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ABSTRACT

The mature root meristem of the broad bean,
Vieta faba, consists of a éteady-state, asynchronous
population of cells in which rates of cell growth and of
division are constant, on average,’f??m one time to the
next. Measﬁnements of individual iéi;s for any growth
parameter, however, show considerable variafion about the
mean of that parameter. This study was done in order to
1) determine the pattern of cell growth and division
in the root meristem during seed germination as it
develops into a mature root; 2) determine how this pattern
changes in different environments, and 3) determine if
events thak occur during germination contribute to
variation in cell growth and division seen in the mature
root.

Cell growth and division were manipulated by
1) changing the amount of water available for growth of
germinating and mature roots and 2) treating roots with
5-amino uracil (5-AU), a drug which temporarily arrests
cells at the S to G, transition point of the cell cycle
(Socher and Davidson, 1971). Cell area,fnuclear volume

and nuclear protein content were used to monitor cell
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growth: mitotic index (M.I.) and cell cycie kinetics
determined 1) from colchicine accumulation of cells in
..mitosis and 2) from changes in the frequency of labelled
mitoses after pulse labelling cells synthesizing DNA with
3H-thymidine, were used to monitor cell division.

The results show that cells in the mature root
meristem reach+<different steady-states that are influenced
by the ambient water 1eve1/present during gérmination.

. s / . .
The characteristics of each steady-state are unique 1in

—

the M.I., the size ratio, nucleﬁ81 cytopladm and the
relative proportion of fast, slow and non-cycling cells.
Mature roots subjected to’a change‘in the ambient
water level appear only to modify the initial steady state
established during germination: ie., roots grown initially
in different amounts of water and then transferred to
the same ambient water level do not éttain a steady-state
condition with identical mean values for different cell
parameters. Treatment of germinating and mature roots
with 5-AU alléws cells and nuclei to grow to sizes greater
ihan those seén in untreated roots but does not appear to
interfere with no;mal relationships between most érowth
parameters. Neither the relationship between cell and
nuclear size nor nuclear protein content is altered in .
5-AU treated roots to produce values not found in untreated

roots.
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From these results it is proposed that a specific

programming qf cell growth and division is established _
during germination and is largely determined by environ-
mental conditions present in the early stages of seedling
growth. Modifications of this programmed control of

cell growth can be induced by changing the external growth
conditions. In addition, there ére internal fluctuations,
within a meristem; in the environment of identical cells;

these fluctuations are thought to contribute to the

vapiation in cell parameters that are seen in mature roots.
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! CHAPTER 1

INTRODUCTION

Growth of proliferating cells is characterized by
an increase in: 1) cell mass and 2) cell number. These
increases are usually integrated and each doubling in cell
number is accompanied by a doubling in cell mass. In
terms of an individual cell this means that in each cell
cycle the nucleus doubles its DNA content and_this is
accompanied by a doubling in cell mass and cell volume.
Experimental evidence indicates that the cell cycle can be
divided into a "growth cycle" during which synthesis and
growth of cellular constituents t;kes place and a "DNA-
division cycle" during which the nuclear DNA replicates
and divides (Mitchison, 1971).

A cell cycle consists of mitosis and interphase.
DNA synthesis occurs during interphase in a period called
the S phase. The pre-S and post-S phases are called G
and G, (Howard and Pelc, 1953).

Since in typical cell cultures both DNA and cell
mass double on average within one cell cycle, the cells
are said to show "balanced growth". This is seen in
cultured yeast,’ amoeba and mouse fibroblasts (Mitchiéon,
1971; Prescott, 1955; Zetterberg and Killander, 1965).

>
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Doublings over one cell cycle have also been reported for
total protein, RNA, cell volume, nuclear volume, cyto-
plasmic and nuclear dry mass (Prescott, 1855; Zetterberg
and Killander, 1%65; Mitchison, 1971).

Cells whose doubling time is increased after some
experimental. modification often show large increases in
mass and volume: when increases in cell mass occur without
a parallel increase in DNA content the cells are said to
show "unbalanced growth". Typically this occurs when:

1) the DNA-division cycle is blocked, 2) cell cycle duration
is increased and 3) cell growth continues throughout the
extended cycle duration. The consequences of blocking

the DNA-division cycle are illustrated in the first report
of unbalaﬁced growth. A thymine requiring mutant of
Escherichia coli was deprived of thymine. DNA synthesis

and cell division were stopped but cell size and RNA

content continued to increase (Cohen and Barner, 195u4).
Cells with mutations that block the initiation or main-
tenance of DNA synthesis in the budding yeast, Saccharomyces
cerevisiae, also grow to sizes much éreater than those

seen in a normal population (Hartwell et al., 197u4).
Similarly, giant cells are produced by both yeast and

animal cells after tréatment with drugs which-inhibit

DNA synthesis (Slater, 1973; Cohen and Studzinski; 1969,

Rueckert and Mueller, 1960).



Most cells experiénce and withstand changes in their
environment; their response to an environmental change is
often to change their growth rate. This can result in a
change in the DNA to mass ratio. When the fission yeast,
Sehizosaccharomyces pombe, is grown at increasing temperatures,
the DNA to mass ratio measured at division increased; cell
volume at division and mean cell doubling time decreased
(Mitchison, Kinghorn and Hawkinsf 1963). However, yeast
grown in'progressively bettgﬁ nutrient media increased in
both mean growth rate and cell size (Nurse and Thuriaux,
1977)., Thus, even though DNA content per cell remains
constant, when cells with higher growth rates have completed'u
a growth cycle and avre about to divide, cell size at divisign

varies directly with the envir%pment.
AN
.

Cells attain a new constant gréwth rate when placed
in a new stable environment indicating that a new stable
state has been achieved. Once this new state is established
growth is agﬁin balanced. This means that for any cell there
is an infinite number of péssible balanced growth states and
that balanced growth can be defined only f;r cells that have
achieved a stable state within a given environment (Anderson,
Peterson and Tobey, 1967).

Studies of single cells have shown that cell size,
cell mass and%many Qxﬁer parameters undergo a doubling

during one growth cycle. In populations;of cells, how-

ever, most cell parameters show more than a two-fold



spread of values, even when the cells are kept under
constant environmental conditions; it is not uncommon

to find three- to six-fold ranges™of values. Cell cycle
duration, cell size, dry mass and RNA content have all
been shown to be highly variable (Tables 1-3). This
variability 1is found in cells at early G; and at mitosis
and i1s maintained throughout interphase. Even nuclei
show a wide range in size andjprotein contents during
the cell cycle (Table 4). :

Becaué« individual cells double in both size and
cellular constiituents during one cell cycle, the high
degree of variab?}ity seen in cell parameters within a
population must &rise either by differences in growth
rate or by asymmetrical mitoses. Both situations occur:
in the root meristem of corn 76 to 79 percent of all pairs of
sister cells have different lengths in early G) (Ivarsv,
1971). In Vieta faba each sister nucleus from a pair
in G, can have a different volume (Stallwood and Davidson,
1977; Davidson and Golding, 1978). Sister cells also
differ in cell cycle duration (Kubitschek, 1362; Prescott,
1959; Ivanov, 1971). These differences between sister
cells contribute to the variation in growth seen within
populations of cells.

