in populations ot proliferating cells, 1in
- general, as well as withip one cell ¢ycle, in particular.
Hence they extend the evidence:for the heterogeneous nature

of the meristem cell populations,

r ' A ]



II. MA&ERIAL AND METHODS

&

ll Germination and cuLtu*ing bf bgans
A=

—

! . .-
Seeds of Vicia faba were soaked 1in distilled

~ water for 24 hours. A}ter removal of testae, they were
planted in molst steri?ized sand and- grown for three days.
.They were washed with éiétilled water and suspended over

§ .

plexiglass tanks conta%niqg distilled water; pH was'

-

adjusted to 7.0. They|were kept in darkness at 2l’i 1°Cc,,
The water was continuoq§1y aerated and changed twice
daily. The seefls were grown for 6 to 7 days, i.e.,

.until the lateral roots |were about 2 cms 1oﬁg.

2. Treatment\WIbn>colchicine
h)

2.1 Induction of tetraploid cells

A population S%ﬁtetraploid ¢cells was induced \
by treatmeht with 0.002% colchicine for one hour. At the
end of the tregtment the beans were washéd carefully with
distilled water, transferred to tanks containfng fresh
’dist;lled water,, and whole root systems were.}ixed 4, 10,13, 14,

A

15 and 16 hours from the end of the colchicine treatment.

O :
2.2 .Pretreatment of metaphases

§

Whole root systems .were.treated for 2 hours
‘ -
with aﬂq.002% solution of colchicine. This treatment
prevents spindlé fqrmation‘and facilitates sepawration of

- ‘ .
metaphase chromosomes,With gpch a low concentration, any

Y - 1

, 10
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effects 'colchicine might hfve on chromosome, volume

-~

_shoulad be minimal. Long(iateral roots were fixedta

R ,.:,0"‘

immedlately after treatment

3. Fixation and stalning

~

Apices of young primary roots (3 days after

.germination) and whole root systems, with fully deﬁeloped

1 3

1atera1 roots, were fixed  -in a chilled mixture of 3
parts absolute alcohol and 1l part glacldI acetic acid
(v/v) contdining a few drops of formaldehyde. Fixed
roots were washed for about ¢ne hour in. 3 or 4 changes
of water and ﬁydrolyzed in 1 N HC1 at §0°C for 10 minutes.and

. S
stained in Feulgen. Permanent preparations were made of

. \,
individual root meristems or grimordia.

For determination of nuclear volumes, columns of ,

cells were used.- The columns of cells were'seoarated from

one another using fine needles" Fast green Was used as’

a counterstain in order to identify the boundaries of cells.
The use of columns, in place of squashes or sections, for
the . study of nuclear volumes has two advantages |

(a) cells are not subjected to’ pressure, as they <are in

the preparation of squashes, and therefore.the method
. ) . ¢ {\. s

N

of preparation does not alter nuclear VOlu@ea.

(b) the preparation of}sectiofs‘1nYQIVe'f1xation of tissues
in formalin whichucan,lead to marged‘ehrinkage of
tissuee; co;umh éeparationﬂavoids this distortion'of
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nuclear vplumes. .
; For determinations of total chromosome .

~ complement &olumes, squashes were made from the

’ meristems of long lateral roots.

4, Nuclear volumes

Nuclei were measured along two axes using
a Zeiss pcular micrometer.n In all the developmental
stages of the roots that werekstudied,~i.e., small primordia,
1 mm lateral, ioﬁg laterals, young priﬁary and old ppimary
Todt meristems, 650 interphase nuclel and 256 brephese
" nuclei. were measured. .In the 'analysis of colchicine-
‘induced tetrapleid cells, 650 1n£erphaée(huclei were
measured 4, 10 and 14 nours from the end of colchicine
treatment; 100 prophase nuclei were also measured, 13 3

and 14 hours from the end of treatment ‘The~tet£aploid

nuclel were studied only in the long laterel roof meristems.

Calculetion of Nuclear Volumes

%he,formulae used for the calculation ofv
" nuclear volume (v) are asg foliQws:
spherical nutlel (v) = 4/3 fr?
r = 1/2 diameter _ -
S\\—J' nearly spherical nuclei (wv) = 4/3 fab?
a * 1/2 length o
b = 1/2 width

‘.
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Sval‘nuclei (v) = 5/3 fab (a+b)/2

1/2 length (i.e., long axis)

a

b 1/2 width (i.e., narrow axis)

[}

elongated nuclei (v) = 4/3 r® + 9rlh

ir? (4/3r + h)

1}

r 1/2 width (i.e., narrow axis)

h = length (i.e., long axis)

5. Total 'chromosome complement volumes

-

Metépﬁase chromosome volumes wefe\detqrmined
only(in long lateral root @eristems? The ;ehgths of all
chrcmosémés were measured 1in 50 metaphase complements.
Width of five chromatids were measgfed at random within
égdh cell. Two methods Qere used for the determination

. . <) .
of the volume of the metaphase conplement of chromosomes.

Method 1: - S ‘ .
Volumes were calculated.on the assumption that
chromosomes are cylindrical in form.

v =9x h x r? _ R

v. = total chromosome complement volume
h = total length of all the chromosomes in the
complement ‘ '
) r = éhromatid width
Method 2: ) . ) | \\

(1) - volumes of chromatids caléu}ateq‘on the assumption

that chromatids are cylindrical in form

2

C
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o

(11) volume of total chromosome complemenfis taken

-

to be double of the total chrdmatid volume. ' -

totalﬁéhromgfid volume. = x h x (r/2)?
total chroumosome complémen£ volume
= 2,[1x nh x (r/2)% 12,
r = chromatié width~
r/2 = chromatid radlius '
‘h = éotal chromatid length
' In each method two different avénage asurements

chrométid§ per éeil'for each of the 50 cells, (ii)) mean
- of the width of alltthe chromatids from 50 cells, 1\e.,
250 chromatids, was used for each of the 50 cells. -

6. Calculaéiop.cumulative percentage frequency'of"

g

nuclear volumes

. : -
The percentage cumulatiye frequency of nuclear

volumes was also <omputed. The yolumesfwepe at-first
ranked into an ascending order and the éumq}ative .

_percentage frequency asgoclated with a particulér volume‘

(Pxi) was computed as follows: - i .

&2

P 21-1
x1= Z=—= ¥ 100
- 2N
] = rénk
‘xi‘a-nucléar vp;ume'at rank 1

_ Px1 = cumulative percentage frequency aésqgiated .

with xi



. )
N = number of observations.

7j/“;>obiﬁ analysis of nuclear volumes
\_,/ ::? ¢ ‘

Cumulative percentage frequenc1e§ of nuclear
. o Co .
volumes were .plotted as a function of linear-and log '

values of nuclear volumes. These plots.weré done qgu

‘two kinds of scaleg: (1) probability scale and (11).
norﬁal equivalent deviate scale. 1If such a plot generates
a straight.line, 1t 1ndicgte$\that the sample belng ploﬁfeé
comes ‘from a hormally distributed ;opulation (Sokal and

Rohlf, 1969). g ‘ .

7.1 Probabllity Scale

/ . . P
.

Plots of cumulative percentage frequencies of

nuclear v%lumesnon a probabilit&bscale can be used to-
estimage the ‘mean and standaré deviation of a ‘sample.
The mean is appraximated by a graphic estimation of the
' median; the values of mean and median will be close if

the distribution is more or less normal. The mgdign value :
" 1s estimated by dropping a'pgrpendicular from the;tntersection'
of. the 50% point on'the ordinate and the cumulative
frequené; curve fo the abscissa. By dropg}ng similér a
perpendiculars from the 1ntersections of 15.9 and 84.1%
points, and 2.3% and 97.7% points respectively, estimates

of +'1 and % 2 standard deviations "are_obtained.
. _ L & \577926 .

»
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The probability scale contracts the scale around

the median and expands 'it at low and high cumulative

7.2 Normal Eguivalent Deviate Scale

%)

This 1is similar.te the probability scale except

that it is graduated in unitsiof standard deviation units, and

is vepry much contracted around the median and expanded

. at-the ends. Thus the 504 point, becomes 0 standard

A¥

Aty

wnr
A

. of nuclear volumes.were plo

)

Jdeviation, the 2.3}, 15.9%, 84.1% and 97.7% point become

‘respectively -2, -1, +1 and +2 standard deviation. .Such -

o

-

‘standard deviations are called nor

‘ﬁ .

quivalent deviates

- ‘3_ .
YN The cumulative percent ge frequencies of values

as & function of linear N

deviate scale with the ‘help or a computer. The computer &L

also put 95% coﬁf}ﬁence limits to the cumulative percentage g
o ,

points (see page 17).. However, these plote do not show

»

everydatmnpoint because "the dataweregrouped to«facilitate

plotting within the limits 36t _.by the computer program.

The’ 95% conridence intervals predict»that-if the result

- 1s repeated'under the same dr‘as close as possible'conditipns;

€

the red%\ts will probably be within theseﬂlimits.
A

\.\/

or normal equivalent deviate), may not generate a straight

line; they may showﬁa poknt, or points of Infiexion where

¥
4 -

.or log values of nuclear volumes‘du.a normal equivalent Tk

Plots of nuclear volumes on either ‘scale (probability
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i

. a7

‘ the_difection of the curve ché&nges. This indicates. the
presenee’df more thaﬁ one bdpulation."In a pnobability
scale the 'point or points/8f ;nflexien.can be used as
break points to sepax the subéop ﬁgf;;d\éhe data
cap‘be replotted. Upon repldttingzthere should be as

"ﬁany straight lines as there are subpopulations.

8. @&1culation'of‘QS%\confidence limits for Normal,

Egpivalent Deviate (N.E ﬁ ) plots‘
74

-

. This was done according to Colquhoun (1971)
If we have ideal, 1nf1nitely 1arge°population of cel;s,;
we take a sample N.' The ideel or true proportion of .
cells with nuclear VOlume.§ v is P,,. In a finlte sample

Py is estimated as?
. ~ 15 . ’\;ﬁ
, “ Py =

r
. _ o N

- ‘ble number of ‘cells with nuclear volume

- < viin the sample of ‘N f, -
If it 1is assumed that r is distributed binomially (becauSe
r's are independent of one another) then the estimgte

xor varianoe of p’ (= measuréd value of ﬁ) will be: no
S2(p) = 911_-2;
- ’ ’ I N - ’ .
The 95%‘confidenee limits for p =
_ tesS(p) ..
Where t = value of’ Students £ for 95% probability and

s are therefore:

=R

N degrees of: fﬁeedom. e

as

YT

[P
. .
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Since for. N > 20 the t distribution is apbroximately
noﬁwal: tgs = 1. 96

ThereforL it is~estimated that in 95 out of

RN
~a
-

.l

9. Prequency distribution diavrams (histograms)

of nuclear volumes

a2

>

Frequency distribution diagrams (bi$tog¥éﬁs). |
’dfanhelql belonging to different volume classés were
madf. The vélues of nuclear volumes were grouped into
classes in the interval of 1oo'um3 e. é 100 - 199 um?d,
200 - 299 um®  etc. The number of nuclei belonging to .
the different volume classes were plotted against the

nuclear volume classes,

10. Nuclear morphology e

Nuclei of meristem cells and primordial cells
" were assigned to foﬁr different morphologldéal classes,

depending upon their shape.

class 1 'spherical ' _.f L ;'
class 2 nearly spherleal \

class 3, . éval. .‘é. ’ ’

. clqss'h'.’ elongated: .

That the nuclei are only of these four ‘shapes and @ré\n&&,//

- doughnut shaped is supported by the following observations :

Fl



¥

’ otﬁerwise one would need to use different tables for

-

(1) before apPNying the coverslip, when the columns

¥
< a
g b

of cells are xotated(gn allisiées, nuelei appéaf to\pbe

spherical, ﬂearly spherieal eval and élongated.
(ii) in transverse sectione of roots the nuclei do

not appear as rod -shaped as would be expected for

nuclei that are doughnut shaped; the nuclei always

appear more or less spherical. . - S
h - . " . T ' o

.11. Statistical analyses

.

11.1 Empirical Distribution Punction Test
y

N
Lg test of goodness of fit of values of nuclear -°

%

volumes té;ﬂbrmal distribution was made using statisties

based on the empirical distribution function, EDF

hY

(Stebhens, 1974). The statistics that were used in

’5 (

this test are modified.statfstics, D, vV, W?, U? and Az ‘

Tney were modified in order to ignore the sample sicze,.

- "‘ \ IRt '
different sample sizes. Percentage points for a test " -

of normaligy (when ¥ and 0 are unknown) based on

{

empirical distribution functiop aré given in Table 2,1.

\The cemmonly aecepted level of significance‘for this'

" gest is 5%, R

11.2 . Chi—squaré'ggst N B i

C T
ok . . i
Goodness of (fit tests of values aof nuclear

;Eiaagg\were made using the Chi-square test.. -The test



was done on grouped data with the help of the
computer §CDC 6400). - . . o

', -

b

12. Iaplation of nuclei ) \ ' ' / i

\ /

The method of 1solating nuc ei ﬁnomﬂthe root

meristems is that of McLeish (1963) with some modifications
Meristems of long 1ateral roots were . collecteq,in ice~

cold water They were fixed for. 25 -~ 30 minutes in
4ce-cold 2% formaldehyde solution (w/v) in ﬁ mixture

of 0.066 M NaZHPO“ and 0,066 M KHZPO“‘a%—pH~=\7. After -

washing with the samé”BﬁfﬁéF, the meristems were crushed in'
the buffer solution,'usingia'hand homogenizer. There-
after the solution was filteréd through & clean cheese-
cloth. One to two drops of the filtrate contain}ng the
isolafed nuclei were put on pre—cooied slides. The .
suspension of nucleil was ‘then almowed to adhere to slides.
R

Dry slides were storedfuntil required,

L]

13. Estimationjof total nqclear protein L //

| Slides of tsolated nuelel were first f;xed/in

acetone alcohol (50: 50 v/v) for 30 minuxes and then_ .
‘stained in -2: b, dinitro—lfluorobenzene (DNFB)‘solusﬁon fér one
. hour. The solution contained 0.13&@1 Q§EB/1n 100 ml athan%ﬁ,

"1ml M sodium bicarbonate and 5 ml water. slides

were - then washed in 70% ethanoi\jls'minut 8)- and warm

water (m30°c 15 minutes) to remove exce godlum bicarbonate.
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They were fur?her washed id 70% ethanol (5 minutes),
95% (10 minutes) -and 100% ethanol (2 washes of 10
minutes each)' coverslips were applied over a drop
of glycerol. DNFB stains protein by forming-a’yellow
complex with thee-&ﬂi group of lysine and the a—NH
group of N- terminal amino acids, the sulphhydryl groups
of cysteine,. the OH group or tyrosine and the imidazole
ring of histidine (Sanger, 1949; and Maddy, 1961).
This stain gives, a.good heasure of total protein content
of nuclei (Mitohell, 1966). Total protein cortent of
nuclel was estimated as absorption at 400 mp (Mitcheli
1966, 1967) All the slides used for measurements were
stained at the same time, because (1) this avoios the
~effects of random - dye binding and\iii) 1t 1s’ valld to
‘make quan@i;ative comparisons on such a sample. Photometric
measurements were made?:ith a Leltz MPV microscope :
-photometer equlpped with an in-line monochromator and
. photometer designed by /och, Pasternak and Kruv (1973)
‘The diameters/gﬁﬂﬁﬁe/ouclei were measured with an ocular
micrometer.. =~ ° -
Two méthods of estimasion of the amount of

' absorbing material i.e. protein: per nucleus were used:
v ) " s
LY F A ’

(:2)' Y = AXE
/' Where % = amount of dye bound
A = area of the nucleus

1E = extinction\goefricient

\ 3
I

¥
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Area (A) was caleulated according to G%rcia and Iorio

(1966). : i
A = backsround reading of a nucleus X agtual area of
reading fo Cvﬁpg*reference ares reference area

=l
i

= Log;lo (Ii/l )
ts

I, = intensity of incident light i.e. background

reading for a nucleus

It = intensity of transmitted light i.e, reading,

for a nucleus,

@ ¢ -mv

¥Where y

|

amounp of dye bound
* E = extinction coefficiernt, calculated

in the same way as 1in method 1.

WV = actual volume of the nucleus, N -
bwas directly computed from the

et ”:‘ \ nuclear diameters.

The total amount of protein per nucleué determined by

\bdth of these methods was expressed-in‘arbitrary units\(AU).



ITI. RESULTS

K

,1.: Interphase and prophase

1.1 Interphase

1.1.1 Long lateral meristems

Nuclel of long lateral root meristems show.a

_‘;agge range in volume; the range is 14 fold, 169 to
2381 um?. Mean nuclear volume + S.D. 1s 766 i‘
408 um?. A frequenéy histogram of nuclear,volumes
(Figure 1 c¢) reveals a positively skewed distyibution
and when a probit plot (Material and Methods,,p. 15)
was made, the values did not yleld a straight line.
-Thué, it appeérs that nuclear volumes do not form a
single population whose values follow one linear normal
\distribution.v In particular, when the probit plot of
t&w wfhe cumulative pefcentage frequency was made on a
normal equivalent devigté scale (Figure 2), itareyealed
that the central part of the~population, i.e., between
the 25%h andﬂ75th peréent;les does not fall on a single
stfaight line. The éctual data points fall witbin the
— 95% confidence limits for,moéf of the population H
(Fiéure 2); only in the top 2% of the values do the
pointT 1le at the.edge of the 95% confidence limits.
Furthermore, using the.xz-fési reveals that the distribution
- . of-nuclear volumes is signifi§antly different (p = 0.001;

v

Table 1) from a linear normal distribution. From both -

.23



2

Figure 1

Frequency histograms 5f volumes of
interphase nuclel in V. faba.
1l a. Small brimordium: 650 nucléi were scored.
1 b. 1 mm lateral root meristem: . 650 nuqlgivﬁerg
scored. )
1 ¢. Long lateral root meristem: 650 nuclei were

scored. ’

(<)
b
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» LFiguré 2
V. faba long lateral root meristems. Plot

of cumulative perceatage frequencies of nuclear volumes
on normal equivalent deviate scale. Ordinate - volume
x 1000 (um®). Baged-on 650 nuclei. ,
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=

graphical—&galyses,kgsing probit plots, and from the

"X2-test it is conol&ded_tpat nuclear voldmes do not

"follow one linear normaladistfibution..

The log values of nuclear volumes.were analyzed
/

in the same way; a probit plot on a probability scale

- (Figure 3) yielded a-single straight line. Similar

The 5% lejfl of’ accqptance was found\applying the v, W2,

fdistribution of log values is not signifi

results were obtained when the plog was made on a normal

.equivalent deviate scale, which somewhat,contracts the

central part of the'distribhtion-relative to a probit
plot. Except at the extremes of the distribution,' the
data points fall within 95% confidence limits (Figure h).

Thus, withih the range + 2 standard deviations log nuclear.

voiumes form a single straight(line. This implies that
the values of the majorlty ‘of the population closely
approximate a log—normal distribution.' The,goodness of.k
fit ‘of the‘log-values to a iog normal distribution was’
tested using the X2-test and EDF, empirical distributioni ﬁ
function,. statistics (Material and Methods, pl9). The y K I
test df. = 24, gives a X? value of 36.54 (p = >0.925 <0.05;
Table l); the huclear tolumes are signifioaotly different
from one log normal distribution, only at a borderline |
level. Analysis using EDF statistics indjcates that the _”
ilntly different

from one lag normal dietribution at the Sﬁ\level 1 e., the -

‘acceptablefiével of signifieano\&;or these stetistics.
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Figuré'3

’y. faba long lateral root meriFtemé.
Plot of cumulative percentage frequencles of log
values of nuclear volumes on probability scale.

Based on .650 nucilet.
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%7 Pigure U

V. faba L§ng lateral root meristems.
Plot of cumulativéﬁpercentage frequencies of .log
vaipes of nuclear volume on normal equivalent

deviate 'scale. Based on' 650 nuclei.
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&

c . ‘ . - :
U? and A? stdtistics (Table 2)'.using the”D statistic, N
S

the distributlion was highly acceptable as being log normal; ‘\
i.e., at the 15% level (Table 2) It is concluded, h
therefore, phat nucleaf.volumes'ln long laterale follow

one 1oé normal dlstrlbution. The valuee that do_nat~

lie on the linelgenerated by*the-mejority of the nuclear
volumes are the extremes of the distrfibution; these

values form the lower and upper 1-2 percentiles of the
‘populatlon. | o

From the probit plot, ve obtain a median nuclegr

* volume o; 668 um?, which is the value at, the SOth percentile
{Figure 3) and Zero normal equivalent deviate (Pigure by,
~The large. difference between the medlan and mean,’ 766 pm?
nuclear vglume is further evidence that the distribution \

of these values is not symmetrical about the mean value, f

and islgherefore not linedr .mormal. ‘ ot

- -

'@he lower 50% of the values (Table 3).cover. a
range of.&nly 499 um? (164 to‘668.ﬁm3)? while the upper
50% coveria rangé of 1613 um® (668 to 2381 um3). The
ra;ge in quclear volumes indicates, that, in some cells ‘“n
the nucleL grow disproportionately large, relative to the )
rest of ;ye population. Such a wide rarge in volume was
unexpec ed in a population of cells that must be very -
closely), 1f not absolutely ‘identical in genotype. It
“.Seems ? portant, éheféfore, to define how such a condition

could @riee. We know that the population (see Introduction,

\ \ . ‘ . . . B . 23
. . . - B

.//



TABLE 2

2.1. Percentage points for~a test of normality
(p and a? unkpown) based on the empirieal
distribution function. The statistics used in
the test are those commonly labelled D, W?, ¥,
U? and A? (5% level is the common accepted “level

of significance). ) -
‘ Pércentage Points
Test .
Statistic 15.0 @ 10.0 5 0 2.5 1.0
D o.7i§\ 0.819 0.895 0.955 1.035
v . 1.320  1.386  1.48Y 1.585
w? 0.091 0.104 "0.126 0.148
u? 0. 085 09096 0.116  0.136
° [y
. ’ 3
A? 0.576 0.656 0.787 0.918

]
i
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TABLE 2

2.2, Results of the empirical distribution Tunction
(EDF) test of goodness of fit to one log normal
disgribution for the interphase nuclear volumes of
meristems of V. faba roots at different stages of
develogment. ‘The calculated statistiés were suitably
modified according to the size of the various samples.

Modified ‘Statistics

Stages in
Developmqg} D v ~ W2 - U? A?
.
Long lateral 0.751 1.445% 0.113 0.109 O0.765

Small Primordium 1.487 2.280 0.403 -0.386 3.056

LS

1 mm Lateral -0.964 1.880 0.257 0.253 1.612
_ . | ' . .
Young Primary 1.288 2.495 0.392 0.391 2.208.
01d Primary 1.773 2.850 0.808 0.666- 4,863
b
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p. 3) (a) to asynchronous (L) vavie§ in cell.aeycele
durattion and () mavy also vary in L}::e x'ulxxm(; o’ the
interphase nucteus in-very carly G} .  Glven thia
heteromeneity in the population, variation In nuelear
volumes woul‘d oceur: ; .
(1) {7 mruwtﬁ rate was constant and identlcal In a]l‘
nuclel; the wide ranese In nuclecar volumes would then
result from the varlablility in the cell cycle duratiaon,
(11) if growth rate of the nucleus was different in
different cells of each:subpopulation, 1.e,, Tast cyciing,
slow cycling and non-cycling célls,
(111) even 1f growth rate was différent in different
cells of a meristem but was directly proportlional to
the duration of interphase. ‘

With (1ii1) we would expect all nuclei at the o
same stage Of the cell cycle to have identical voluies.

Mitotic index in lateral roots is 8-10. Thus, the 8-10%

nuclei in the cells in late G,, should, on this basis

~have closely identical volumes.; A discrete group of

volumes, ‘making up 8-10% of the population and lying

‘at the upper end of the distribution was never observed

(Filgure 1 c¢; Figure 3). Also there should be a discrete
group of 16-20% nuclel at Ehg lower end of the distribution;
these would be nuclel in edrly G; an@ wou}d be formed

by the division of the 8-10% cells-that are in mltosis

<

was never found.
. . T
) ’ - ) \lj . [}

.
TS ‘ b

SNV, Al

at ahy time. This discrete subpopulation



2

Furt hermore, volumes of nuclet in prophage cover a’

6 fold range (stlc 5 )3 this 1s addltlonal evidence
that nuclel at one stage in the coll-cyclo do not have
tdent ical VOlume§. It appears that nuclear volume is
not dinvcply propoetional to, the age of a cell in the &
cell eycle. This céncluslon(togéthﬁr with the wlde rangg

In nuclear volume in lateral root meristems, suggests

ghat the growth §ate$.of ﬁuclel within a me?lspem are .
higﬁly variable. 1In the énalysis of nuclear voluries

that follows, this vaéiability in growth rate has been
related to Lhe heterogeneous nature of the populatlon.

The nuclel of the cells of long lateral root
meristems wepe found go be of four morpho%ﬁgjéal.types:
spherical, nearly spherical,.oval and eléngate (cylindrical).
For calculation of nuclear volumes Lhe»appropriate formula
(Materia} and Methods p.le)\wa§ used for each nuclear -

' type. Iﬁ the long lateral root meristems, relatively .
few‘co]ls have spherical nuclei (2.8%); Lhere ‘are 23.7%

nearly spherical and 21% elpngate'nucle;, while 5?.6ﬁpof cells
have an oval nuclcus (Table 4). Thus, meristems of ‘
rloﬁg lateral roots are also_ﬁeterbgemeous with respect

to nuclear morphology. Since meristems of 1oqg laterals

differ physivologleally from other meristel é., small

2
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growth The mwih features oY ilhese results are

oummari,e&\ﬂn Tables 3 and .\ The speciflc features

5

1.1.2 Smaill Primordium

4A small pgﬁmordiuﬁyié> he “earliest “stage in

the deﬁelopment of a lateral root In the 'small.primordium,

there is about a 10 fold. range in nuclear volume, i.e.,

from 193 to 1845 um?.. The- mean nudlear volume + S.D.

is 733 #+ 23§ um?. "Both the range of nuclear volumes and

the mean ﬁu‘lear volume are somewhat\smaller than in the -

4

The ffequency

long lateral root meristems (Table 3)

¥

_histogram of| nuclear volumes approximates a lincar normal

"distributionimore closely than those of\a long lateral

(Figure 1 a, ef. Figure 1 c). .Howe¢ver, W probilt plot of

nuclear volumes, Qn'a probability scaie (ﬁigure 5),

generates a straight line only for the uppir 80% of the

values - Qoth

o 99.9th percentiles. ﬁThus, about 80% of the
nuclel have volumes tﬁat follow.one linear n rmal
diﬁtriﬁution. he lower 20% of the nuclel have volumes
‘that do not falllonto one Htraight line and\ére, therefore,
distinct - from ﬁh majority‘or the‘nuclein ;The volumes of

these nuclel do ngt seem to approximaté a linear normall

' distribution. A probit plot of the cumulative percentage

frequencies of nuclear volumes on a normal equivalent




Figure 5

. .V. faba small primordium. Plot of

cumulatlve percentage frequencies of nuclear volumes

on probability scale. .Based on 650 nuclel.
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deviate scale {Figure 6) ylelds a similar result the'
population appears to consist of 2 or 3 subpopulations

but only t?e central group of values fallson a straight.
line. As'expebted from the graphical analysis, the ,
X?-test (Table 1) -shows tha; nuclear volumes in small
primordla are not distributed linear- normally (p = 0.001).

1

A probit plot of log values of quclear volumes
kFigure 7) reveals the presence o; two Subpopulations
that appear- to be log-normally distributed, one sub-

opulation makes up about: 75% of the values, the second
fj;gbopulation mgkes up 25% of the values. The breakdown
of the values irito subpopﬁlations is sl%ghtlyAdifférent
on a proﬁit plot of log values on a, normal equivalent
deﬁiate scale (FiggreIS) but this plot‘sdggeéps that.
nuclear volumes do not fit one log'normal distribution..

This is ¢confirmed by tests of'éoodness of fit to one

log normal distribution. .- .°

Since both sfpatistlical and graphical analyses
of ﬁuc;ear volumes 1in . 11 primordia agree that the value€s

do not follow. linear o g normal distribution, 1t

o
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l‘ 0
v ~X
v
a—
Figure 6 -
Plot of

V. faba small primordium.
cumulative ‘percentage frqguencies of nuclear volumes
on normal equivalent deviate gcale. Ordinate -

volume x 1000 (uma);h~Basgd on 650 nuclei.
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< ., Pigure 7

-

>
-

V. faba small primordium. Plot of
cumulative percentage frequencies of log values
of nuclear volumes on & probability scale. Baéeq

on 650 ‘nuclei. \
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! Figure B !
o 7
o V.'faba small primordium. Plot %@

cumulativeoﬁerdentage«frequencies of log values
_of nuclear volumes on normal equivalent deviate

-

scale. Basfd on 650 nuclel.  _
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.appears that the nuclel are even more heterogseneons

4

wilith reopeet to rates of nueleay prowth than the r;uc'lui

of lony lateral root-nmerictems.  These results from

N

. Hmall primordla confirm thal Incercasces in nuclcear
[

ot y
volume are not uniform throughout i@ meristem.,

The cells of the small primordia are also'
heteropencouns with respect to nuclear morphologys; about
halizthc cells (%0.6%) have nearly spherlcal nucleti,
10.27 have spherlcal nuclet, 387 have oval nuclel and a
remarkably low propovtion of cells (1.2%) have elongate
nuclet. .Comparod to the long laterals, rylatively higher
proportions of c¢ells of small primordium have spherical
and nearly spherical nuclel (Table A), while the proportion
of’ éel]s with o;al and elonyate nuclel are lower. fThis
is respon;tblc; in part, 1or the smaller range of volumes
in the small primordium relative to the lonpg lateral

(Table 3). Differences 4n the range of nuclear volumes

2pd perhaps also in the growth rates of nuclei in long '

aterals and small primordia are reflected in the differcent

-patterns of distribution of nuclear volumes (Figurce 1 a,

cf. 1 e; Meures b and 7, cf, Flpgure 3; Flgures 6 and 8,

Al

e, Mpures 2 and W),

+ The median and mean nuclear volumes - are simllgr
in amali primordia, 706 and 733uum’ (Table 3) unlike the
aituation 1n/16£i laterals, where they are quite dirféreqtq

668 and 766 um?. Singe small primordia and long laterals

<9



\

Ly
also differ in the fgrm of disfribution. of theiﬂ{nuclear
volumeé (Flgure 1 a, cf. Figure 1 c; Figures 5 and 7,
cf. Figure 3; Filgures 6 and 8, cf. Figures 2 and 4), it -
1s clear that there are significant differenées in the
overall pattern of nuclear growthfbetweén two meristems
that are part of a single devélopﬁénéal pathway. This

is further evidence of heterogeneity in meristematic

cells of V. faba.

1.1.3 1"™mm lateral meristems

\
Laterals that are 1 mm long have just emerged N

froh the cortex of the ;nain root. In these meristems
there 1s about a 10 fold range in nuclear volumeé, i.e.,,
258 to 2340 um® and the mean nuclear volume + S.D. is

875 + 404 ym®, A frequency histogram of nuclear volumes
(Figure 1 b) yields apositively skewed distribution. Aﬂ
probit plot of cumulative percentage frequencies of
nuclear volumes on a normal equivélent deviate scale -
(Figure 9) shows that the values of nuclear volumes do .
not fall into a straight line, i.&., these value's do not
appear to follow one llnear normal‘distributionlang a X*-
test of nuclear volumes 1s significantly different gb = 0,001)
from one linear nor@al df%tr;bution'(Table 1). A normal
eqhibalént d;viate transformation of the cumulative

percentage .frequency curve of log nuclear volumés yielded

one straight line; but this is confined to_tthe central:
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L

group of values, i.e.,‘—g\7 to + 1.1-8.D. (figure 1o)ﬂ
Thé deviation from ene logxnormally distributed
population was signiricant‘ysing the X‘-test (p = 0.001;
'Table l) or EDF statistics (Vable 2)3; all EDF statistics
except D were significantly ddffevent at the 1% level
The statistic D was not significantly different at 1%
(5% 1is the acceptable signific&pce level).