The results from studies of cell growth kinetics
of unicellular organisms in culture have provided data

on different patterns of cell growth and have also been

Vad
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the basis for the formulation of Qseful concepts such as
balanced and unbalanced growth. In studies of cell pro-
liferation in multicellular organisms, however, several
new factors must be considered because of the special
properties of populations of proliferating cells. For
example, meristems of roots or the intestinal epithelium
of mice are steady state systems, that is, the population
is not increasing exponentially in size since about half
the cells leave the population in a period equal to the
mean cell déubling time.

Most cells in unicellular cultures can be grouped
into one population of cells with cycle times that are
narrowly distributed about the mean cycle time (Kubitschek,
1962). Cells in multicellular organisms, however, often
appear to be grouped into sub-populations with distinctly
different mean cycle times. Cells within these sub-
populations are referred to as fast and slow cycling.

Fast and slow cycling cells have been identified in Vietia,
Pigum, Triticum and Zea (Table 5). Cells from these
organisms also tend to show a broader range in cell and
nuclear sfges than do cells in unicellular cultures
(Tables 2 and u).

The added degree of heterogeneity in growth para-
meters measured in multicellular systems may force us
to re~evaluate our concept of balanéed and unbalanced

growth in multicellular systems as compared with that

*
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seen in single cell cultures. The study reported here
examines cell growth and proliferation in a multicellular
system, the root meristem of the broad bean, Vicia faba.
Roots were studied both under conditions which allowed
for normal growth and under conditions that resulted in
unbalanced growth.

The primary root meristem of Vieta faba has;
1)’steady state growth kinetics; 2) heterogeneity for
cell and nuclear size and 3) variability in cell cycle
kinetics. Mature roots show a stable distribution of
each of these parameters .at successive fixation times. The
mature, stable root meristem is the product of a series of
changes; it does not begin as a stable system at the time
when a dormant seed is allowed to imbibe water. The
radicle of a dormant seed of V. faba is very different
from the growing root. Not only are the cells not growing
or dividing, but 30 percent of the cells are normally arrested
in 6; (Jakob and Bovey, 1969). VWhen seeds are allowed to
imbibe water, the cells and nucleil are activated and proceed
through the first cell cycle in a semi-synchronous wave
(Murin, 1967).

One of the primary objéctives of the present
study, therefore, was to monitor the changes that occur
as the cells of the dormanfhyoot are activated and
proceed through the first/twoxto three cell cycles,
Results on 1) cell cycle ék?af{sn, 2) cell areas,

~
)

-
-
—~
-
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3) nuclear volumes and u) total nﬁclear proteins are
presented here. It will be shown that they differ sig-
nificantly from values of the same-parameters from mature
roots. These differences led to further determinations
that defined when in root growth the form of the distri-
b;tions of the four parameters given above change froq
fhose of the newly germinated radicle to those of the

mature root. Secondly, experiments wewye carried out to

determine the extent to which changes in these parameters

-
Al

are influenced by the conditions under which the dofmant
seed is allowed to germinate. The amount of wate’r
available from the onset of imbibition has been ;howﬁ to
influence the subsequent growth pattern of barley seedlings
(Davidson, Eastman and Thomas, 1976; Davidson,\1979). Seed
from V. faba alsoresponds to different volumes of water;
small differences in the volume of water in whigh seeds are
allowed to begin imbibitioq result in significant changes
in cell cycle duration, mitotic index and both cell areas
gng nuclear volumes. Data from V. faba demonstrating
these differeénces is presentéd here.

Seeds allowed to initiate imbibition on one
volume of water and then transferred to a different volume
of water also undergo a change in overall growth pattern.
Little is known, however, about this response at a

cellular level. Growing seedlings of V. faba were

N
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transferred from either 1) high to low or 2) low to high
water volumes. Both radicles of germinating seeds and
mature roots less than 120 hours old responded to trans-
fers with changes in cell growth: significant changes
in the mitotic index and distributions of cell areas and
nuclear volwmes were observed. These changes, which are
reported here, appeared to mimic those obseryed for cells
that show unbalanced growth.

Unbalanced growth, ie., increases in cell mass
or cell volume without parallel increases in DNA content,
may be induced in cells treated with amethopterin, fluoro-
deoxyuridine, hydroxyurea or 5-~amino uracil (5-AU). These
agents cause a delay in the progress of cells to mitosis,
yet, do not inhibit cell growth: the cells show unbalanced
growth (Ruecker% and Mueller, 1960; Cohen and Studzinski,
1969; Davidson, Golding and Armstrong, 1978). In light
of the observation that delay in entry into division
results in unbalanced growth, root meristems were
treated with 5-AU at various stages during germination.
The object of these treatments was to determine whéther
5-AU directly'stimulates cell growth or whether the
increases in cell and nuclear sizes result from a
lengthened cell cycle. Evidence was found that, at Yeast
in parf, the increases in cell and nuclear sizes result

from a 5-AU induced stimulation of growth.
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From these results, we have:

1) defined the changes in cell area, nuclear volume, -

total nuclear protein and mitotic index that occur during
germination and the production of a stable maturé root;
2) defined changes in cell area, nuclear volume, mitotic
index and cell cycle duration that occur in response to
changes in the ambient water supply during germination.
The consequences of these changes as they affect growth
in the mature root are also outlined, and
3) defined changes in cell ared, nuclear volume and
mitotic index in response to treatment with 5-AU both
during germination and in the mature root.

The results from these experiments show the
unique nature of multicellular systems and emphasize both
the similarities and differences between growth in uni-

cellular and multicellular systems.