A 1l mm lateral is an intermediate stage in
the development of ‘a’ long lateral root from a small
primordium. Durlng the growtn of.a emall primordium into
1 mm lateral the form of the Qistributionwof nuciear
volumesichanges (Figure 8, cf. Figure 10). This ch%nge
continues as a 1 mm-lateral bece;es a ‘long iateral}
the’complex form of the distribution of nuoleer volnnes
in 1 mm laterals 1s resolved inte one iog—nermally,
dietribnted population (cf. Figure 4), . \

The proportion‘of'cells with:spnerical,‘nearly
. spherical, oeal-and elongaie nnclei in 1 mm laterals are
5.8%, 38. 6% 44.9% and 10.6%. In these vdlues too, 1 mm
‘laterals are intermediate between long laterals and small .’
primordia (Table U4). Lateral root developmént is
accompanied by a number of changes in nuclear form and. . .
growth. Pa;;iiel changes in the- growth of the’ primary
root were also 1ooked for by examining nuclei in 3 and 9

9

day old primaries.

i

v 5
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V. faba i mm lateral root meristems.: Plot

of cumulative percentare frequencles of log values
] .
of* nuclear volumes on normal equlvalent deviate scale.

Based on 650° nucledi,
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YL éﬁ‘ , lx

1.1:4 Young brimaﬁy meristems o c

The young?primaﬁy.:oot meristem cills, like
‘those of the long.lateral root meristems, sth\an
approximately 14 foéld range in nuclear,vdlumés,»IBEQto
2566 um®. Mean nu;iear volume # S$.D. 13 803 + 389 um?,
higher than iﬂ.tﬁe small primordium (73§ + EB um?®) or
lope aterals (766 + 408 um?®), but lower than that
{,,1nwggiii ‘mm lateral root meristem (875 + 404 um?®). In

the young primary root meristem, there is a high

&

proportion of cells with nearly spherical (51.2%) snuclei; .
"6.2% haQe‘sphgricaI nuclei, 38.3% have oval and N.3%

have elongate nuclel. This situation is very similar

to that in small primordia (cf: Table u) . Both ‘in the young
primary and small primopdium the proportioh of cells

with spherical and nearly gpherical nuclei .is higher .

than in other meristems (Table by,

o A frequency.histogram of nuclear volumes
appears to be pasitively skewed (Figure 11 a). A probit
plot of cumuiapive percentage frequencies of nuclear T
vol@mesgon,a normal eguivaléht,deviate scale kFigura 125'
shows that these values dp:ﬁOt tall into one straight
11ne._ This plot gives 95% co fidence limits, éoth
1inear (Figure 12) and log (Figure 13) plots or nuclear
olumes fall to yleld ntraight lines that inolgde mcre

" than 50% of the data points. Moreover, a x‘-tebt uhowad
Y , - M

M



Figzure 11 >

Frequencles histograms of volumes of

interphase nucelel in V. faba, ' .

1‘1' (’1.
I
L1l b,

Young primary root meristems:

weroe scored.,

Old primary root meristems:

were sceaoroed,

Iy
650 nuclet

La

650 nueclet

»
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volumes on normal equivalent deviate scale. Ordinate

- volume x 1000 (uym®). Based on 650 nucXei.
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that both l@neéf and log values differed significantly
from a normal distribution (p = 0.001; Table 1). ééing .
the EDF StatiQE}Es, 1t appeared that the deviation
fgﬁg ;ne 1og-ndrmally distributed popglation was
ﬁggnificantlyadirferept at 1% level (Table 2). The -
‘ /normal eqﬁivalent transformation of the cumulative

,//< pércent;ge freqﬁeﬁcy curve of log values of nuclear
volumes (Figure 13) shows that the central group .of
nuclgi, i.e., those lying between -1 to +0.8 standard
deviation units, fall onto one straight 11ne;jvalues
outside these limits, at both upper and lower ends of
the distribution are distinct from the ceﬁtqal group..,
This indicates that the sample is heterogeneous . Even:

»

where there appears, in the centre of the distribution, <
a group of nuc¢clel whose volumes are &1stributed log-

’normally (Figure 13), 1t cannot be concluded that this'
group is all part of a single population, Particularly, .
in young primarieg, sma%l primor&ia. an? 1l mm laterals,
overlapping distribugions of two subpopdnations méy
generate'yhat appears to be one log—normqlly diatributed

population, ,\

ﬂ“;l.l.s 0ld primary meristems

In the old primary root meristems there is a
9 fold range in nuclear volumes, 202 to 1873 um?. The mean

nuclear volume # S.D, is 691 + 255 um’. The range of

Vd



nuclear volumes in the old primary meristem 1is very
similar to that in the small primordium (Table” 3), but

their mean nuclear volume is slightly smaller. Range

N

and mean nuclear volume 1is slighﬂly snialler 1n old

primaries than in the other meristems studled (Table 3)-° /
and there are differences in the frequéncies of different ' /
classes of nudlei (Table 4 ). In the éld primary, 4.5% /
of the célls have spherical nuclei and 31.4% have nearly
spherical nuclei; 54% of-the cells have qval nuclei and
10-.2% have elongate nuclei. Thus, old meﬁistems,’i.e.,
mature(iaterals or old primafies have ﬁigh frequencies /
of oval and elongate nucleil and loﬁﬁfrequencies of
spherical or nearly -spherical nuclel, yhile in young. /
meristemy, {.e., small primordium and young primarie;;
sphefical and nearly spherical nuclei aréfmuch more

> S ,
frequent than oval or elongate nuclei (Table 4; Figure 14).

[r]

)

The histogram ofsfrequenciea of nuclear. volumes

(Figure 11 b) appears to be symmetrical 1n-form" ,
and the prabit plot of nuclear volumég} yieIQB'Q

straight line for at least 90% of thg‘values,[i.e.,rrom

7th té g7th percentiles (Figure 15). A probit plot of

the cumuldtive percentage frequency of nucléar volumes‘

on ‘%_normal equivalent deviate scalé (Figﬁre 16) -also
revealed that the volumes of the nuclei lying betiveen

-1.5 and ;l.us 8.D. units form a atraight line. There .
is also a cloase aépeement between the ﬁean, 691 + 255 um?,

¥
. v
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Figure 14

E

Frequencies of nuclei of different shapes

he meristem cells of roots:-of 2. faba at different

pmental stages,

spherical anq“nearly,spherical nuclei

oval nuclei - ' \
L]

.elongated nuclel
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A

S Small ‘primerdtum: 650 nucletl were scored,

LI Lavge primord)un: 1500 nuclel were scored,
N . .

VLV-JlO  Very Large primordlum < just not out: 1500

nuclel were gcoped.,

, <t
JO Just oul lateral root merlstenm: 1500 nucled
Towere acores,.
1 wm 1 Lmm lateral root merlstem: 650 nuclel were
acored, < .
¥ P Long lateral root merlstem: 650 nuclel
N were scored. o ' " - .
. : . 7 . o
N - A .' -
Yp Young primavy root meristem:> 650 nuclol
“«- were scored. SR
or . 0ld prlimary root meristem: 650 -nuclel Yere -
: \ ,
. scored. - '
" ' B L

. -
)

The data. Crom LP, VLP-JNO and.JO have not been includéd

< . ’ )
\?} in thils report. ‘ )
¢ ' . |
/\ o .
. R : ’ “ %
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V. faba 1d primary rool meristems,

.

Plot of cunulative percentage frequepedes of nuclear
volumes on. probablility scale. Bancd?on 650 nuclel,
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V. faba old primapy\r
lluL ot cumulahivw porponfﬂpo

va]umon on nhrmu] equiv&lunb de
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and the median, 681 um® (obtainfed from the 50%th N }ih-

percentile in Figure 17), nuclear volumes From o

T

these lines of evidence, it appears that the values

- of the majority of the nuclei approximate a, linear'

npormal distribution. The X’—test, however , reveals‘

) that _these .values do not follow one linear normal

diutpibution (p = 0. 001 Table l) A probit plot of

‘ the cumulative peroentage frequencies of log values
’ of nuclcar volumes (Figure 17) indicates vhat 60%

of the values of nuclear volumes, loe., from 2oth to

GDth percentile€ fall onto one atraight 1ine ‘and they
may represent bhe buik.of one 1og~normally distrihuted
popul&tion. Eut the 20% of the- values at the bottom
end of the distribution and the 20% of ‘the valuen at

the tap end of the diutribution appear to form diacrete

‘aubpopulac1ons (sep also Figure 18),

Though the nuclear volumea from the old primaL;

rooto appear, rrom graphical analyuis (Figures 15 and 16),

to be linear-normally distributed, the populatioh is clearly
hoterogene*ﬂu. A x’-test showed that 1t is nét mado up

'of a single population that 1a 1inear or 1og~normally

diutributed~(p = 0,001 for both diatributionu, Tablo 1),

.Furtharmore, use of EDF atatintiea nhowad that &ll

atatintigu aro signifioanbly difrorenb at kg levol

. ('I‘ablo 2) and honoo, tho diotzribut?o‘ of nuoloar volwnan

doviatoa nisnii‘ioant:ly from ono 1os-po’mal populabion.
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Moertatem: of V. Tabi roots ) ab we have acep, . ‘
ave yigynehronons and heteropencons,. Sines col s In one
subpopunlatlon, e ¢, 'ack) slow or non-cyctingg o In
00, ”1’ 5 or (.l?, cannot be lm.-m.it'h/u, The doprpee of ’
varlation 1o nucicar volumes forr a/pavticular phagse of

- ‘ ’ ) ¢
the coll cyele cannot be fh:t,e.-r‘nd:n/hi. Cue potnt iny Ghe
PN

»

cell eyele), however, thatisean be A?lr-nt Hied morpheloglicatty

i
‘. lr
in prophase; prophase mie bear vojumes:

.

(1)  arde valuen for osne particular phase of the cell cye

;
(11) reprosent Lh‘g};{\_oumul:xt,hm' of all-nuelear p,x-c;v-n,h Lhat
hun tnken p:lur"é; from the beglnnting of int,e-.r'phu:n:,
(111) provide some fnittcatlon :;lu‘)ut, the form of ,
d,iuLx'lhuLl(‘m ol volumir in ‘Lut,s.- @, in pr'nl‘ii‘c:r'ut,lnp; f ,'
ceellu, h o \
Volumes of pm)pl'.:':nu: rm,‘cl«'-l W dct.(-erIm-d‘ in- :
Lhu'c"(’llu of Lthe sl primordium' ana o Lhe meristen m-llﬁ ]
of* 1 mm ]ul,nx'u‘lu Ionp’ lsgt,uuln, young, and old pr*lm!/n'iun.
'l‘hmh’- réaully are uun‘mm' voed In Table &, They {'L*:%fﬂmblc: 'ﬁ
the results from t,lw- tntv-rphmur.nuclf-rl, tio.: ': '
. 3 .
(1)  the range of prophase nua,lmr' vmlumnu 1o /Jilinr'unt -
in the di rreront mertotems, but o alwnyf. l&ry’r-, . o : \
' -

h=7 told (Table 55, \ . /

S v : A /
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kii) the mean-nuglear>volume is aifferent.in~the
different meristems, e.g., 1418 f 437 um?® in long
laterals and 1991 + 71 um® in the 1 mm laterals,

(111) probit plots of log values of prophaSe nuclear

h volumes never yield a single straight line that
includes all the values plottedx -The closest

approximation to a single.straight iine,occurs in |
long %aterals and in young primaries, in these 85%
and 80% of the log values fall on one straight line"
in the probit plot. This indi;ates that the c;mplex
form of the distribution of interphase nuclear ) } o

yolumes‘is carried over intb prophase.
. ' . i
‘The wide range of values in prophase.n@ciear.
volumes shoﬁs'that though there is a minimum vaiue a nucleus
muet achieve before it can enter prophase,ﬁthere doee'not
appear to be a critical volume in very late G, that‘
h\will automatically, be foiibwed by entry into.prophasa.
The progress oﬂ a ceii\to the point at which it will
trigger, a G, nucleus tb\:iter prophase is, to a
: considerable»extent indepehﬁ\ht of the growth of 1t S
nudleus. The éxtent. of the lack of this coordination
between nuclear volume and entry into prophase is revealed ;‘:
by the observation thah a fraction of nucleitenter
prophase when their volume 1is less than the median

interphase nuclear volume fbr the meristem»in which they
““ 5]
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e . .o
are grouing. Tn the dong laeerals thls\éjcurs with
1% prophases in young Qrimaries.with(3% and iu old
primaries. with g, 2% prophases This implies thag\the
factors’conirolling the entny of nuclel into division o
are, to some extent3-iﬁdependene of thﬁse controlling
the gr o”th of the nuclcus.

Prophas/cja,stes abq;,w; 1 hour** 1t com T

l/lllth of the cycle of fast cycling collo and at least
l/30th of the total ‘dycle of slow chling cells. Prophase¢

there ore, is the shortest phaSe of’the cell cycle

LA

S eith af\ intact n:zlear membrane dnd’ it s the only -phase : .

that can oe iden“fiegQ%orphologically. Though it lasts

- only 7% of the total cycle of a fast cycling cell, nuclear

volumes are almost as variable .in prophase as they are

in interphase. . . ' . \

The range of volumes seen in interph?ee rnuclel

v

include valueS\for cycling and non cycling cells. In

prophase, however .the 3 to 7 fold yenge of volumes 1s ; S

derived only from proliferating cells Ca non»cycling

L]

cell will'never eriter prophase). _The prophese volumes

LI

should, on,this basis, be a less heterogeneous group
AN

\\\oi values than interphase nuq&ear volumes'. . That they

'covér a wide range of values is further eVidenee for .

Variawﬁlityain rates of growgh;of nuclei.

. ~ )

.

» == : The ratio of fast to slow cycling cells is
" &oout 3:1. If prophase volumes in fast cycling cells »
T , . - : N . L
! -'e o
R § ‘
‘ M



: here have shown that they\are also heterogeneous for

L1

differed from those in slow creling celis, a probit oot

of the volumes should havo.reveuled the presence of two 7
distincf subnonulatjonsf That is, about YSS of Lhe
values should have Tormed one group of valu thatxwas
distinguis h&hlcakpom The “second ?roup, of 2 % of the

-

values. PFOblt plota did not reveal the presence of two’

"distinet subpgpulations of prophase volumes. If is

concluded that the distribution of prophase volumes in
fast cycling qells‘overlap the distributién'in slow .

cycling cells. Since prophase volumes in these tyo _

Q

J9

_populations are not distinguishable from one another,

¥ »

the rate of increase in the volume in slow cycling cells,

-~

vwhich take 30 hours or more to complete a cell cycle,

must be"considerably lower’than it 1s in fast cgycling

'cemgé which complete a cell cycle in 14 hours. Roughly,

it estimated that a nucleus of a slow‘cycling cell
= +

increages volume at about Q UY of the rate shown by

a fast cycling cell nuqleus.'

]

1.3 Interphase andgpfophase: conclusions

The main conclusions that can be drawn from

/

the data.on interphase and prophaoe populations are:

1. Root mepigtems of V. .faba aro‘heterogeneous for a

number of characteristicecs: they were knéwn to be

~

hctenogénéoua'for cell cycle duration. Results presented

[N

nuclear shape and nuclear volume.,- It has also been shown



a5

’

that th@ form of the distribubion of nuclLar volumes
differs dL difforent developmonqu stages,. The occurrence
of such heterognnelty could be related to the organization
of the moristem‘in LWo ways:\ ‘

(a) heterogenelty for these nuclear charactaristics may

be essential- for the/orderly growth of the meristem, .

v - . > - \‘ . -
i.e., they ﬁ%y be. important characteristics of- : -
l}:r merlstemgtic cells.