S

-
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CHAPTER II

MATERIALS AND METHODS

I1.1. Germination and Culturing of Beans

Broad bean seeds, Vieia faba L., cv. Sutton's
Prolific Longpod or Bush were 1) notched above the embryo
axis with a file, ?) laid flat between two layers of
cheese cloth in flat bottomed trays. Distilled water was
added to a depth of about 5 mm and maintained at this
level for 24 hours. Seed coats were then removed and the
beans were riﬁsed in distilled water. Growing roots were
obtained in one of the following ways: 1) seeds were
skewered on stainless steel rods and placed with the embryo
axis in aerated distilled water which was changed at least
once every 24 hours; 2) seeds were planted in moistened
sand (25 ml water/100 ml sand); and 3) seeds were planted
in a moistened mixture (1:1, v/v) of vermic&lite:perlite
(40 ml water/100 ml mix). Containers of either sand or
vermiculite-perlite were covered with aluminum foil
éuring seed growth in order to reduce moisture loss by
evaporation. “If the surface layer dried out, it was
moistened with a little additional water. Roots grown
under these conditions were fixed after 24 to 175 houps
/

of germination. All roots were grown at 20°C.
4

15
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In order to determine the response of seeds to

different volumes of available water: 1) seeds were

placed in\water at a depth of 5, 10 and 20 mm for 24
hours and then grown in tanks of water; roots were fixed
after 50 to 68 hours of éermination; 2) seeds were placed
in 5 mm of water for 24 hours, then grown in 25 to 40 ml
water/100 ml sand; roots were fixed at 50 to 70 h&urs;

3) seeds were placed in 5 mm of water for 24 hours, then
grown in 20 to 55 ml water/100 ml vermiculite-perlite;
roots were fixed at 70 hours; 4) seeds were placed in

5 mm of water for 24 hours, then grown either in 25 ml
water/100 ml sand or 40 ml water/100 ml vermiculite-
perlite up to 96 hours and transferred to tanks of water;
roots were fixed 1 to 48 hours after transfer; and 5)
seeds were placed in 5 mm of water for 24 hours, grown

in tanks of water up to lu44 hours, then transferred to
40 ml water/100 ml vermiculite-perlite; roots were fixed

1 to 48 hours after transfer.

IT.2. Treatments with 5-Amino Uracil

Roots of newly germinated (24 - 48 hours) and
more mature (124 - 144 hours) seeds were treated with
5-amino uracil (5-AU). Seeds were germinated in 5 mm of
water for 24 hours and then transferred to tanks of water.

At 24.3 and 50 hours roots were transferred to tanks of
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L mM 5-AU for continuous treatment. Roots were fixed
after 3 to 78 hours in 5-AU. Control roots were fixed
after 30.3 to 96.3 hours of germination. Usually 2 long,
2 intermediate and 2 short roots were fixed at each time.
In order to obtain mature réots for treatment
with 5-AU, roots were grown: 1) in tanks of water; 2)
in 25 ml water/100 ml sand; 3) in 40 ml water/100 ml
vermiculite-perlite and 4) in sand or vermiculite-perlite,
then transferred to tanks of water. Roots were treated
with 4 mM 5-AU at 96 to 144 hours of germination. Roots
grown in sand or vermiculite-perlite were also treated in
sand or vermiculite-perlite, ie., with 25 or 40 ml 5-AU

)
solution/100 ml of mixture. Roots were fixed after 3 to

24 hours continuous treatment with 5-AU.

1I1.3. Fixation and Staining

Whoie root systems were fixed in a chilled mixture
of 3 parts ethanol to 1 part acetic acid (v/v). About
0.1 ml of formaldehyde were added to every 40 ml fixative.
Fixed roots were washed for 1 hour and hydrolysed
in 1 N HC1 (60°C). Short, thick roots were hydroi?sed
for 10 minutes; roots longer than 30 mm were hydrolysed
for 8.5 minutes. All roots were stained in Feulgen's

reagent for 1 hour to stain the nuclear DNA.

Crn e e 2han
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After staining, root lengths were measured and
root caps Pemﬁved from the meristems. The apical 1 to 2
m% of the root, containing the meristem, was cut from
the root and gently macderated in 45% acetic acid with
the blunt end of a pair of forceps. A drop of malachite
green solution was added to stain cellular proteins; this
made cell outlines visible. Permanent preparations were
made using the usual techniques (Darlington and LaCour,
1969). When nuclear volumes and cell areas were to be

determined cells were not squashed (Bansal and Davidson,

1978).

IT.4. Mitotic Index

Mitotic index (M.I.), the percent frequency of
mitoses, was determined by scoring 1000 cells per meristem,

generally 3 to 5 meristems were scored for each determina-

tion.

1I1.5. Cell Areas and Nuclear Volumes

T
i

The length and width of rectangular cells were
measured using a Zeiss ocular micrometer at a magnification

of 1250X. All measurements were % 0.3 um.

Cell area was calculated as follows:

Cell Area = cell length X cell width

1 Bt sty b e — e et



19

Nuclear volumes were calculated as previously
described (White and Davidson, 1976). The major and minor
axes of nuclei were measured using a Zeiss ocular micro-
meter at a maghification of 1250X. All measurements were
+ 0.3 ym. Nuclei were classified as: 1) spherical;

2) semi-spherical; 3) oval; or 4) elongate. Nuclear volumes

were calculated as follows:

1) Spherical Nuclei (v) = 4/3 np3

where r = 1/? diameter

2) Semi-spherical Nuclei (v) = 4/3 mab?

where a = 1/2 major axis
b = 1/2 minor axis \
3) Oval Nyclei (v) = u/3 nab (a ; b)

1t

where a 1/2 major axis

]

b 1/2 minor axis

n

4) Elongate Nuclei (v) = 4/3 b3 + #b? (a - b)

where a = major axis

b minor axis

Nuclear areas were estimated from nuclear volumes
using the following formula:

Nuclear Area = Nuclear VolumeZ/B
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II1.6. DNA Determinations by Microspectrophotometry

Fixed roots were washed, hydrolysed for 10 minutes
in 1 N HCl at 60°C and stained in freshly made Feulgen's
reagent for 1 hour. After measuring the root length, the
apical 1 to 2 mm of the meristem was removed from each
root, macerated in 45% acetic acid (v/v) and the cells
squashed. Coverslips were removed by the dry ice method
and the cells were air dried. Slides were then passed
through three 10 minute changes of 0.25% K;S,0¢ in 0.05 N
HC1l in order to remove any unbound leuco-basic fucﬂsin
and washed for. 5 minutes in distilled water. After air-
drying, cells were mounted in Permount. \

Determinations of total nuclear DNA content were
made using the two wavelength method of Patau (1952).
Measurements were made with a Leitz microspectrophotometer,
model MPV-2, at a magnification of 630X. The two wave-
lengths used were 565 and 500 nm, chosen as the peak and
50% of the peak absorption for Feulgen's stain bound to
DNA. Fifty interphase nuclei were measured in each root;
2C and 4C DNA values were estimated from measurements of
50 telophase and 50 prophase nuclei from a total of 10

roots.
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I1.7. Protein Determination by Microspectrophotometry

H

Nuclel were ext;acted from the apical 1 to 2 mm
of the root meristem u;ing a method modified from Van't
Hof (1975). At each time 5 root tips,were placed in ice-
cold 4% formaldehyde (v/v) in 0.132 M phosphate buffer
(pH 6.8). After 5 minutes they were transferred to ice-
cold 0.132 M phosphate buffer. In order to isolate nuclei,
each meristem was placed in 2 drops of fixative on an
ice-cold alcohol cleaned slide and macerated. This
popped the nuclei out of the cells. Large pieces of
cellular debris were removed and the slides were partially
flooded with fixative. Nuclei were spread around the
slide in order to minimize cytoplasmic background and
then left to air dry.