ﬂb)"tho hetorogpneity is a constant feaLure of meristems,
: ‘ﬁhich suége sts that 1t 15 regulated or co;trolled
i; some wsy. ) | ' : \ N
o . -
2.. The -large variations of nuclear volume in the interphase

are maintained even in prophase, at this stage there ‘is

I“

a3 to7 fold rag§e in volume.

3. At any point in the cell cycle, ﬁuclear volumes are

not uhiform, e.g., prophase and therefore cannot be used as

a driterion to estimate the position of the nucleus(or

cei% in the cell cycle. (‘ f”' ./
_ , . A\ . ) . . ;

. In none of the meristems could We‘fdeﬁtify, by

- graphical analVSis,,three\distinct subpopulg&ions that =,

» 4
~

Jféigvﬁ correspond to fast, slow -and’ non' cycling cells.
This is a” Qonsequence, in part,{of the large variations

in rates of increase in nuclear volume 1nediff&rent eells.

Since non}cycling ceyls cannot be identifieq/as a,




di tinct subpopulatlion from thelr nuclear volume A

5 \
Lheir‘nucleiunust grow to somc extent. Thus, Lhc)ranfﬂ' ) | )
. . ‘ ' .
of nuclear volumes in fast, slow and non~cyc]1ng b@llp /7’7\\1
. A \ ’
must show considerable overlap.
. i o ) .
SO R

5. SJnce nucleil of non- cycling cells increase in volufe
in interphaoe they must be active in some way. Théy may ’
even be functloning in ;;\e way t\at &hables them ‘ . \

'contrlbute to ovérall growth of the mer ‘ \

7 . ‘/ -

H

6. There are~variations'in'nuclear shapes as w,il asf<\\\;;\\

volumes alorng the same deVelopmental pathwaye i.e.,’ k ;\*\\\\
* during the jyansition of sméll primordium to a mature L
_lateral ‘and <from young prﬁmary to old pr;ma g During

the transition of a small primordium Qp’a ature\laﬁerar, \ A N

these variations occur. simult&neous@y wibh a number ff

.physiological changes., These nUclear changes may be \ o

¥ . . .. 4

correlated to the physiologlecal changes. - ' '
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LS
3
v

»

Y

k

‘\\“\\ﬁrom the meristems 01 long lateral roots® andv

. / / ~. .
Lo ) SO '}_ -
’ P T
/ v / ‘ /'/ M - N - ‘ ‘v
2. Potnl r vln‘w»_umw n/ N <. .

) // ! o, _ _ N R v
//Q;rigtion/p ndllc/p* 3ive must result, in part, . E

E | -5,

’ i
from qu?ptitatjvv ehﬁqgfs iﬂ ijts m;jor cons 1tuaqts, l.e., -

- bt pelatba to changes .

DNA, KA, 7prdmoln~L'LL mqy'd S
! /N\\’,’/
.In the degree of/ h\dxhtiyp /4he'}0ub fafz of DNA ‘content - .

(from -2C Lp bcC éﬁ dlnlold Lellu) tha& lee plaCP in

%1Lerphauq 1s¢unlikely, on -its own, ta account for the
. - LR g ’ )
enormous:variations in nuclear volumes. It hau been shvwn

for Picum rooL moristom§cplls (Lyndon, 196{) that . ' n

9
variation in nuclear volume can take place 1ndependently -

- of DNA contenL and ‘this 1s correlated with .a 2—@.5 fold. ' L

4o .
" increase in the total dry mass as well as an inerease in : /////

account ror some of the increase nuclear Vo
‘- U

o\*urs dqping interphase. r e
v In on&er to estimate the extnnx‘oﬂ variatﬁon ' . \\7\\\

" 4in.the tota} amoqnt of nﬁ@ledr pﬂbtein, nuclei were isolated ’ k'~\:
‘A AR S i L
‘stained with

w2k Dini ~l flu@npbenzene. Total protein centent of .
the isolatgd n::;;f‘waS\nmgﬁured photometrically -Thg '




( ' ” sample 02/95 nuc}ei 1ncluded 35 sphef}éal/and’ﬁgggigx \* -

| Ovspher cal- nuclei 30 oval and 30 elpgg%te nuclei Two , ‘

2/ o mif dds were u?éd for the estimati 4 of th? amount éf " ‘ ‘.
" tosal lear proteiﬁ (1). usipg relative area and

.‘

véiume.. When the relatiug frea is

(14). using ndw

in total nuclear protein\ _ | ~.

.. Figure 19 ) . \
.//}_ldﬂfmﬁé Tean ‘total nui}ear protein * S\D\ng\gi\ihirs .
;//"'ﬂ ‘ units Both ovgy/and spherical and near}y spP lsfl

} ) grouq?<of nucle{%showed about a } fo1d rangé, while The_
» ! | -
\

. / used; thene/fs a 5‘€old ran
. /

/ erM'ZG to 1#0 arbitrary upft fble

N elongated nuciea showed 5 foid range ‘in thq amounq af ) ‘ e
‘total nuclean protein (Table 6) Howeveﬁ,.all bhese -

three groups ef nuclei.are very sigilar 1n the mean total

~ ’ _-"’\ «
h ¥

%’nusfgar protein amount (Table 6). \31 the other hand . N

\ \ -

when volumes of nQCIei were used xhere.waszn111 fold. range

»19 the amount of total nuclear protein’ from 132 ‘to 14783”\

\\\\ .. 3 arbitrary*units (TéQii//g?\k?gure“\lg), hhe méﬁﬁxtotalz
. : L

\ - '"nunIQar protely +. S D. 1s7369. + 169 arbitrary unyts. The =~ . "

among “the spherical End nearly spherical ﬂUCIei 5 fold L~
o among the oval and 8 fold among the . eloqgate nuclei”. “¥“
(Table 6).- Despite such differencés in the range of ;
'wpfotein bontentsfjthe mean amount o@ total ﬁ%btein wés g

3

\\\\“:E:;\ very clas&_(Table 6 1, though mean total protein content ‘
a of the elongage nuclei 18 %lightly highér éﬁan the others. .: J

ot -
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/ S nuclveae vreabeeln arprus Lhfs mer)s Yool b, Iacegft. or

. / , '
/ come clenucate puclel whfich h:,{w/

falfly hlen amcfunts
. /

. /

Lher ymaeled hafroe simllar / -

4 » ‘ ’
/‘ ol total nhuctear profofneg, 41y
. . <’ /
/ raneces of total prote

n :.m(mn/t Y. / )
M . /

- i
hee VAlusf of total nuclfar protelns ~

/ 3 / A plot of

!
(¢t impated by ustmy/nuelagar folumes) aralnat nuclear

volumes (Filirure 20f revealefl that | In geneyal, the protcin

Y

. content of the madlel Incrdascd as thelr yolume inereased.

/ .
The correlatlon doefficiept of thesé two/uarimples 1 0.71.
This suggests thhat there/is a Tairly pxﬁéi'positive
"x < - - N #

- ’ r/
\~ correlation bejween the/values of nudT?ar volumes andN
.-

ts ! Howg¢ver, even such/a statistically
L} L /
orrelatlpn does not necyssarily mdan that all

\y_photein conte
significant

. ! A
varlation 1y nuclear/volume results /from variations in

-
A : / - .
"/ protein c¢content. Also, it 1z cleay that some large

-

nuclei have low prbHtein content, while some small nuc;%l

have a high proyéin content (Figyre 20), -

- Since the abaorbance measurements were of whole

JER ) .
!

he pPro¥eins were intra-
X

,//,

nuclel we do not know vthet her

-

/¢ells suggest that they must be of some functional

+ J8ignificance to the mcfist m. Hence, the meristem cells
be heteroneneous‘with regard’ to
! severél‘characteristios (see p. 3) have'additiongl . /
\ héteroggneity with regd@d to oné of the major @ac;omolecular

LI '

constiﬁuents/iréfj’pr%teins of- the nucletl.

'
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3. Markcd.Cellc: nurlear volumes in it traptoid cells
. A3 A% 2 .

»

‘Huclecar-volumes of Interphase celle, as we.

\ }4 -
Jhave seen, show a wide- range in values and this variﬁglon
is maintained when tho nuclei enter prophasc. The range
of nuglear volumes In fast, slow -and non-cyeling cells . 0

' — »

0

_of interphase. To study variationyin'npclear volumes L

canngt be determined 'because the cells cﬁnﬁot be
~ty . ,
identified. Simifarly‘ibq %wnot pos 31b1e to es anate
. o
the form of the distribution of nuclear volumes in the

[ h ——

various stages of interphase, i.e.s G, S, aﬁd‘G R becaus%ﬁf

we cannot identify theoe phases morpbologlpally We(know

that there is conoiderable variatlon 1n nuclcar volumes ’

1

but we do not know if this variability is establxshed “at

one point in interphase or is cumulative over the whole

during specific subphases, of ‘the 1nyerphase‘ we must be.

<l
able to’ identify a’ group of cells which can be distinguished
from the rest of meristematic cells. A marked population .

of cells was produced in long lateral root meristems by
a 1 hour treatment with a dilute solution of colchicine
. Lo e

(0,002%); this induces the formation of tetraploid cells.

This treatment, a short exposure to a very weak solution
. . . .ot
of colchicine, has the disadvantage that it.produées

P ¢

relativély few tetrabloid gells. On the average, only 20-

30 cells per meristem could be identified with certainty

N
< :

as having tetraploid nuclei.: The advantage of the treatment,

-~

ey



" however, 1§ that it Is Do weak thit dlsruptiva

anaphase aﬁa telophase, the chromosomeyg o»f an arrested

on cell Lrowth arce minlmd&Q\\Colchlclno a.ffoct

that dre in 1ata prophafe- jg\ revents rwindlo'formgtjon
: N -

and SO arrests Lne cells in meta}haee 4 After a perniod

. o . \

approximdtely equal to thestotal dp atlon of metaphase,

~

- -

metaphase revert to an.interphase condit n. This

- , .
process is called restitution and it results in the

.formation of a resLitutioh néﬂleus The restltutjon

. While the reappearance dﬁ normal metaphdses

{

nucleus formed from a diploid nucleuo is tetraoloid, In.
V. aba diploid nuclei have 2 nucleolar ormanizers and
therefdre, have.l or 2 nucleoli; tetraploiq nuclel have

u‘nucleolar organizers and up to li nucléolrn Hence the

tetraploid nuclei can be ea*ily idenblfied* nuclei were

scored aSntetraploid if they had 3 or A nucleoli

.Meristems of long' lateral roots fixed 2 or 3

w

hours from the end of treatment with colchicine were

examined in order to study the’ pgttern of recd@éry of cells

from the treatment. At ;,hours, &rrested metaphases
. N

weré'present - there were very few anaphases or restitution

)

nuclei At 3 hours, restitution nuclel were forming \

N,

&nd normal metaphases and anaphases were present again\\

’ - e
Thus, between 2 and: 3 hours from the end of treatment €ﬁ

L

cells arrested at metapha%e at 2 hours undergo restitution,

\

nd anaphases

v

%




A

Vh prolonged efféut. IR gﬁpcurs to bie a‘pulse treatment.,
The timé-haken ?pr‘restitgflon nueleus Lo appear is
between 2 and 3 hours after ~t;;e end of colchiclne
troatm?hﬁ. Thig, effeetively, i the time of formation
of*fetrapiéiﬁ>nuciei. o .
Tetraplold interphase nuclear volumes were

determined at M, 1O and 14 Eours from the end of
treatment with cohghicine; tetraploid prophasc nuclea%‘

. volumes were determined at 13 and 14 hours from the
. :

\

\end of treatment.. That is, {oldﬁcs of tetraploid
ihterph;;e nuclei‘wéfé detarmiped when they were about

» 2, 8 and 1Y hours old. Prophase volumes were deéérm}ned
when the te aploid nuclei were.11 and l?'hoﬁns old. A
comparison hé&\been made between.yolumesqof tetrapioid
nuclel 2, 8 and 12 hours.after they were formed; this
reveals how nuclear volume changes as a ce11 proceeds
througlr interphase. Mitotic index for the tetraplold
population was determined at iS and 16 hoﬁrs from the
end of treatment; i.e., when the tetraploid cells are 13

'\ and 14 hours old. These mitotic indices give an estimate

of the\fracpion of the tetraploid population that 1is

fast cyching. A high percentage of Mé cells are divid{:f

by*13 and 14 hours; their cell cycle duration must be

cloge fo that for diploid. fast cycling cells.




B . /
3.1 Tetraniold intervhase nuelcar volume &,

The mean ard median rmuclear volumes and the T~
range of nuclear volumes in the tetraploid\colls of* lon¢ : ) i

lateral root meristems at %, 10 and 14 hours from the
. . . * .
end of treatment witlh colchiclne are summarized In Table 7.

The spectfic features of the populations at ‘these

specified times are deserived in the following sections.

»

3.1.1 4 hours from the end of treatment with colchicine

.
—~—
— . e N

- w — ’ i ) .
Tetraploid nuclei show about a 14 fgia\?ange~»*«--f"“’”’

in volume (Table 7). From a probit plot of cumulative

-

percentage frequencies of log values of nuclear volumes

on a normal e€quivalent deviate sScale (Figure 21 ) the

e

log mean volume was ‘obtained; thds ,gives a value of

1193 um3. Also from the probit plot values were obtained

for the range ¢ 1 and + 2 standard deviations (Table 7 ).

The range log mean + 1 S.D. is 806 - 1767 um?, 1i.e., a . y -

2.2 fold range. In the interval + 2 S.D. the range is-

- —_—

— e

551 -+2597 um3; this is a 4.7 fold range. \Tﬁls“shews~'%'
that. the range of volumes 1s large even within 2 - 3 hours
of nucl?i éntering G]: ‘Eﬁére is a~2.2 fold range in the

central 68% of the nuclei scored:i~ They also show that,

v

since a wide range of VOlumeé ;s‘present-within 2 - 3 hours

[ '

of the beginning of interphase, there must be varilaticn

in the rates of increase in nuclear volume in early inter-

phase. It appears, thereforé, that a wide range in.nuclear

~
]

N
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~interpha8e,.

~"in‘t;erph'ase (Table 7

'colchicine ie;not linear normal It differs significantly

¥

volumes is alreadx established at- the beginning of the L
e v riation is maintal\Ed throughout the,

is clearly ndé a result~of a

-

progre831Ve increase in the ran ‘f nuclear volumes DR

as cells proceed through interpha

Sﬁg ; Fu

.2.2 fold range ot volumes Table‘7) show that‘a dqpb
of nuclear volumes can occur within oné ﬁhase of the cell
cycle. These results, from‘tetraploidmnuclei =show o \7\7\\\\\\
that at 1east a §.7 fola range in nuclear volumes exists , R

‘in G, and therefore, the stage in 1nterphase reached by R

a cell cannot be determined- solely the basis)of T

N T {
nuclear volume (cf./Rasch et al., 196?) The reswlts
. -
from tetraploid nucleé, there{onx, confirm the conclusion
from diploid nuclei (see Chapt. III, sec. I). y -

Theudistribution of nuolear volumes in. this ' '

sample taken at 4 hours from\£§§ﬁind of treatment with

\

from one linear\normal dlstributiona the X’-test gives )
\ I |

a P value oﬁgless than OkBBI\imable 8). However, 1t is !
not significantly different ;;om a Iog normal distribution,
" the. Xz-test gives a value.of >0. 05<0 02 (Table*&) The
probit glot of tne log values of nuclear volumes,'on a. '
normal equivaleqﬂ aoveefe scale (Figure 21 ), indicate _ \\\t
that the volumes of the majority of the nuolei folloW\one
log Bormal distribution., Use of the EDF stabistics s -

(Table 9y 1 \\\Icated that b

tributlon oﬁ the'values
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i . Results Of the empirical di¥fteibution fwhctioh (EN)
x . . test of goodness of it fo one log-normal distribution ! 7
P . for the tetrapleid interphase nuclear volumes on-Che

long™ lateral roct meristems of V. faba. Thé calculatcd
statistics were sultably modified-according to the size
of the various gamples. ' .