Proteins were stained using a modification of the
method of Mitchell(1967). In order to make comparisons
between different samples valid, all slides were stained
at the same time. ‘Slides were placed in a 1:1 mixture
(v/v) of acetone:ethanol for 30 minutes and then in 0.15
ml 2:4 dinitro-1-fluorobenzene (DNFB) in 100 ml ethanol
plus 1 ml 1 M sodium bicarbonate and 5 ml qistilled water.‘
Nuclei were stained for 12 hours at 65°C. After staining,
slides were washed in 70% ethénol (15 minutes) warm

distilled water (30°C, 15 minutes) and then dehydrated
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in 70% ethanol (5 minutes), 95% ethanol (10 minutes),
.100% ethanol (2 changes for 10 minutes.each) and xylene
(5 minutes). Nuclei were mounted in Permount.
Measurements of total nuclear protein were made
‘using the 2 wavelength method of Patau (1952). The wave-
lengths used were UlS‘and 445 nm; the peak and 50% of the
peak absorption for the DNFB-protein complex. All
measurements were made at a magnification of 630X using
a Leitz microspectrophotometer. A total sample of 100
interphase nuclei, 20 nuclei from each of § meristems,

were measured at each time.

II.8. Cell Doubling Times

Seeds were grown either in tanks of water or
vermiculite-~perlite (40 ml water/100 ml mix). At 96 and
148 hours whole plants were transferred either to tanks
of 0.05% colchicine or to vermiculite-perlite moistened
with 0.05% colchicine.. Roots were fixed at 1, 2 and 4
hours and the M.I. determined. Mean cell doubling times

were calculated using Puck's formula (1972),

logyp (1 + Ny) = 0.301 (T, + t)/T

fraction of cells in mitosis at any time;

where NM =
T = mean cell doubling time;
Ty = time required for mitosis;

t
n

time spent in colchicine.
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When the "log;o(l + NM)" is plotted against time
(t), one obtains a linear relationship. The slope of
this line equals "0.301/T" where "T" is the mean cell

doubling time.

I1.9. Cell Cycle Detaymination

Seeds were grown either in vermiculite-perlite
(40 ml water/100 ml mix) or in tanks of water. At 86 and
144 hours roots were treated for 1 hour either in tanks
of thymidine methyl-3H - solution (3H-TdR; 1 pc/ml; specific
agtivity = 200 Ci/mmol) or 40 ml 3H-TdR solution/100 ml
vermiculite-perlite. After labelling they were washed in
distilled water and returned to tanks of water or vermiculite-
perlite. Roots grown in water were fixed at 0 to 31 hours
after labelling. Roots grown in vermiculite-perlite were
fixed at 0 to 30 hours after labelling.

The numbers of labelled mitotic cells were determined
and used to calculate both percent labelled mitoses (P.L.M.)
and frequency of labelled mitoses (F.L.M.). For each
sample 300 to 500 cells were scored; 100 cells per meri-
stem. The fraction of interphase nuclei labelled afier
1 hour in 3H-TdR was determinedwo and 3 hours after
labelling; 4 to 6 roots were scored at each time, 1000

cells per meristem.
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Other roots were continuously labelled in 3H-TdR.

Roots grown for 97 hours in vermiculite-perlite were
labelled for 35 and 48 hours; roots grown in tanks of
water for 144 hours were labelled for 24 hours. The
percentage of labelled interphase nuclei was determined
from these roots; 1000 cells were scored per meristem.
Samples of 5 to 6 roots were fixed at all times.
Autoradiographs were prepared as outlined in
Webster and Davidson (1968). 1In qrder to compare grain
counts from different slides, all slides were prepared
and developed at the same time. Mean durations of cell
cycles and of G;, S and G, were calculated from P.L.M.
and F.L.M. curves (Webster and Davidson, 1968). The
intercepts used on the F.L.M. curves were at 50% of the

peak values in the labelled mitosis curves.

I1.10. Staging Cells in G; and G,

Sister cells are seen as doublets in a monolayer
of cells from the meristem; triplets are seen when one
of 2 sister cells produced by the previous mitosis has.
divided (Ivanov, 1971). Cells in G, and G, can be
identified in the following manner: 1) if one cell from
a doublet is in mitosis, the sister cell is most likely
in Gy3 2) if ghe cell from a triplet is in mitosis, the

two remaining cells are sisters and most likely in G;.

. “_’}
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Seeds were grown in tanks of water for 1lu4 hours.

Cell and nuclear sizes were calculated for 50 cells in

Lo

each of 1) prophase; 2) G, and 3) G,.

IT.11. Data Analysis :

I1.11.1. PFrequency Distribution Diagrams (Histograms)

Data was grouped into intervals and the number of

T T e e

data points within an interval expressed as a percentage
of the whole. The interval number was plotted against the
percent frequency of the data within that interval.

The number of intervals was estimated with

Sturges' Rule:

Number of Intervals = Grown Part of [1 + 3.3 log;on]
where n = sample size

Interval size was estimated by:

Maximum Value - Minimum Value
Number of Intervals

Interval Size =

This value was usually rounded off to the nearest

10 or 100 for ease in plotting.

IX.11.2. Comparison of Mean Values and Pairs of

Rata_Folnts

Mean values of 2 samples were compared using the

"Student's t Test" for unknown variances (Bailey, 1959).




A 5% level of significance (P = 0.05) was used.
Groups of paired data points were compared by

calculating a regressign coefficient, slope and "y"

intercept of the regression line on a Monroe (Model 1930) )

calculator (Litton Business Systems Inc., 1974).

II.11.3. Cumulative Percentage Frequency and

Probit Analysis

rd

Data was ranked into éscending order and the
cumulative percentage frequency of a given data point

(Pxi) was calculated as follows:

- P, = Z2= X 100 (Sokal and
b -Rohlf, 1969)
where i = rank
ii = data point at rank i
P, . = cumulative percentage frequency associated
1 with L5 .
. N = number of observations. & -

The cumulative percentage frequency (Pxi) for
individual datg pdiﬁts was plotted on probability graph
paper. If the data points form a straight line’, the
values are ‘thought fo approximate-a normally distributéd-
population (Sokal and Rohlf, 1969).:

: (3 |
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CHAPTER III

RESULTS

III.1. The Onset of Cell Growth and Division During

Germination

Cells in the radicle are activated soon after
the addition of water to the dry seed. The first sign
of cell growth is root elongation. This signals the
transition of cells from a dormant to an active state.
The first part of this study follows cell growth in the
root meristem of V. faba during germination. Growth was
followed by aetermining 1) the time of Enset of DNA
synthesis and the first mitoses; 2) changes in cell and
nuclear size as cells progress'through interphase to
the first mitosis and 3) changes in the protein content
of growing nuclei. The inter-relationships among the
changes in theée parameters with time have also been
determined. The results allow us to consfrqct a picture
of the sequence of events that take place in the meri-
stem during its transition from a quiescent to an active
state. -Thus, the object of tﬁé first part of this
study is to* define the séqueﬁce and nature of the

changes that occur during the initiation of root growth.

27
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All data are from seeds grown in tanks of water, ie.,
they were never plantéd in sand or vermiculite as in

later studies. ¢

IIT.1.1. DNA Microspectrophotomelry

DNA contents of root meristem nuclei were determined
at 24,36 and 70 hours. Measurements made in arbitrary
units (A.U.) on 50 telophase and 50 prophase nuclei show
that cells in Gl;with 2C DNA, had 118 % 32 A.U. of DNA
while cells in G, with 4C DNA, had 234 + 75 A.U. of DNA
(Fig. 4). These values fit éhe expected 1:2 ratio of DNA
contents per cell in G; and G,.

At 24 hours ~78% of the nuclei had 2C DNA, ~16%
had 4C DNA and ~6% had intermediate values (Fig. 1). N
These results show that the sample of V. faba seed used <v)
in this study is similar to those previously studied, ie.
10 to 27% of the cells in the dormant radicle are arrested
in G2 while 73 to 90% of the cells are arrested in G,
(Jakob and Bovey, 1969; Brunori, Avanzi and D'Amato, 1966).
By 36 hours many cells had moved into S and even G
(Fig. 2) showing that DNA synthesis begins$ between 24 and
36 hours. This .agrees with previous observations, using
3H~TdR incorporation, that S began between 28 and 40 hours
(Davidson, 1966).

At 70 hours there was a bimodal distribution of

2C and 4C DNA contents (Fig. 3). By'this time the G,
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Figures 1 - 4

Percent Freguency Histograms of Nuclear DNA Contents

Values of DNA contents are given in arbitrary
units. Each histogram is based on 100 nuclei, 50 from
each of two roots. Telophase and prophase values are
each based on 50 nucilei.

Figure 1: 24 hours
Figure 2: 36 hours
Figure 3: 70 hours
Figure U4: Prophase 8]

Telophase
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population of cells was being added to by mitoses which
occur sporadically at 30 to 40 hours and gradually increase

in frequency at later hours (section III.1.2.).

IIT.1.2. Mitotic Index

The number of cells in mitosis was low up to 36
hours. Between 36 and 110 hours mean mitotic index (M.I.)
each based on samples of 4 to 1l roots, increased from 0.4
1.0 to 5.7 + 3.8, but not in a steady fashion (Fig. 5).
The M.I. in individual roots, *36 to 70 hours o0ld, varied from
0.0 to 18.5 (Table 6). By 96 to 140 hours, however, cells
in most roots were dividing and from 110 hours on mean
M.I. was about 6 to 7 (Fig. 5).

Assuming that the duration of mitosis was 2.5
hours (Section III.1.8) it was calculated %hat, on average,
about 18% of the cells in the meristem had divided by
50 hours. Since estimates of DNA values indicated that
16% of the cells were already in G, by 24 hours, it
appears that the first cells to divide are ones that were
initially arrested in G, in the d£y seed. These cells
took 36 to 50 hours fo complete Gy and enter mitosis.
The remaining ceils in the meristem took more than 50 hours
t§ complete Gy} , S and Gj,. h

Although some mitotic synchrony is apparent when

root meristems undergo their first mitoses, it is not
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Figure 5

Mean Mitotic Index in Roots Grown Continuously in Water

Mean M.I. .+ S.E. based on 164 roots from seeds
imbibed in 5 to 10 mm of water for 24 hours and then
grown in tanks of aerated distilled water for 20 to
152 hours. Sample sizes ranged from 3 roots at 20 hours
to 46 roots at 50 hours. The mean number of roots used
for each point was 1u. .

P
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mitotic synchrony that is their most striking feature
but rather the variation in mitotic activity from root to
root. Parallel with this variation in onset of mitotic

activity there is variation in root growth.

IIT.1.3.

In the early stages of germination, ie., 24 to
70 hours, root lengths were highly variable (Table 6).
In a sample of 4 roots, 70 hours old (Table 6, sample I),
2 roots were short, 5 to 6 mm long and had a mean M.I.
of 2.9 while 2 roots were long, 21 to 22 mm and had a
mean M.I. of 8.2. This observatiéﬁ Yed to an examination
of the relationship between root length and M.I. (Fig. 6).
In roots 50 to 70 hours old mean M.I. increased
more or less linearly from 0.3 to 7.8 in roots 3 to 13.5
mm long. The only point well outside of this increase
occurred in roots 7 to 8 mm long; this was due to a
wave of mitotic activity. Even including the point
from 7 to 8 mm roots, the correlation coefficient between
root length and mean M.I. was 0.88; the slope of the
line was 0.67 with a "y" intercept of —0:86. This
shows that in the first 50 to 70 hours of root growth,
root léngth was a fairly reliable indicator of M.I,

This agrees with the observations of Bryant (1969) on

germinating seeds of Allium cepa.
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Figure 6

Mean Mitotic Index Plotted Against Mean Root Length

Data from 99 water grown roots, 50 to 70 hours
old was used to calculate mean M.I. * S.E. for roots 3
to 13.5 mm long. Values at 10.5 to 12.5 mm are based
on 2 roots per point; the value at 13.5 mm is based
on 1 root. No standard error is given for roots longer
than 8.5 mm.

B N,
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In roots 18 to 60 mm long and 144 to 175 hours
old, the mean M.I. was 7.2 (Table 6, Sample IV). This
value is similar to that in roots 11 to 1% mm long (Fig. 6)
and it suggests that once roots reach a length of 11 to 1k
mm the M.I. no longer fluctuates to the extent séen in roots
3 to 10 mm long; mitotic activity settles into a more or
less uniform pattern and the me;}%tem shows the steady
state kinetics of a mature, growing root.

Thé onset of a stable pattern of cell division in
the meristem indicates that cells have also attained a
stable growth pattern. Changes in cell growth during
germination were monitored by following changes in cell

.

area (section III.1.u4.).