T

-

Modified statisties  ~

: . ~ ~Ydours L ' . _ N
5. end~of treatment D v . w2 . ys® ~ g2
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N\

/log normal!y '

. nuclei t/tne to

incre

//(about 5/fold differgné

&/not\ﬁignificaq 1y diff ent Trom - 2

of nuc% ar volumes ;

one ;ﬁé normal po tion. 'These results e _éblgsh /at/ e
/ - L‘ .

within 2 hours g/;nterphése, nu éi snoﬂ/a o S

‘4/‘(‘

f
1,/ / €

3.1 2/ 10 hdéis froA the end of tréa ment with cd/chiééne
77 / f J ,
./’ ! L

. // /,‘
robit ﬁnélysis of lo values of nuclgar: V’lumi//
¢

v snfivo st/ e/

hat in,the interval b tween, h ang {10

Y

g\distribu ed /L

’

, ;o .
ﬂpopu ation isg not similar (cf Figure 22)/ ngé n gié{

at the bot cm end of the/éistribution av

Sy o ni//' //

ow very mﬁch dxiing his interval; about 2 % of/the
p

7

end of the distribut(on

d enormou during the same/peri

héve pregumably grown at a §f stzyfrate More ver,” )
1

y /
/
volumgs , ‘bchyéh

the' probit plgt of the log values of;? clear

/ ,
normat equivalent

/ /
: 1ation 13

mad up or two log nérmally

orm; it appears;to b

/5
distpibuted subpopulations//:rh papbi pl t (Fiéﬁrd 22) /’

reyeals that about 78% og/yé u;lei (frém 1St to T9th
A
ercentiles) with a volume rén é fﬁéﬁ Le to/é8§2 um

second Aubﬁbpulati¢nﬁéon'

’

(volume #énge- 28 6 to/1
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/,/’ /
l, *
/
k / 7
! / Figure 22
Ao
/ / |
/. . ) V. faba long lateral root meristems.
/" / ‘ 11
N / . Plot of.cumulative percent’age frequencies of log
valueu of tetraploid interphaue nuglear volumes
N
on a probabllity sc.\a'le .
/
22 a. & I hour'gs frgm the fend/of‘ treatment
with, ‘cole lc,ine, ayéed on 650 nuclei.
22. D, /Of 10 hourg from /t:he /énd of tr-eatment/
s /. / with c¢olechlgine; based on 650 m}rélei.
’ y ’ v

? c/ a . 14 hpurs y{om f.he end of treatpfent
’ » /f
col.éhici}ﬁe; based on 650/ nucleti.
. /
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This ‘suggests- that a relatively small fraction of the

R v ' '
population undergoes.an enormous increase in nuclear

volume compared to the majority of the nuclei. Furthermore,

the probit plot on a normal equivalent scale CFigure:Zl 5

~also reveals a similar heterogeneity within the population;

values lying in the central pépthof the distribution,

i.e., in the range of -0.5 to +1.0 standaré deviation

units form one 10% normally distributed subpobulatioﬁ;'

the values lying outéide these limits are distinct from

the ﬁéjérity of the nué%fi. The X*-test showed that the
distribu%ion,of the Qalues,of duclgar volume was significantly
éifferent from that expected for one log normal population ’
(p = 0.061; Table 8 ). This was further confirmed by

performing the EDF tesﬁ; all EDF statistilcs confirmed that

rthe sample was significantly different (at 1% level; Table

g) from onéblog normally distributed population. A X3-
test also showed that the distributibon of the values of
nuq}eér volume 1s significaﬁtly different from a linear
normal distribution. ‘ * '

There is a 30 fold range in nuclear volumes at
10 hours from the end of treatment with colchicine, the
mean nuclear volume + S.D. is 2292 # 1600 um?.

The podpulation aﬁ lO'hours differs fromgghat
at 4 hours in two ways: . '
(1) ,?Eﬁge of nuclear volumes 1s much larger at 10 -

nours (30 fold dlfference) than at 4 hours

kluirold difference).




L

(11) .there'appear to be,kwe log normally distpibuted
\ . . hd Q
subpopulations at :10 hours *whereas there is

~

only cne log normally distribpted population at

-

4 hours. i

-

Therefore, within a period of 6 hours, 'there

—t
is a large increase in nuclear volumes and there 1s a
. -

change 1n the form of the-distrilbution of nuclear voilumes.
It is evident that duriqg tgese 6, hours nét all nuéle;
have undergone similar-increases in uoiume. Hence, within
thls population there are differences 1n the ryates,:;of -
¥ncrease in ngcilear voiﬁme;“fhis i1s reflected 1n the .

- L . . ~
heterogeneous nature of the distribution of nuclear volumes.

By 10 hours from the end of treatment with '
cplchiciné, these’nuc}ei‘have unde;édne apprpximatEly 8 »
hours of growth since the beéinning oflinterphase.: We

know ﬁhat for the majority of.the d;ploid fast cycLiné

cells in long lateral rpdt merietems,'the-average durations

,;f G, and § subphases of the intefbhese are 2.5 hodrs

and 6.2“hours’respectively;~€aken tegether, the duration, -

of these two ubphasee 1s 8.7 hours, Celchicine, whena

given 1ing low 3&ncent ion, dees not alter the dufation

of the cell Cycle an:Lits subpﬁases Therefore, -on this
basis, and also because some tetraploid cells are in meH.

.division at 13 and 14 hours (1. e., Have completeq the cell
cycle in 11 and 12 hours respectively) some of the fast

:&Qgii\i#ase or

cycling cells either are goling throu

4




N
- - N
\
. \

have just completed |S phase and ente%ed-Gz by this time.
During the S phase the nuclel are meﬁabolically very
active:. they  undergo DNA synthéSdsf Moreover, it is °

» \

known that there is migration of pr@teins both into
and out of ﬁﬂe nucledg during the S\ hase, e.g. mouse
fibroblast cells in culture (Zetter?grg, 1966, 1971).
The vériab&lify,of nucleaf volumes COEId\be a reflection
to some extent of the metabolic activitw of the nucleus,

it may also be related to the relaxed state of . the chromatin

1n some nuclei when they are going through the S phase.

3.1.3 14 hours from the end of treatment with colchicine

. By 14 hours from the end of treatment ﬁithl
colchicine,'the tetraplpid nuclei have completed about
12 hours of growth’since\the beginning of inferphase« %his
time period corresponds to the combinedfaverage durations\
of G, (2.5 hours), 'S (6. 2 hours) aQ? ‘G, (3.3 hours) for
diploid fast cycling cells in the 1SQg lateral root
‘ me;;stevs: Hence, by thie'time, mosg'of the fast cycling
tetraploid sells should be in G, phase or some of them-
might evee be’ in very 1ate Gz. This'is %ubstantiated by v
the observation that tetraploid cells were in division \"
by ,13 and 14 hours from the end of treatment with colchicine.
On the basis of the assumption generally held that nuclear

s

volume is directly proportional to the age “of, the cell in.

’ ' the cell oycle,.we should have been able- to ohgerye a
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" cluster of values of nuclear vol.umes which were
approximately identical No ;uc clustering of valués
%f nuclear volumes wgs ¢ébserved a the upper-end of
. Ehe distribution dn the probit plot of -the log values
'oé\nuclear volumes (Figure ?2). Probit plot of‘loé{
values of nuclear volumes on a normal equlvalent deriate
scale (Figure 21).generates a straight|line forvthe
values lying between + 1 standsrd'deviation units._ This
suggests that the volumes of the majority Sf the nuclei
form one'log normally distributed population. However,
the Xz-test shows that the. distributioﬁ.of values is
significantly different from that expected for og; log
‘normally distribute? population (p = 0.001; Table 8 )3
all EDF statistics, \except D, show that thé\population is -
significantly different at 1% level (Table 9) f?«om one
log riormally distributed population. The values do\not
follow a linear normal distribution (from a Xz—test, '
\ P = 0.001; Table 8). ‘
'\_ : A\comparison of. the probit plots of log values
\if nuclear vilumes at 10 and 14 hours ch Figure 22b
apd Figure 22@) reveals that in the interval between\lo
and-1Y4 hours, Xhe nuclel with smaller volumes ‘at lO hours
have undergone a greater increase in volume than those with
larger volumes-gt 10 hours. There 1s.about a 2.7% fold

difference betw}en the minimum values of nuclear volumes

at 10 and 14 hohrs. Thia shows that all tetraploid nuclei

!

A e

e ’
2
.



‘at 14 hours, from 1173 to 11,826 umi; the mean nuqlear

88

<

in the population; whethéf’tﬁey are fast-télow.ornnonroycling
' i
cells,have grown since they were formed _’ . -

There 1s a 10 fold range of nuclear volumes\\\;\\

volume + S.D. is 3591 # 1339 um?., Within a range of + 1

standard deviatibon units (Table 77 the\nﬁiiei.show an

_approximately 2 fold difference of-volumes, i.e., from

there is-a 4 fold diffeﬁence of volumes. Nevertheless,

—

2402 - U745 ﬁm3; within the range +,2 standard deviations,
s AN

there are ‘few nuclei in the population that appear to

have grown very  much 1£¥ger than the rest of the

N o

‘population. T : ' NN

The nuclear voluhey/in the population at 14 hours
appear to be 1ess variable than those of the population

at 4 and 10. hours - This means that although there is

\

~variability in nuclear volumes when some of the nuclel

are in G,, the extént'of variation-is less than when most
nuclel are in G, or some of the nuclei are in-the S phase.
Within a time period of h hours, that 1s, between:

AN

10 and lH hours from the end of treatment, there-is a - )

,change in the form. of the di\tribution of the values of.

nuclear volumes- the heterogeneous population (at 10 hours)
appears to have resolved into_one log normal population
(at 14 hours). The population at 14 hours résembles the
one at N“hopréyio the sense that both appear to have one

log normally distributed population 'of yalues of nuclear

~

) - . ) . .
. N . "’
1 ‘ : *
4 ! N
. .
o

w5t ‘\



volumes. A striking point of similarity/between the

populati ns at 4 and 14 hour€ -is Enat in both.of them

‘the Tamge ‘of nuclear volumes within * l S D. Aﬁ?? fold x.
and within + 2 S.D. is U to 5 fold.
\ { .

\
\ , x .
3.2 Tetraploid\prophase nuclear volumes N .( ~

\ * ; . 5\ S

4 \ )
Tetrapihid cells were seen in prophase at 13 o,

~,

"and 14 hours Theﬁghave taken 11 and 12 hours to. complLte \\\\

interphase, 1 e., abeut the s;me time as fast\cycling } T\i
‘ diploid cells, Propha e nuclean volumes are &s variable | !' \
as 1interph exvolumes.g\whe volumes of the tetraploid T ‘-‘ \\
prophase nuclei showedznml%\folg range (from 1052 ‘to 11 950

" um?®) at 13 hours and a7 fol@ range . (from 2189 to 15, 576 um )

at 14 hours Trom the end of tfeatmgnt with COlchicine\ The .

[}

mean nuclear volume + S.D. at iB and ﬂh hours are“3552 i RN
1997 um® and SBQM + 2567 um resﬁectively The values of N
prOphase nuclear nslumes do not forn a uniform popula‘cion.° '
Probit plot£~of log values of nuclear volumes (Figure 23) N
re;eal that on volumes of the nuclei in the central, . <L,;\
part of the distribution form one straight 1ine and these
values may-represent one leg normally distpibuted populetion.ii(q
The rest of the values at the bottom-as wgll as the =~ - ;
.o ‘ .

. top end of the distribution are distiagt from the central
group of values. About 62% of thp~nuclei lying between

-

20th and 82n peroe til s form the central log normally
at 13 hours (Figure23a) At 14 hours

L/ o
2 . o
‘ ‘ ' . N )
B i . ’ 3, L '
2 . \ 3 v » N ‘
B N N . . . oo
. N N Lo . &

diatributed populat_
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. . . H P
) ‘ L) ‘5 ‘ \ - R
only 553 of the nuclel > Ubét is, thepse between 5th anq
goth perccnti}(o form one lqg m01mally di tributed
r \I .
v -

" The median ﬁ%ophase‘nuclbar volumes @t 13

*y .

S S SRR
population (Pigurﬂ 23b). } i

~ 3 :

> i
anﬁilu hours FeSpe tively are 30“6 um ,and 5071 wm® (Table 10).

At both t‘heoe fimes Yne Aangr—ef volumes for the u /

50% of the nutlei is out 4 of 5 times~l§rger {cf. 13

hours: 8904 um?®;{1l hours, 13,387 Wm3) than the lower

3
50% of the ®alues\(13.hours? 199“ um ; 14 hours:

. - 2282 um’) " This geets that the distribution of ° \\\

\ .
nuclear VOlumes is. asymmetrical about the me olume

_and also that the asymmetrical nature of the distribution
. | .
is cgrried over~from interphase to prophase. . T T

[R—— . ,o

! ) 5f °  The volumes of at least 15 Sf prophase nuclei -

P

at 13 hours 13..5% prophase nuclai at‘lﬂ hours are

less than the median inteﬁéhase nuclear vnlume at 10

-

hours, which is 1892 um? Since an appreliable nuqber
of nuclei that have entered prophase are smaller than\ t
the majority ?f the nuclei that are stbll in 1nterphasez

there appears to be no correlation between nutlear VOlu#e
3
and entry into division; these resu}ts confirm the |

‘ conclusion from diploid prophase cells of the diffe#ent‘ \

b , ¢
meristems. . B

At 10 hours, the maximum value of nuclear

d.\ <

‘ o volume is 1u 46l um?. .At lwxﬁbﬁrvfge,maximum valué EE\\;?/

*\“iijﬁggagp (Table 7 )iethis drop is not due to contyaction'’

. %. . » ,
\ ‘ {} . . ’ » (' ’ B
. . . - e, N
< . .
. . <
N . B

+

|
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‘of ‘the nuclcus for bjjlﬂfhours some nuclei have

end of the distribution of nucleanﬂvolw

this suggests that some of the ceTls tha

rates.. * _ . . . v

\ ) - .
entered prophase. The maximm value of prophase Y,
\ *
\

nuclear volume (at 14 hour) 1a 15,576 um®. Thus, it . //

appears rrest provhage nuclei are fromithe v

) ' »
largest .e¥phase nlicled; and also that the firsdt

nucleil to enter prophase 1include many of the largest

. \ ‘ :
nuclei in G, population. ~When’the*guclei with large

-

nuclear’ volumes seen at 10 hours mov§&int§ prophase by . P

5

14 hours, 'fﬁe result is a loss of nuclei from'the top
"3 \? ‘\\ L

es. \ Furthermore*~_’////

arq fastest

dividing have véry iarge volumes:
The prophase nuclear volumes of the fast cycling

1

tétraploid.cells aTeAVéry varliable, probably\as a result

of dinerences in the raLe of growth of nuclel among the_

’cells of _the samg,suﬁpopulation This suggests that the ’

rate of gfgg;h of nuclei is. to some extent indep ndent

af the cell cycle duration thaé affect the nuclea growth

J FUV

The variabillty of prophase nuclear volume
| Lt

as well as the entry of .an’ appreciable number of ni
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intepphyiie.to witosis.

s 4

Mitotic/index of tetraplojd/ cells

- / s
/ / .
S letraploxd cel7¢ h%ée rcachéd

rophase.”13 hours : ,
from the end of colchicine treatmegx (Table 1}4// AL L '

13 and 14 hours, me z ha@bq and dﬁ;phaoeo are also present
’// AP
but An low frequgncu, there were on];}flve metaphases

and anaohase% in th@ éample of tetraploid cel{; that

-

ses at 13 hours (Table 11).