IIT.1.4. Cell Area '

It has beén shown that up to 30 hours most cells
are still in G, (Fig. 1, cf. Fig. 2), M.I. is 0 (Tables 6
and 7) and mean root length is 3.8 # 0.4 mm (Table 7). 1In
30 hour old roots mean cell area was 574 + 281 wm? (Table
7). Mean celi area was almost the same at 70.3 hours,
558 wm? ‘but had decreased significantly (p > 0.05) to .
482 + 198 um? by 96.3 hours (Table 8). Sinée this occurs
in a period when M.I. is increasing (Fig. 5), it suggests
that this.pe?iod is one in which importagt changes take .

place in the meristem; ie., as cell proliferation increases

~
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overall cell growth decreases. In other words, the size
reached by cells as they completed the first mitosis
was not reached by cells at the second mitosis. Also,
during the period from 70 to 96 hours the meristem forms
a steady state, asynchronous population.
The decrease in mean cell area be&tween 70.3 and
96.3 hours could result largely'from a change in the
relative proportions of cells in G, and G,. This, however,
was not entirely responsible for the observed decrease.
The size of cells in prophase between 50.3 and 96.3 hours
shows a steady downward trend; mean prophase cell area
decreased from 907 + 331 ym? at 50.3 hours to 520 % 182 um?
at 96.3 hours. This decrease was significant even between
50.3 and 60.3 hours (p > 0.05). There was also a parallel
reduction in 1) the range of cell areas and 2) the size
of the largest cells seen in prophase between 50.3 and
96.3 hours. Furthermore, of the prophase cells at 50.3
hours, 18% of them had larger areas, 1171 to 1861 um?,
than the largest prophase cell at 96.3 hours, ie., 1139 um2.
The data from the prophase ce}ls confirms that
aé the daughter cells produced by the first wave of
mitoses progressed fhrougﬁ interphase they did not double
in size. Thus, within.the first two cell cycles in the
newly emerged radicle,fhefe was a reduction in cell

cycle duration and a parallel.reduction in the area of

)
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both interphase and prophase cells. The gradual reduction
in prophase cell area also shows that there is not a
constant cell size that must be achieved before a cell can
enter prophase. This conclusion does not support the
concept derived from studies of micro-organisms of a
critical size control over cell cycle events. Such studies
also suggest that nuclear size may be -important in con-
trolling cell cycle events (Yen and Pardee, 1979).
Consequently, a parallel study of nuclear size during

germination was performed.
III.1.5. Nuclear Volumes

Nuglear volumes were determined between 2% and
896.3 hours; a total of 70 roots from 3 samples were scored.
Between 24 and 36.3 hours mean nuclear volume was remark-
ably constant, 751 to 794 um3 (Table 8, Samples I and II).
Since these values are based on 3500 nucleil the consistency
in mean nuclear volume is not likely to result from a

sampling error. This implies that there is little or

no growth of nuclei between 24 and 36 hours; ie., up to

the time when they enter S phase (Section III.1.1.).

. From 36 to 70 hours mean nuclear volume increased,
%hough there was some variation between samples, ie., at
60 hours mean nuclear volume decreased (Table 8). Mean

volume of prophase nuclei also varied from sample to sample

Ja
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(Table 8; Sample II, cf. Sample {yﬁ at 50 hours). One
factor contributing to this variation was the time at
which cells began to divide. In samples with a high M.I.
mean volumes of both interphase and prophase nuclei were
lower than in samples with a low M.I. (Table 8; Sample II,
cf. Samples I and III). It appears that when entry into
mitosis is delayed nuclei continué to grow.

Additional factors contributing to variation in
nuclear volume are 1) the rate of nuclear growth once cells
enter G, and 2) the duration of S and G, once cells enter
their second and third cell cycles. A comparison of values
for individual roots 96 and 96.3 hours old shows that even
in roots of similar lengfhs medn nuclear Qolumes may be
strikingly different (Table 9; cf. roots 6,7 and 15 mm loﬂg
from Samples I and III).

Both internal and extegnal factors probably .
contiibute to the observed variation in root, cell and
nuclear growth. Although the imternal makeup of a cell
is determined genetically, the combined effects of minor
fluctuations in the environment during germination seem
to give rise to a population of roots with distinect physio-
logical differences. These differences are the conse-
quences of sampling roots with slightly different histories.
Evidence that minor changes in the environment exert effects

that contribute to the observed variation is considered in

S =
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Table 9
Nuclear Volumes in Individual Roots

Root length, mitotic index and mean nuclear volume
were determined for individual roots at 96 and 96.3 hours
of germination. All beans were placed in 5 to 10 mm of
water for 24 hours and then grown in tanks of aerated
distilled water. Mitotic indices are based on 1000 cells
per meristem. Nuclear volumes at 96 hours are from 126
cells per meristem and at 96.3 hours from 100 cells. The
data is from .the same roots used in Table 8.

Root | Mitotic Nuclear volume
length index mean + S.D.
(mm) (um3)
Sample I
6 : 0. ‘ 526.0 + 207
7 2.1 ‘ 811.7 * 271
9 ) 5.4 683.0 = 238
14 5.4 619.0 * 248
15 5.8 588.0 = 222
20 4.4 ‘ 740.0 % 312
Sample II
6 0.4 1249.0 + uug
7.§ 0.2 1252.0 + 593
16 5.2 | 970.0 + 360
15 ~ | 7.8 880.0 + 283
26 .8.6 931.0 ¢ 39§

33 ' . 5.2 779.0 + 293
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section III.2. Differences in nuclear growth as they
relate to cell growth during germination are examined

next.

ITI.1.5.1. Nucleo-cytoplasmic ratios

Another way of examining cellular changes in the
meristem during germination is to follow changes in the
relationship between nuclear and cell size. During germ-
ination the ratio, mean nuclear area:mean cell area,
increased in prophase cells (Table 10). In interphase
cells the ratio also increased but fluctuated somewhat
(Table 10), réfleéting in part variation in the develop-
mental stage reached by d?fferent roots at different
times. When roots were grouped on the basis of increasing
length, ie., 3 to 20 mm, then two trends became obvious:
1) mean cell area decreased while mean nuclear volume
remained more or less constant (Table 11), and 2) the‘
ratio mean nuclear area:mean cell‘area ihcreased. The
ratio was 0.157 in 3 mm roots-and 0.222 in 20 mm roots
(Table 11).

Increases in the nucleo-cytoplasmic ratio were
ﬂpara;leled by increases .in the slope of a best fit line
drawn through a plof of cell area against nuclear vélume
(Table 11). The slope value, "m", increased from 0.87

in 3 mﬁ roots to 1.67 in 20 mm roots. When cell and
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Table 10
Nucleo-cytoplasmic Ratios in Germinating Roots

The mean M.I. and mean nuclear area to mean cell
area ratio of interphase and prophase cells were calculated
for roots imbibed in 5 to 10 mm of water for 24 hours and
then grown for various lengths of time in tanks of aerated
distilled water. Nuclear areas were estimated as the 2/3
root of the nuclear volume (NV2/3). Original nuclear volumes
are given in Table 8 (Sample I), cell areas are given in

Table 7.
Time Mean Nuclear area/Cell area
(hours) M.I. . ‘Interphase Prophase
30.3 0.0 0.147
36.3 0.0 0.153
‘ Y 50.3 5.1 , 0.141 0.128
60.3 2.5 0.123 0.130
70.3 5.5 \ 0.163 0.189

96.3 N R 0.157 0.197

i

!
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nuclear size were compared in the 14 samples of roots 3
to.20 mm long, the mean correlation coefficient # S.ﬁ?\wes
0.73 + 0.09. This indicates that there was a reasonably\
good correlation between these two parameters within each
sample evyen though the relative proportions of cells in
Gy and B, differed in different roots. In general, these
results show that the relative size of cells and nuclei
changes in a progressive fashion as roots become longer
and older.

. The most marked deviations from the general trends
shown in Table 11 occurred in roots 6 mm long. In these
roots, the nucleo-cytoplasmic ratio, the slope "m" value

and the correlation coefficient are all lower than in other
roots. The fall in these values appears to coincide with

the onset of mitotic activity and, therefore, with a change
in the relative proportions of cells in G;, $ and G,. This
suggests that the nucleo-cytoplasmic relationship is

related, in part, to position in the cell cycle.

In root meristems individual cells cannot be studied
over a cell cycle but mean values for G;, G, and prophase
cel%s can be determined (Materials and Methods, section 10).
A comparison of valueé from these three stages shows that
the ratio, mean nuclear area:mean cell area, was high in
Gl? degreadsed in G, and rose again in prophase. A plot

of cell area versus nuclear volume for each- group of cells
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(Fig. 7a) also shows that points from G; and prophase tend
to fall on the same line while cells in G, produce an
intermediate band of points whose slope is less than that

of either cells an G, or prophase (Table 12). The combined
distribution of points in G; and G, exactly overlap aorandom
sample of cell area platted against muclear volume for the
same roots(Fig. 7b). This suggests that changes in the
nucleo-cytoplasmic ratio occur tﬁroughout the cell cycle and
that, in turn, these changes result from differences in the
relative rates of growtﬁ of nuclei and cells at different
phases of the cycle.

In samples of G;, G, and prophase cells taken from
two roots (Table 12) both nuclear volume-and cell area
increased, as expected, from G; to prophasé} However, since
the cells scored as G; are identified because they have
already begun their cycle of growth and prophase cells have
not yet completed their cycle, the period of growth that
separates the G from the prophase cells scored in these
samples must be slightly less than one complete cell cycle.
Mean area of prophase cells was 1.7 to 1.8 times larger
than that 6f G; cells (Table 12) suggesting that the in-
terval sepérafing the two stages represented in these samples
was qnly 0.7 to 0.8 of a cell cycle.

The G; cells scored should be daughters of cells

similar to those seen in prophase and should be approximately

'

e AN T T T B
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Figure 7 -

Cell Area Plotted Against Nuclear Volume for Cells in
Gy, G», Prophase and Interphase

A. Nuclear volumes and cell areas for 50 cells in each
of G;, A, Gy, 0, and prophase, @ . All values are
from 1 root, 38 mm long and 144 hours old.

B. Nuclear volumes and cell areas from 100 randomly
chosen interphase cells from the same root as
scored in A.
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half the size of the prophaée cells. When the minimum and
maximum valuesmgf prophase cells were halved the values
obtained were close to the minimum anq maximum values
seen in G; cells. This confirms that both mean cell area
and the spread of values for G, cells are close to half
those seen in prophase cells.. |

Mean nuclear volumes in G, cells were 1.63 to 1.77
times larger fhan those in G; cells but the mean prophase
nuclear volumes were 2.1 fo 2.3 times larger (Table 12).
In both sambles nuclei showed a 22% increase in volume
between G, and prophase. It appears, therefore, that fhere
is a burst of nuclear growth towérds the end of G, and in .
prophase but it is not accompanied by a parallel increase
in the rate of cell growth. The results from this analysis
show that nuclear and’ cell growth in meristematic cells, as

in Amoeba (Prescott, 1955) are not synchronous throughout

the cell cycle. In addition, as seeds germinate, the

' nucleo-cytoplasmic ratio increases until the meristem becomes’

an asynchronous. steady state system.

. III.1.6. Nuclear Proteins

-We now turn to consider whether changes in nuclear
. P
size during germination result solely from hydration or
whether they reflect parallel changes in macromolecular

constituents. For this study; protein contents of  individual

.
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nuclei were determined. All values are expressed in
arbitrary units (A.U.).

From 20 to 50 hours of germination the mean nuclear
protein content increased from 54:6 t 17.6 to 68.5 + 22.8 A.U.
(Table 13). The modal value also increased from 45 to 70 A.U.
(Figs. 8 and 10) and there was a striking increase in the
range of values. The range was 32 to 104 A.U. at 20 hours
and %30 to 158 A.U. at 50 hours (Table 13).

In most proliferating cells thére is a po;itive
correlation betWween nuclear size and protein content
(section III.5.2.) but during the early Stages of root growth
this correlation is not very strong. The mean'protein
content of nuclei increased by 24% from 20 to 50 hours while
mean nuclear area increased by only 4%. Within one specific
size class of nuclei, e.g., 82 um?, ﬁean protein content was
50.9 + 7.7 A.U. at 20 hours but had increased to 64.6 % 14.0
A.U. at 50 hours (Table 14); thus protein content changed
‘without a pafalle% change in‘nucleaf size.

’Protein content of nuclei also changed between
50 ané 144 hours (Tables 13 and 14; Tigsz‘lb,ll and-12),

but in this case nuclear protein contents decriéased without

a parallel decrease in nuclear size. The change in mean

protein content of nuclei from 50 to 144 houns, ie., from
68 to 38 A.U., qﬁggests, at first glance, merely a change
in thé relative ‘proportions of 6; and Gy nuclei. This,

I
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Figures 8 - 13

Percent frequency Histograms of Nuclear Protein Contents
at Variqus. Times During Germination

i . All seeds were imﬁibed in 5 to 10 mm of water
or 24 hours and then ‘grown in tanks of aerated dis-
tilled water. FEach sample consists of 100 nuclei isolated

from 5 root meristems. Nuclear protein was measured in
arbitrary units (A.U.)