«

. J < J
Teszhases were/n t present untill 15 hours and at this_ !

time 10 tetrapldid cells had dividnd Theiﬁ daughters

‘mdsf have bééé/dn earty G,.= The number of prophases /:

scored wag/}e t/at 100, since these nuclel were requiye

’

/ rl

.for nuq&ear{v lume detepminationb. -The sample of tet ?ploi@

cells that

N M.I. was determined <Jthe values were 7.6 gnd/ B af
\)15 anqd 16, hours. At 16 hour; 25 tetrapléid gblls héd
‘fdivided, i e., 6. 6% of the total sample of Hn ceyis.
Tetraploid cells have entered 9ﬁﬁphaba by

13 hours; i.e. 4 uhe hhey are 11 houi/ﬁbld nd propyé/eb c
are still present at- 16 hours, in 1&/h6un o d cellz// At // )
13 hours, there, are/few metaphases g’an phasea p A ///
100 prophasesy/;t 1% hours there 9/ per: 100

Thus'y in 1 hour, about 253 of tb rqphases ™o

J R _/;;/
oSS
‘. /
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: Thuo,/gverall /15.2 + 4.0 1. - 19.2% °

,/ M /‘ , Gt

/ , :
Jmetaohnsc—gndoins o, The Increase In nupbers of metaphiases

/

"and anaph v//‘*.: contines from 14 Lo 1% Aand H Lo 16 hour.s,
/

/

She datne on mitotle irdleoey are indomplete

/

’

S/thelr coltleetion was ineldetit w1l to the study of

- 4 .
AT volumes . o ver ) Ly provjde Joeme estimptlon

)phy.
/
\ gﬂ?l cycele Kineotic of tho tftraplo 4 cells,

1

(a) Minimun cell cycle duruttbn. By lf hours, 2.6%
yé/tho tetrarlold cells have;divided: theréforo, minimum
‘ccly eye¢le durat fon i 13 hﬂurs.
(b) Interphase duratien. 'Prooha§es are present at 13
hours. They may have bgén preseét somewhat earlierv
than 13 bours” and, th?veforo,/interphase duration 1«
provably somewliat leﬁs than L{ hours. This will be the

;

/

/ P
S minimum interphasu/duration'?or tetraplold cells. /o
/6{i)f]g”€?!‘

For mosx}tetrap}bid ¢ells, interphase 1is
than 11 hours: /tetrapl 4d cells are still enter}ﬁ% mitosis
between 15 and/lG hourf?i e., when hn cells ay@ 13

to 14 hours m]d leotic Index lncreases fromeY.G to 6.8

between 15 and 16 héﬁrg, l.e., a 15.2% inere

same period othe{/ In cells divide. Thei frequency

1ncreauzq from ?ﬂG to 6.6% between 15 and/ 16 hours.

tetraploid cells

/

have eithenr divided or ente;ed witouij between 15 and

16/ hours. /ﬁhib value, 9.2~, has-bgén used to. estimate
y ’
ﬁhe toté} period over which tetraploid cells divide

(see Diecuqsion) //
- / 7

. , .
/ , ! /

Sy |
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Aunstner e lud ton f':’i):n. Lhe 01 ‘:f‘ hn- cells
conce s the vrovartion tnad arve fast eveltn.:.  Since
LoLE F 6067 of Letraolata cells have dividod\br are in
mltosis by 16 hours, It 1o concluded, that 6‘),.\“?6 of
tetranlold cwilu(nuu(‘a.cell cycle duration df A 1A hours;
this 1 In clese arreement vith the estimate‘for fauot
eyveling dipi»sld cells,  From this we can say that ~ 70%

of the nuclear volumes and all of the prophase volumes

determined are from fast cycling cells.

3.4 Petranloid celle: Conclusions

The tetraplold nucle! show a laree range in
volume in interphase and the range differs in different -
stapes of intgrphase. Within the first two hours of G,
there 1s)a large range in nuclear volume: even 1in the
68% of the nuclel in ‘the centre of the distributiony
{.e., mean ial S.D., there is a 2 fold rangi in volume.
Thus nuclel can & least dpuble 1n voldme w££h1n the
first twé hours in interphase. The largest rangéhin <
interphase nucie&rrvolquF is observed at ten hours

4

from the end of treatment with colchicine, whenr some

/

nuclei are probably in S phase or have just completed S -
phase. At 14 hours, when some tetraploid nuclei are
already in prophase and others are in Gz,‘tQp degree

« AN . ®

of variatlon is less than that in the ear;ierfparts of

’

- 2
1nterphasey* One reason for smaller variation in nuclear

¥ et
*



o>

" volumes as well as in thex\ form of. distribution are

| o & i 94

-

volume at 14 hour is perhbaps that some of Chq\ii~y larme
- - . +

‘nuclel that were in interphace at 10 hoors have*entered

mitosis by this time.

The changes in the degree of variat.ion® of-nuclear

volumes at different times within the interphase are

accompaniced by changes 1in the form of.dlétrihutioﬁ of
these valués. One log normal popdlatLon at Gi diverpes
into what appears-to be two 1og—noﬁma1}y distributed sub~‘

populations when some nuclel are in S or have completed §

phase. This heteromenedus popu]atioﬁlthereafter resolves

to one lop normal population by themtiﬁe when some nuclei

are in division . ' ) -

- The changes in the degree of varlation of. nucloar

“

occurring within one interpha@e of a large number aof

tetraploid cells. Takém together these changes suggeéﬁ that:

(1) there is variation in \Pe rates of growth of nucleil

‘within any one subphase of the intérphase, i.e., G,, S,

“or G,, and

e

(ii1) the rates of g%fﬁki\if.nuclei are not uniform throughout

" the interphase. - e

~

4

* |
Thése suggestions are supported by ithe data

from graphlical analyse§ of nuclear volumes. The nuclei

vat the top and buttom end of dils tributions differ in the

‘amounts of’ incraaqe in their yolumes. Between four and ten
}

l

r.

-«
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hours;, Lhe nuclei at Lo
Increased sreatly in vo
bottom end.. Between 10
hottmm end of the distr
relatively more than th
- The largest i
to occur(ln 5. Thea var
hours may, theréfore, r
between parts of the S
’ At least 70%
cyclérs; if the\othérs
thedir nuclel must also
The variebill
seem to be maintatned i
variation is smal]ér'in
c6nc1u516;% from the di
by ‘13 and 14 hours do n
The variability of .prop
overlapping of volumes
(4 hours) and at least
suggcstsithat thpre is
the volume of a nucleus

From the time

L]

in mitosis the duration-

~%

to be between 11 and 13

L average duration of int
. -\

ES

-phase.

,9q
¢ top end hanared to have

lurag relative to tpmne at t@e

and 14 hours the ﬁuclei at/7ﬁe
hution apncxr to have Incrdased
ogse atl the Lop end.

nerease in nuclear volume appears
iation in nuclear voiume at:Qen

/
eflect the distribution of cells

/

o

of th; tetraploid cells are fasé
are slow'orlnon—cycling cells,

be growing.

ty of sizes of interphase nuclei

n p?ophase, althougﬁsthe degree OFr
prophasel' This confirms the
plbi.‘célls, The cells in prophaae
ot have identical nuclear volumes.
hase nuclear volumeo, along with

of nuclel when they are . ln G,

some nuclel are in. G, (14 hours),
no absolute cobrelétloﬁ between

and lts age in the cell cycle.

of the appearance of tetraploid cells

of’their interphase is.estimated

hours; ‘This Is very close to’the

erphase for the fast-cycling cells,

3
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i.¢., 12 hours. The duration of- Lhe conpl(—tc cell cvclr,\-

15713 hours for the tetrapleid ('ollo K}.Lh the u\hor't,est, x\
i

celi‘cyclo (2.6%; Taﬁlc 11) and 1ls 14 x' s Tor the 42 \

y [P
of the tetraploid cells. Thus) eecll Vcie dm’atlon of‘ \
, ’ T \ !
/ at least some of the tetraploid\cells is \?eimilar to that ‘,
- for fast cycling diploid celld, that is, 1U hours.
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4, Chromosome volumes ‘

/ , | ( o " )

In the marked population of tetraploid cells,

the nuclear volumes are very variable throughout the L///%ﬁ/

_interphasel, The variaETIitysiﬁ,nuclear volumes is presegx

/ ‘from\;ery early interphase‘agdlis/present even in the

T proph which is he end point of the nuclear growth
.
NEAN cycle/;ﬁ;;;g\;e do jnot_know é%out this population of
-eells are the in 1a1 volumes of the nuclei at the very
\\

~

/éginning of nterphase. The minimum possible volume of
. : /é'tetraploid nucleus would be equal to the volume of

" . the total chromosome complement at metaphase. It should
. \ i’ N .

be realized that this estimate provides a minimum vélue.
Clearly, some cytoplasm and parts of the spindle will
probably be included as the nucleus reforms and they would

increaseits volume. To estimate the minimum possible

o

volume of a. tetraploid interbhase nucleus,. volumes of
total chromosome complements at métaphase were determined

Two methods were used to calculate the Volume

o~

" of the rz taphase chromOsome complement (seg Material and

Methods ethod one «Bennett and Rees, 1969)

,treagts the chromosome as a single cylinger; method two

treats the chromosome as made up of two- cylinders, the

two chromatids. In each method two different average

) measurements of chromatid width were used- ~(i) mean of

*

S chromatid wildths/per cell for each of the 50 cells,

. . (11) mean of “the width of all the chromatids from 50

Lt

< - . ~



v

-of\\\chromatids per cell was used for botih)
.

there 1s approximately 5 fold range of voll es, i.e

‘meristems, i.e. 6 fold (cf. Table 5). HoweveE when

,f‘the mean of 250 chrbmatid widths is used for both method

‘cells, i.e., ‘a group of undifferéntiated, proliferating

. ,there is perhaps a st ilar, if not identical, range in .* g
. nuclear volumes at’ th:\;eginning of interphase within , <

.or total complement of ehromosomes (Beanett and Rees, 1969)
IR

/ . T - N (h(
.

cells, i.e { 250 ¢ omatid widths. When the mzan width ‘

thods

F

i

from 9l to 460 um?® and 4T to 330 um3; the mean + 8.D, if . \J.x/ b
276 + 109 um® and 138 +. 5u um respectively (Table 12)

The range in chromosome volumes is]as.large 3s the rangL '
a

of volumes of prophase nuclei in the long lateral ‘root

|

of determination of chromosome complement v lumes,,there
)

is epproximately a 2 fold range, i.é; 175 to 327 um’ and.

‘e

88 to 164 ym? respectively The meen + S.D. is 264 +
31 pm? and 138 t 15 um?® respectively. It apLears, to

therefore, that large variations with respec to- total.

> .
chrcmosome complement volumes occur among the meristem

cells with identical genotypes These variations must be

Q

inherent within the chromosomal constituents. Although

the range of voluines of the total chromosome complément‘ ' \
\k

'is much smaller than in the early°interphase, the’ occurrence

of variation in total complement VOlumes indicates that T el

b )~ ) B
the cells of the same meristem. S \\\ R . ; .

3 ' 8
I

a : ' In the first method of calculation of\\olumes

B} - \ - , ! ' N

N B
- ‘ .. ) . . : \
. . 3
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shape. Eac? chr"osome, howemer, is .not cylindrical it

£
J; j(y is made up of two &ndividual\pgromatids, which are - LS : }'
t 1 ‘ \ cylindxica} Ther f“rLL the use of the rirkt methqd ;}v | t\
\G results in an overé\eslt} ation of the volume of the total{ .‘3‘ \ °‘ 3
4 chr'omosome} fompleme.t. ' his is reflected n the - =\\
hromosome com %gient volumes ‘XEJH\ .

l

‘ ‘(cf.\methg@ 1 R ,il

\aand\Z in Table 12). 1 conplement

,

. differences in the' t ,
G \\“‘calculated by using»t &

) vol e obtained by the

~

1Wt}a1nédz by “}

tne second m ves éxm

\?Eﬂmethod\were\'
‘7T3~§irst method“\\Thef@fore § N

accurate estimate ég:theI‘ - L

N \‘ .

\» "~ volume of ghe total chro o e complen‘tent. : oo Lo
' N . ) N . o

Au Hcﬁ’hrs from cﬁ% end o reatment with ' f‘\v

-~
“

hicine, volumes of onl;,7 O 5% cells (rang volumes : . A

3) fal\\within the‘r e of the volumgs\o?\kk o

the al chromosom

omplemente\ ‘bopt 2“(8% nucked.

B . have volumes 53\§§3\ra ge of
' , approximately double\\hat‘of the

Tt

o QZO‘ﬁdﬁAWhiﬁh 13 f(ﬁ @
e
\\. o larger Ehan\\ ose o e \total chromosome oomplem@“%5 Since
s\x. ~ the 'volunmes of the t hromosome complements are taken _'

‘ as the. estimates of. the minimum possible VOlumes of the : C. ‘
'tetraploid nuclei at the very beginningnof the in¥eﬁphase, N '
the. volumes of‘bhe ‘tetr ploid nucleirat n houys suggests' : NT:
that al& but very y thfaplgid nuchei increase enormously
©+ . 'in volume within ﬁh first two hours in G - _ :

S B W \ \‘H?’\,_\,: \ R,
- S RS - % o o o — f T - \

e
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, organization. They ‘are known to

!
[\\ number of structgral and physioi:

. . \ \ .
”\\\\\ y (1) At the structural level, tpere are variationg 1n\ o
. . \

P

r (11) At the physiolcgicalelevel \er are variations in

‘;\_ o\ " cell cycle duration (quard and De ey, 1960 Murhn, iﬁ
- 1966 Webster and Davidson, 1968), ﬁgclear volumes '
‘ . . K} A . . ;
(Rasch, Rasch and Woodard, 1967, Da?g?son, 1972, )}4
'

: ‘\‘rﬂﬁ«) ana “tn’ growth rates of nueclei tDa\vidson, 1975).-
. e sy

_ : . . - ‘ \ e ' N
— ) A w,...».i- o

H

~I’-Nuclear volumes

N L 3 » : s -
TN e N “_m..- - - a4 -

T—~—The . results repor éd“here*extend—thé eVidence ~‘ ..-ﬂ

\

\

S
‘for heterogeneity within- the root merispems of V. ﬁ S
The neristems of réots at’ different deve&epmengaluitages
haye large variations in'interph.se as’ well as in propha;egﬁ*‘;““riw

A

nuclear volumes The form of the distribution §$\}nterphase' -
nuclear volumes differs in the different meristéms, in long
laterals thereixsone log- normally distributed poqulation .

but invall other stagbs tbere appear to be eiFhEF\tWO

‘or more subpopulations‘ T N

Nucleai .valumes differ i different developmental .
stages of Toots of V. fhba (Bennettt 1970 Bennett Smith
and Smith,,1972 Macleod and Mclach an, 1974), Mean- Lo

. nuclearﬁvolume,ia-lower, 704 umcv }figlggx,old primary.t'

Ny

Ea " ~ -

105 - TR

~~. .\\\ ) 4 "‘. . !:";--\B o.
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N ’ . . ~ N . . (Y
roqtv than\iﬁ %oven'day ol primaries, where it. is' A
I . ' s
80ﬁ pm3 (Bennett 19709; each value is an average a.
. { ’ T
ofwtho values from two replicgates, each 6f-50 nucleil. . £

G Benhcttlmivcg,no standard deviaéiqn or indication of the .
h “ Vo » . ., 4 ..
range. of values but his_reuults ag eequith those reported .

- »
I3

I Here (Table 3 ). Bennett, Smith and’ Shith ¢1972), N

/

howevor, Tor the same variety of V. faba Qudé; a mean
é?terphdee nuolear volume of 252 um®, basedﬂo&

300 s
nuclei. They}also report a mean value of Sé8lum3zf9r - ‘i
thelvolume of* 2 diplold metaphase oomplement Thus the 7 -

ume they ﬁeportﬁls about the same ag - °

\\'fffgg”in%erphase . ‘
the Jq volume of an anaphase ‘complement of chpomatids /,/’////i

// /’
’ (52872 um3 £ 26& um3) and, therefore the minimum yo¥Gime ,
/e sﬁ/)/is ’(/’p&v
(ﬂ,,,f’eipected in very. early q%,naéfeub It appes 'Cﬁgt the ‘

bampleigggy/havé se&red is not re entatlve of nuclei

‘l

of” all stages of iﬁiﬁgpbaoe.\ Macleod and Mclaahlan (197&) <

reported chaa%e§’in the nuclear volumes in the cap,aepldermiu,
/

‘/: . wﬂﬁﬂTfEX and stele during lateral moot elongation in' V. faba R

) J
. Serial tnansverse sections ef roots uere used for . . \ -

T e

¢ determinaff“ns -of- nucleaw\volu e, only H5-50" nuclei and only’ ':‘

- -

larger spherical onlnearly spherical nuclei weré“heasﬁFea( v
, . Nuclear volumes of all tissues of newly emerged lateralo
were greafter than the corresponding values in thevlonﬂer ' °
\ M /

’_‘/,

laterels and were, generally minimal in all tiqsuea of ;“, e
,»-—’"‘"'

) .
roots 0.5 ~ -2 cm—in-length Nucloa¥~voiumes WQre greatest ; gfs

.An’ the cortex and lowest in the cap, values ofqnuclear
R )\ ' . IR

-
-



) . ) 107
’ ™ \J. R ., - 4
E \\ . : ‘ f
© volumes were sfmiiar in epidermis and stele, Because of . ////_
the different procedures used in their deggzmigg;ianf of

nuclear volumes their results cannot be directly compared

3

"with those réported here. Even though'the values reportzz/‘

by Maclkod and McLachlan are somewhat biased their resu
'agree with the observations (Chapt III, see. 1.1) that mean
nuelear volume is greatereinjlmm laterals than 4n 2.0 -
| 2.5 cm’ 1atepals,gna 2) that mean nucleer,volupe changes

“as a 1afé}§i root develoﬁs. . ' v - : ‘ :

. } o - -, -~
- Vériaﬁions in nuelear§291umes alsowoccurs in

\kher systems.k In primary root eristems of Pilsum sativum

( yndqn, 1967), there is a 5 f0ld range in mean volume’ el

the mean volume for 20 telophase nuclei was 93 um?® and
° N
or ten prophase nuclei &&s MGO pm3 The range in

-~

elophase nucler\was 30 - 300.ur s ‘angd in prophase nuélei
. 260 - 860 wm®. Thys there\ s -a 10 £01d range of volumes

1n telophase. and a 3.5 fold’ range in prophase nuclei.
g ]
-~ Measurements were made on sectioned moﬁistems. Lyndon

(1967) also showed ﬁhdt there is- eonsidenable overlap

1)

‘4n sizes of nucled having 2¢ or 4C DNA contents, these

results are Based bn. a total sample of about 150 nuclei
oy

4

.-For roots of P sativ m, therefore, it appears that there

”VMN.{” - ' 1s considerable variation in nuclear volume an& that G,. b

‘é' t

and qz velues overlap. v L N B .

-
N4

\. SlmiTar variation in niclear volume and . evide?ce
¢ \

p
ror overlapping of volumes .of nuclei with difrerent DNA values
| s ‘

1
)

Y ! ~



wmth a AC DNA value{(mean of 127 nuclei)_
" nuclear size and DNA content, mean volume -

" was 2145 + 949 um®, of 3C nucled, 1665 + 897 um® and of /' /

. volumes, THus it appears that constituents\of nuclel,

. ‘amounts of DNA and are arrested in the G, phase of “the tycle.
iNuclear velumes in these cells ranged from 45 to/96 um3

L with a meodal value of 66,6 um? (Muniz, Houstoq;/Cruz-Abad

. a 2 fold range 1n nuclear vo}ume.‘ ‘// ~2/
e

.. v hd

AN . J
? - s
. . I's

. s

have been reported for cultured fibroblast’

human skin (Mittwegh, 1968). Within a rajge of #
devidtion of the mean, the nuclei with & 2C DNA
(mean of 77°nuclei) showed a 10 fold/yénge
13&91ym3- hqse with 30 value (mean of 91 nu.

range, 758 - 2552 um®. There 13 scme c ton between "

+ e

~4c nﬁgg;i,/ Yo /

2¢ q&elei, 793 + 556 um?®; but, as Mittwoch sugéeszf at . ;.

each level'of’DNA conbeht there is a range'of nuclear' //

other than DNA play a part in determining nuclear size. //

- kY

Further evidence for ﬁis view is provided by human ly ph cytes-
p

\/

These cells are deri?ed from proliferating cells, haye «¢

.

Ritzman and.- Levin, 1970) Even, in Go’ therefore there 1is

/

' .. The results from these studiee/provide evide

were not taken at random. The main drawback to

-



o // e | / '/_ Y/ Y/ ~_.‘/’/‘ J/
d . 7 . , - '

. : /

of/smhll samplen n o NG - Tabh < //////
A, o Vakoaws, //

stigatofs havhy ‘irnored 'L Ae prreue e of

/
Aluration a{d fthere oyé Ey ir

~ére°entati es of fz %ﬂ st ﬁ

ﬂf/'

/

- ’ . /
Largfh samples o) nucle}/of 1np¢rphase cells,

4 4

therefgre ﬁe}ection of median sections

On iﬁe quib of graphic analy £5
/

to t e\gfyt ﬁl w and n'n cycling cells, could ﬁgt be

/ Z
/ ia nt ed Ahis means that rates of nuclear
S Zyé, va yax ,f ach /s bpopulation and hence there. 1s 7
’ v iappi of/;o ume s/, This conc}hsion from random //

samplgS/of nucleﬁ i -omfirmed by the range of voluntes Ln

‘ ’/G an “m nuc?@i of/ a/marked(FopuK&tion of tetraplolédff’jfl
, #he. \ L /_

e/gf the mdristems of emerged lateral

/

-

ots and pr

‘with very

/

a}i nuclear velumes, corresponding to t1e

/
1on oﬁfaon cvcl ng cells be identified/' ths

.subpopul
Sy
ifplies that the nuc’eL of/nqnacycling cells myat have
. %, y
» w / //

gy/,roets coftld a discrete subpopulat?ﬁp N ///
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/ ,' / -

/ ‘ / : /
y /

/'h}m-m:::(-d “in,"\'olu'nv Sthee they "were farmed; nuclel of /
/ / nun»<-;:<-!in/uvl1.; prrey mxr"u:/f interonhnre and some of /

N . // !
{ / / t he f‘,'/rr.ﬂﬂ; musy accur co ol in G Lthat thoey nv(;r'%ap
¢ / 1 N o

S / in vAdze with newly rorned/S ) nuelel of fast and slow

4 4 N ~ . » * /

, / \ cypmttires cella,  Sinco ntﬂlo of non cyelineg cclls show
7 , - r .

// sAme crovth thoy munt }; xnu(;1)>licu]ly active yr> scme ' ’

/ / i ,
thO“L' Yhat 1o not/knowyl 15 whether or not /they are

. ! . )
Aetahuli@ul]y actiyoe infmther ways that engble them to

’

. . /
contribute to of.r—all/nrpwbh of the merigtem. -

i

1t is/known from at leacl two,other system
7 K

: . thuat the nuclgi of resting cells apb yarger than those
, ALY

.of the dividing cells. The avoraée/ﬁuclﬂar diameter ls !

hd v

7% hirher /in the resting than ip dfyldlnv primary root

N —
! meristeyﬁ of Triticum durum var./ cappelli (Innocenti,

) ’ 1971). The! histone content pﬂy/nucleus was also hipgher
o /

in t19 ro/tlzu> tharv in the diéidirugxnnli%tems. This is

/ - s
; ig/éyreumont with the.functXOnal role of the histones
}n the repres 1101 of gerre., action. Innocenti (1971) also

/
/bugﬁe st ed thdt the resting meristems may also have higher

s

amount s of acld*c progéiné and this might influence
| \ //1 nuclear size. The og 113 of the quiescent region of shoot
//

moriﬂ*"w# o! lﬁgﬁ;?f nt\la paludosa have larger nuclear
; volunes than bhv'adjoirinw \tiv ecly dividing cells (Vavlor
, J958; Yun and/ﬂﬁvlor, 1973). Tobin, Yun and Naylor ;:>
L N (197&) have ,hovn that the nuclei in the quiescent re ion
/ g

. - have a highi¢r arginine:DHA ragio and a higher proportion
. . ., :

»
s [
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{

of an arglninc-rlen protein fraction that occurs in
mitotlcally active cells of the shoot merlistems.
2, Retationchip of nuclear volume with.intcrphase time: ’

»

In contrast with the results’presented in this

+

study, Rasch, Rasch and Yoodard (1967) -reported that
they could ldengify two discrete subpopulations of
values of nuclear volumes in the primary root meristemsg

oft V. faba. About 103 of the nuclel bhad smaller volumes

and were qugweqtod to bc the non-c¢ycling cells. However,
thls work diff(!u frcm the present work in three Important
ways: . (

(1) the determinattons of nuclear volumes .ere baseéd

17

on measurenents of nuclel in sections of roots; moreover,

Rasch et al.- }T967) made two assumptions in the treatment
of their:dat' ‘
(2) nuclear‘vq;dma<%g‘91rect y proportional to the time
spent by the ceil ;n¢ﬁhe cyclid,agd"

(3) rate of growth of nucleil is uniform throughout the
interphase. . » S T ) Lo

Joodard, Rasch angd Swift (1961) also suggested
.8

‘that all nuclei at a given stage have a particular volume,

whiga'is unique to that.stage. They reported for 10 - '
20 nuclei, a mean nuclear veldie + S.E.'of‘lﬁjci 6 um?

for toloﬁhase nuclei and a range of 334 - 356 um?® for

]

very early interphase nuclei in V. fajpa roots. Thé
asaumption that” nuclear volume is directly proportiona%

to the time spe@& by a cell in 1nter&hase has also been‘V

Fd



P ——

| | . F
Smade Ly lornddon (L9907 and Ly Lafontalnd g Lord (Larth),

in ‘_Uw Latter stuly puelcear velune wao used Lo Tdentity
TLhe oae of a celtl !.ni\1 Interpnace for a study of nuclenr
'u'lt,,lle:;Lx'\1<-?,;1r'«-.
This acounmption 4preaws Lo be <-cnn;w{e>tg:lj - . &
'

unfound-d,  The voluaes 6f prophacses of diploid and

~ -

" Y
tetraplold nuclel cover g range of volumes; there'lis
not 4 conslatent value for »1Y prophases. Furthermore, —

some prophuase valucs are less than the volumes of Interphuse
nuclel. Also tetraploid nuclel in G1 and G are variablc

in volume and thelr values overlap. - 1t 1s concluded,

thercefore, that there 1s no strict correlation between

nuclear volume and the ape ofl the .nucleus in the cell

»

eycle. . P
The results reported here also show that nuclear N~
volume can val-’y independentiy of %he DHA content of the

hAucleus i.e., tetraplold G, nuclel with a UC DNA content

— *

may be larper than G, nuclei with.an 8C DNA content T

»
]
S

i

90

-~ - (Chapt. 1llI, sec..3).

It has been concluded that there iIs no absdlute

- ! . ’ . »
correlation beltwedn nuclear sive and age in inteprphase.
-

Phis means that nucelei must vary in thelr growth rate
during interphase.’ Two llines of evidence gupport, thls:
: (1) varlation In volume of prophase nuclel and -

(2Y warlatlon in volume of tetraploid i, nuclel,

’ v
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interphdse nuclel. : /

N

‘3. Prophase nuclei: x

-~

About 75% of diploid prophase nuclei are

-from fast cyeling cells (Webster and Davidson, 1968).

The mean -cell cycle duration-of* these cells 1s 1u hours

Prophase of fast and slow oycling cells cover a 6.6 fold

-

range of vOlumes, so whether prophases of fast cycling
¥

cells cover the lower or upper end of the range of

yolumes, they do not form & narrow groub of values. Céll

cycle duration in fast cycl cells doés not vary mone//

than 1.3 fold 1.e. about 12 - 16 hours,/but prophase N
volumes in these cells cover at least a b fold range of

volumes. This suggests that, within the subpopulabion :
formed by fast cycling diploid cells, there 1s variation

in the rate of nuclear grow&h. Data from tetraploid

‘ g .
prophase nuclel at, for ex%mple, 14 hours are known to

be from fast cycling cells; they show fold range of‘
© yolumes: from 2189 to lS 576 am? . They appe r to have

[

grown at dlfferent rates. In®the period 13 1k hours
after colchig\:a, 200. tetraploid,p?ophase nuclei were
measured. Thetr volumes .range from 1052° to 15 576 um?

This 4s a 15 fold-range. Thus, over a one hour peridd

there 'is a 15 fold range .in prophase volumes, which is

:further evidence for non-hniforﬁity of ‘growth rates of

~

E o . At L. h
o . A “)
. ’ N *
= . ., "
" e
. )

: - ‘ 113

b

w

" nuclei support this conolusioQ» A Qample of 100 tetraploid

&
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4, Tetraploid G, nuclei:

g - /

WLthn 2 - 3 haurs of tneir‘formation,
tetraploid nuclei vary 14 fold in volume.‘ It has beén
shown that at least 70% of these -cells have a cell cycle
duration of A1l hrs. (Chapt. III, sec. 3). Ewven within
one hour 6f their formétion,_thereforeg G, nuclei%vari

in rate of growth. Variation in nuclear growth 1is more
. A . .

pronounced between 4 and 10 hours and 10 and 14 hours’

from the end of colchicine treatment (Figure 22) Some

R

nuclei increase ih volume between 4 and 10 ‘hours, and theén

-appear to grow slowly. Others grow little between 4 and
'10 hours and then grow rapidly between 10 and 1y hours

" In tetraploid cells we see ample evidence .of variation in

<\

growth fetes of nuclei- it varies in different nuclei in
‘one part of 1nterphase and it varies W one nucleus -
at different parts of thé cycle. These results show that

heterogeneity of bell cycle durstlon 1s -accompanied by o

heterogeneity of rates of nuclear growth. A rapid'increase
in nuclear size‘in the first hour in G, has been reported .
for HeLa S3 cells (Mawl, Maul, Scogna, Lieberman, Stein,
Hsu agd Borun, 1972). Su)face area increased to 200 um2

by one hour after mitosis followed by a plateau level of

. 240 ym? at 2 -3 hours..: At ‘five hours from the ‘end of * _

mitosis il.e., at ‘the G =S transition, a second ‘increase

in surface area: occurs and precedes DNA synthesis for

N T .
X
.
4 .
Ve i oo ) .
. . " ) K}
B . L] ] -
Al - » »
f
.
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most o 1ls. By the,end of O, nuclenry surfaee arca has

- . . . o . ,
¥ .

‘risen Lo 393um?.

He JGrowlh of nucleus 1n,integgpase

—map amage o m——

¥
»

From the range of volumes of prophase nuele U -

" it appears that gsrowth of nueletl to a deLiCU]HP stze 1S~

- . . s »

not automatlecally followed by centry into mitosis. Hence,
. . : 4 ) .

’not-al}:jg;rxo‘.-ftb‘of interphase nuclel may be zzeces::ar'y__‘f;ov

'nue ear div1:sion. Gr'ow’(;h of nuclei may have two components:-

(a) ‘an increa e in the amount of con>LjLuoan needed for

nuclear’ division anﬂ (b) an ;ncreaoe in the consgi5‘ents that

. regulate rate‘ofrgrowth through interphase or are newded, 1in
sonme way,gfor the regulation of nucledr b@haviour in the
daubhter pellb.‘ In any case, it cannot be dloued that onlv
,nuclearf?él-otors rep;ulaté entry into pr'oph'ase; cytoplasw‘
'fact;rs afé-aléo involved: ‘Zetterberk*(lQ?l) sgggested thatb

a%&hough a certain amount of cell growth appears to be

[

necessanry for-cell.diviéion, the .total growth of a cell during

a cell cycle may not beée directly linked to the initiatlon

of cell division. - A similar s’ituatl,iznr_l may 'qccux: with nucledi.
The growth of a nucl‘eus is pr;<->t>.ab1y dependernit, ';;artly ,. upon -
th‘é volume of the telophfme chromosome c0mnlement f‘r‘om
which.1it is formed Differences in growth Tateq max,medn T
that different nuclej enter 1n1,er'phase with chromosome

complements of different volumes, tho e with small Anitial

nuclear, . olumeu may ‘grow slowly in ear-ly G while those

with lar'{;;e, nitial volumes may grow rapidly. Varviat.icm'.

occurs, as we have seén, in chromo;orﬂe volume (Chapt, III, sec,

-

.
B 3
. ¢
- ' ' . t
) B -
o . v
- - . .

.
L * -

b).



:with a minim

. of 16“ to 230 um3 é;;\aiﬁfmﬁm nublear volumé‘obsevved

-~ N .
\\ )
. ‘ 116
.8 S
’ . M ‘\? - A\ e
6. Chromesome volumoy's L \ 3N ‘
- ‘ . o
. . : } X
\ N . - . N
‘ Metaphagst chromosome volumes were calculat@d In two
. : i | . s TN
~y- - \\
woy o' (bnast. 117, see. ). 1) A mean of fdve chromatid AN
.- . v . Ty
. widths vere d\l&qxningd for wvach cell and L}urk used to . \\\\
N N

o M

4 .

calculate cHromosome vo]ume for that cell; QO complements
t

were measured. 2) The mean of 250 chromai%d ‘widths T o
were used- to c&lculate chromooome volume for a1l- 50 cello.
With the<§1r t method Lhe range in volumea de 9l to.

560 um3, a 5 fold range, while with the seaond method

the range was 175 to 327 um?®, a 2. fold range.

The resulés‘mean thaﬁldiploid‘ngc}ei~enteh G,

lume'éf 47 to,88;ﬁm3 and.a maximum volume

in a diploia cell in_a long lateral was 169 um®; 1i. e,

it is 'in the range bf values expected from the calculations
. <

of chromosomenvolumes. The minimum volnme‘bf a~tetraploid

. -

nueleus was 274 pm?, 'Thxs is also close to’ the expgeted

‘yalqé for a nucleus formed from a complete dipioid metaphasc

- )
4

complement. ' - o S ol

- .
“ \
' .

Thus fer- diploid and te(raploid nu&fgff the

,volhmes of the complcments from which they are formed

.are not uniform. Nuclei, bherefoﬁé, are vagijblé in o,
volume from the onseL of G~ ' . \ e
F_ -

Chromoseme volume changes “in response to a
- ) \
change in the'supply 6f phosphate (Pierce 1g§7, and Bennett “

and Rees, 1969). ligh mﬁosphﬁbeq ' aLments produced larbev

-~
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. ARV

chronoobmc,, in ATllum cepa root Lipu, mean chromosdme;;\ . v

volume incr cas od from 235 umd to 33“ um3,after'sev¢n‘

days ow a high phosphate treatment (Bennett and Rees, ™ ™o

R . ‘ AR

1969 ). ‘Thesc aufhor%‘alﬁoﬂshowed that the increase im 3
1 'r -

chromosome volume wag accoHpanled by pardllel increase% -

* in total nucloar proteinn,/there wvas no change in DNA . |
content’ . BennetL (1Q10), Rennett, Smith and Smith (}972), i

\\\; and Flannagan gnd Jongs (1973) feported.the‘occurrence. ' .
' $\\\\\\ of a natural variation in the volumes of the total [ oo
-"‘\ . . i ' ‘,', - cT.
chrSﬁB‘Umeucomglg@snt e.s. there'was”variation between+: .

‘“\..K ~ : ' F} v

lateral and prlmary roots of V aba"TBEnﬂe%$TmlEZQl;;He
) .. Jmm—

“suggested that such variétion may be correlated with /‘

"different 1ev%lé of cellular meétabolism and Flannéganf'.

and Jon&s (197?) report, In Secale cereale, that the

T, “largest chromosome volumes M@re found in.cells undergoing :

\

rapid gvowth. Slower\growth was assoclated with a reduced

. .
‘ 4 {
. chromoseme volume‘ Ly ' '

Thebe studies of ‘chromosome, volume suggest

uclei formed from a chromosome complement af large
3

egin-q}l with more probein.than nuclei fofmed from
a small .cNromosome complement. This doea not mean that.
nuclear growth in™G, is regulated by the protein content .

‘// of, the chromoésomes § neverthelesg, 1t is -an 1nteresting
. » ‘ \‘ :
- pogsibi A It would mean that the protein content of
a chromosome complementsis 1Mpé£tant Tor the'reguration' - ~

of nuclear growth in the ‘subsequent interphase. Thus, el T
PN A ) AN .




it would provide a chromosom ‘mechanism by which a

& nueleovs influenced tﬁw,grow\s o Ltg~dauphter. nuclel .

R : ,7.§£¥rotein eontgnt.of.nuclel:l (j\

. {‘ . N
Lo Nuclel #e well aSﬁcontPact
. . ) ]

‘chromogomes

T e ‘ vary’in‘prgmoin edntent. 1t haﬂ been qhdwn that there ’ \TL\\\
- .- N “ "J o 'k ) N .
*ds a b - 11 fold difference 1n;protein ontent of nuyeclei 1In .
laterals of V. fdbd (Chapt. III seg& 2). Though tﬁé variation

in “ot jn content 18 not as great ‘as Lhat of nuclear ,

»t

~

E{f volume, v

a reristen are also- heterogeneou . ) S

is clear that for protein content, nuclei of e

- ——

< / ) ‘.
y . B thermore, total nuclgar proteln content varies

-

- in nuc]?i of iff&kbpt shapes; it is not confined to any.
' <‘* one type of nucleus. Jhether or, not the protein content ! . 1"‘
in G2 nuclei di“&ﬂtlj determines the proteln contient of N .

‘ the metaphase ehromoqomE% 1s not known.' rr‘heugh 1\\33 B

x Aﬂ\\

~ .
’ 1nterest1ng that prophase nuclear volumef vary 6.6 . fold ~ -

~ Y

41 . . .
U while metaphase chrofosome volumes vary 5 fold.\ . \\\*\

From ‘what 1s alroady Known abodt », faba aﬂd

.

' other syatems and from the p;t\ﬁht\study, it appears that

~ -

\ N
there are varlations at'the level of nuclei, chromosomes , .o
* & \ ‘
and in&ividualknuglear companent elg. pxotcino.’\ﬂhese .
i S~
i : ,varlat ons oceur’in cellq of m@ristematic vissues ghich

° /\\

have sa far been uharaoterized as a group f proliferative ? Nx\x
undigfcrentiatedxcells with lf tical gen pes. P¢r aps .
\\ {1 N

£
the variations ,ml?erent_ in the system asd flexiblilfty t tQ ' .
Co A ' . Lo
' - I S b D "y ™ R

. ) ’ ' . cr : o . ’ Tk
{ . U o . . by . W}. . ¢ i
. s s ) y

-
—-
~
v
s
-
.
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s
’
~
%
—
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" and made meristematic cells able to Withstand.fluetuatidhs‘

in envirbagental conditions. . | ‘f

?;
AN - ;
8. .Nuclear morphology:

.

&t is now clear that meristematic cells in-V.
faba vary in nuclear growth rate,.time of active growth

‘~\\\\\ rin the cell cycle,'cell cycle duration and protein content.

addition, 1t has been. found that there 1s variation in
nucleer S es. Four shgpes of nuclei were found' spherical
nearly- spherical 1 and elongate. . The frequencles of

13 pe’s differs in the meristems

cells with different\nﬁc}eak

of roots at different developmental stag\g»“ Tbere is

' , similarity between meri tem%fof younger roots, e.,‘small
o . primordia and young prléari s (Table ). . Si;;i;;l;t\the\\ \

T

1

.meristems of older primary‘roots resembled'tﬁese of older laterals

- in the frequencies of cells with difPerent shaﬁes of nuclel.

LY

Similar changes 1n the frequencies of differently shaped
nuclei occur rn the“gpomth of primary and 1atera1 roots

Changea in nuclearlshape‘result in changes in
dﬁclear surface area. Fer e%emple, a_spherical nucleus
has a lower surfage area. than an'elongdte h&cleus,matr the

. sameé volume. The changes\ér frequencies of nuclear types

as roots develcp may be importa n providing an 1ncr ased

etween t

1’

\<' surface area for the exchange of materia

\\. nucleus and the cytoplasm. Perhaps an 1ncrease5\§ur ace

»

area faeilitates uptake of cytoplasmic oomponents d ng
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f ey

e
< ‘
]
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. - - I ’ Y‘ 3
early G H elongate nucle}\?ay grow more rapidly in :
f

early G‘ than spherlcal nuclei., However, no data bearing
on this are avallable at present..:
N Nuclear shape may change during 1nterphase,

(
it, would be difﬁicult to show hhis dlrectly except in

’ cells in culture that could be followed as they proceed

\

9. Mitotic index in tetraplold cells: -

through a ce%l cycle. However, observations .on tetraploid
cells sugSest that no change occurs./ The fnequencies of
‘'spherical and nearly spherical nuclei a(e 20% at 4 hours,
26% at 10 hours and 20% at 14 hours, for oval nuclei the -
values are 37% at 4 hours, 39% at 10jhours and 34% at )
4 hours and for elongates, the corresponding vaiues at’
43%, 35% and 46%. These resnlts‘suggest that the nuclear
shape established in early G, is maintained thrbuéhout \
1nterphase. How nucledar shape is. controlled and why there

are differences in nuclear shape are not known. :Variation

1n nuclear shape, however adds another dimension- to

the heterogeneity among meristematic cells.:

<

\
or are in mitosis when the pogulation ls 14 hours old It was

.- -—About T0% of. the tetraploid cells, have divided .

\
-~

concluded that thelr cell cycle duration, llt hours, is close

to that for fast cycling d%ploid cells. Over‘asone hour .

period, 19.2% of the tetraploid cells enter mitosis or"

divide (Table 11). If this frequency was -repeated every
Vo ) . e .

i
1}

Ry

(i

.
,
\\,)
:



\

. N . . ) b
. only 70% are fdst cycling then t rcycle time will’
vary only by 3 hours, i.e.; 11 3{15

N 4

would be 11 - 16, i.e. 5 hours. On the other hand,:lf T

- ’ o Vo121

hour then' the MI'at i hours, i.e., 62 .8 would-he 62.8 4

4

3G = 101.2 by 16 hours; also it would have béén nzpected

to bo Wi.fh - 19.2 = 28 at 13 hours and 28.4 - 19.2
V. 1 , 1 4 B . ¢ ’
= 7.2 at’ JL‘hour' Theréfore, if the tetraploid cells
.. A .
aré all fast cyecling the range in c?ll cyele duration _ -

ours.

J {

! ‘ : The proportion, of. tetraploid cells that are

fast cyeling, 69.0%, ioyhigh Of'the diploid cells. induced

to become tétrapfbid 75% are fast cyclinb (webster and

Davidson, 1968). We see that 70%, at least. of their

~ . t 4

progeny are also fast cycling. This 1eada'ds‘to speculate

about the factors that regul@te cell cycle duration and

T4

80 dsterminc whether a cell will be fast, 'slow or non-

eyeling.. Are these factors cytoplasmic or nuclear?
1Y R T A‘ !

The angder, unfortdmatqﬁy, is not, known; this points

out how'lit%lé critical .information is available on: ., .
(1) the extent to which prqlifefating cells differ in

_ their cytoplasmic components,

»

(2) the frequenoy of divislons that are, in some way,
t . N . . .
ferential and S ) e o

’ v
the effect of cﬁ;omp§omal proteins on nuclear growth

Heterogeneity exists yithin a meristem and between

stems @f V abas %he wide range in nhe variability

. e ' . -
7 " +
. Ces

Ll

3



. ! . Y
><;é?f§’numhquof nuclear and gellular paruameters sugsests
’(::/ , . // B . . . ’ .

N , 3 S / e

21y . : R : J

(i} they are of.stme significance for the fumctionlyg

of thg mefistem

(11) the différent characteristies must be under fhe

o

control of factors that operate thhéievels,bonh single /
cells and groups of cells. " This means that dirférent . /

‘papts of a merlstem as well a3 meristem cells ¢ foots- 7
at'differént-hévelopmentgl stages may differ i; the //

v . intragellular conditions. These diversitiles do noé appear /
to interfere with the abllity.bf‘bhe cells to proliferate. = f
Howevér some‘regdlating mechanism must be acting to.-

integr&te the activitieo of the vhpnous contﬁe}’mechaniamg

I T A -
and so produce normal root growth.  —- 7 T+ -, ’
’ L
»
Q
) . I
, -
A
! 2
. td
// N o )
h% </ '
. ‘ L3 . ) g
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*f:::::ZEKQt determines entry 1into ﬁitoqis. fhe growﬁ% qf nuclei - / .

//I - .ll 3

x % / T / ot /
- VAN PRt IR / . ,

{ V., (,(JL{C LUSITOND / ’

/ / ' "
/ y /

7/

. / , ) ,
1. Root meristﬁm»cvllﬁ of ¥, ‘fabu arc heteror ?%éqs
/ P T .

/. . :
nd shapes /
// // )

.
/

for growth rates, volumes, protein contents

of nuclei,_beslde? veing hetePégeneouivfgzﬁggl;wcyc1?/ ~4L”““'T
duration and Eégiwiggéwsf/ ¥orgover, the enanreG/in tﬁ@ ’ ,/ /
growth P&Lo;%‘volumor and- shapes of’ nuc]ei ac ompany / 
changés in’physiofﬁgical activlitlies that ocyur during v
ghe maturation of' the roots. ‘ , j/ // ‘ ;/ . N //
e y ) .
;ﬂ / It is clearly 1mpor7hnt to, regévnize the g //
/ ¢ I / \Q / /,

heterogeneons nature of the| Verisggmat ¢ cells whenever

’

2. Nucleil undapgo 1arge 1)0Péase

M AN

\
interphase. Lven\in C

range of values Sin&\ t i
! f, N .
a c¢hange in DNA ntcnt# chan ea 1n other’huclear

,constituﬁéés must cogtﬂgbut

, A ;
;. ¢ /

vaolumes, / / . S, o

: . . = . .

3, It has beenl/\tabliah d that there. liéyb fixed// ///

correlation betﬁeen nuc¢lear velume and age in cel}/ yélo

/

It appears thgt .nueler size-is nob the onlyﬂfad@oh




/

B

/.

/

7
\

vy conastitygents /that may {
. /
7

, Y ./
/. : / .
Lo ' : ‘ 10%
// » , . ) '/4
/ - /
// . //

Canct, perhaps eotll f!;’.’i.'.frzh}/(b) "wan in/frease in
s

/ »

I1te the r//owtn of the two

/

1auchtor roge 1o nd o ceids. /
Al Tilia H / .
/

/ ‘ . 4
4, IMeYear crouth 14 nost restricted to evellne cellc.
‘ , /

/ 7 Eae . //
7 Huele) of nou-cyeifneg cells allo gprow.
/ , AR bk

¢ ’ .
/// 5./ There 1o v%y{ation in nuclear grodth during intervhasec.
‘ R A4 , o .
Vﬁis S osupcegted by two lines of evidence:

(D varlat}unS'in volumes of nucleil in prophase,

~ (11) varthtiens-dn volumes of tetraploid nuglei in G,.
! Variaticég in t;:\:hﬂunps of increa§e in volumes of*
tetrapfolid nuclei within -ag well as between different

ases further confirm the_variation in the growth

v 0f nuclel du%ing %Qferphase. ‘/

-~

<
/2, One possible factor tglt might be affecting the .

growth raﬁés of nuclei during the interppése, Is the

volume” of fﬁe/chromosome complement fr?ﬁ which the

’ * ~ .
/ nuclel are formed. Aoweve , cytoplasinic components of
/ the cells may also affect*i%owpb,y es of the nuclei, e.q.,

/
/

~  nueclel of cells with a Bmaller cytoplasmic mass may g

grow differently than those from cells with larger'

» !
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