Figure Time from addition
. of water (hours)
8 ‘ 20
9 | . 36
o 10 ‘ 50
11 B ' 68 '
12 . 96

13 14y
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Table 13
Nuclear Protein Conten'ts in Germinating and Mature Roots

Mean nuclear area, range in nuclear area, mean nuclear
protein and range in nuclear protein contents were determined
at various times during germination. Each sample was of 100
nuclei. All seeds were imbibed in 5 to 10 mm of water for -
24 hours and then grown in tanks of aerated distilled water.

Time from Nuclear area Nuclear protein

addition of (um2) : (A.U.)

(gggiz) mean * S.D. range mean * S.D. range
20 - 97 + 28 60 - 172 55 + 18 32 - 104
36 97 % 27 52 - 156 62 + 25 34 - 150
50 101 + 24 62 - 177 68 % 23 30 - 158
68 102 + 24 62 - 169 50 + 17 19 '~ 89
96 36 + 18 62 - 145 43 & 1 19 - 83

1y 89 + 21 ~ 52 - 171 38 & 11 18 - 61

»/
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however, cannot be the only factor contributing to changes

in protein contents. If nuclear protein content was related
to phase of the cell cycle, then the range of protein
cbntents should be the same at all times in an actively
growing’meristem. The data shows, however, that betwsen

50 and -144 hours the range of protein contents dndergoes a
marked contraction: it is 30 to 158 A.U. at 50 hours and
only 18 to 61 A.U. at 144 hours (Table 13). Similarly, for
each individual size class of nuclei mean protein content
shows a progressive decrease from 50 to 144 hours (Table 14).
It must be concluded from this observation that the average
concentration of broteins, per unit volume of nucleus,
decreases as the population of cells develops into an
asynchronous, steady-state system. These changes suggest
that the process of germination includes a reorganization

in nuclear physiology. In part, these changes may be related
to changes in cell cycle kinetics. Additional evidence
bearing on this question is considered in the next two
sections which present data on cell cycle changes in the

mature root.

“

III.1.7.

In germinating beans, root meristem cells take 36
to 70 hours to complete their cycle and then undergo mitosis
(Fig; 5; Table 6). In order to understand the changes 'in

=
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cell and nuclear sizes that occur betwéen 50 and 144 hours,
it was necessary to obtain estimates of cell cycle durations
in the second and third cell cycles.

The first parameter to be estimated was mean cell
doubling time in the meristem. This can be done by
determining, in the presence of colchicine, the rate of
accumulation of cells in mitosis. If all cells divide,
the mean cell doubling time is equivalent to the mean cycle
time for the population. As the propogtion of proliferating
cells within a population, ie., the growth fraction (G.F.)
decfeases, the mean cell doubling time increases and exceeds
the actual mean cycle time of the proliferating cells.

Where G.F. <l the mean doubling time is not a true estimate
of the average cycle time of proliferating cells.

Roots grown in water for 148 hours were placed in
0.05% colchicine for 1, 2 and 4 hours. An estimate of the
average population doubling time was made using Puck's
a¢cumulation function (Puck, 1972). “The meén doubling
time for all roots examined was 38.8 hours. Thus even
if non-cyecling cells were present, the mean .cell doubling
time of roots 1lu4% hours old was less than the period
most meristematic cells needed to complete their first
cell cycle. This means that cells must ﬁomplefe their
gsecond or third cell cycles faster than they éomplete

the first cell cycle.  'This décrease results in a reduction
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in the time available for cell growth and it is interesting
that it is paralleled by decreases in cell area (section
II1.1.4), nuclear volume (section III.1.5) and nuclear
protein contents (section I1I1.1.6) seen during germination.
Roots grown under the same conditions elongate
at different rates (section III.1.3). This may reflect
differences in the rate of cell production in different
root meristems. Roots 14 to 41 mm and 45 to 72 mm long
were treated with 0.05% colchicine and the mean cell
doubling time determined. In short roots cell number
doubled in 54.7 hours while in long roots the mean doubling
time was 30.6 hours. This shows that:- the rate of cell
production in the meristem was related to root length.
The rate of cell production in long roots is clearly

greater than in short roots.

I1I1.1.8. Cell Cycle Duration in the Mature Root

Meristem
IR RN R

Some cells in the root meristem of V. faba are
non-cycling (Webster and Davidson, 1968). When growth
fraction (G.F.) is <1, 3H-TdR labelling provides-a more
accurate estimate of cell cycle duration than cell doubling
times obtained with coichicine. Roots grown in water

for 1uu hours were placed in- 3H-TdR for 1 hour, washed

" and then returned to aerated distilled water. Roots were
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sampled 0 to 31 hours after treatment with 3H-TdR.
During the experiment the mean M.I. at the time
of sampling fluctuated between 5.1 + 1.2 and 9.8 * 2.8;
the mean M.I. averaged over the entire experiment was
7.2 * 2.5 based-on 47 roots. Fluctuations in the M.I.
distorted estimates of the percg;t labelled mitoses (P.L.M.)
at any time, making it difficult to estimate cycle duration
with the degree of accuracy usually achieved with 3H-TdR
labelling. For this reason the analysis wés performed on
a -frequency of labeiled mitoses (F.L.M.) curve (Fig. 1u).
Sﬁis curve ‘follows the frequency of labelled mitoses for
h;hose cells which were labelled in S during the 1 hour
pulse of 3H-TdR andxis less sensitive to variation in M.I.
than %he P.L.M. curve. |
The mean cyclé time (Tc) was estimated from the
F.L.M. curve to be 23.4 hours. Thé mean duration of S
(Tg) plus the labelling time (TL) was 10.6 hours'and

since TL was 1 hour, TS was 9.6 hours. '

An estimate of the propoftion of cells in § pﬁase
at any’ time is made by defermining labelling index (L.I.);
ie., the percentage of cellsvlaﬁelled after a pulse
exposure to 3H—TdR.' L.I. was determined for individual
roots at 0 and 3 hours after 3H-TdR. The mean L.I. based
on 1000 cells from each of 9 roots Qas 31 + 9%; ie., 31%

of the cells were in S at the time of labelling.

*
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Figure 1u

Percent Labelled Mitoses and Frequency Labelled Mitoses

at Various Times after Treatment with SE~TdR

Seeds were imbibed in 5 to 10 mm of water for 24
hours and then grown in tanks of aerated distilled
water. Roots 144 hours old were placed in 3H-TdR for
1 hour and fixed 0 to 31 hours after the pulse. Each
valye is"based on 100 mitotic cells from each of 3 to
5 roots. Standard errors ‘are given for the frequency
labelled mitoses data.

Percent Labelled Mitoses (PLM) o,

Frequency Labelled Mitoses (FLM) .
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‘The fraction of labelled cells ranged .from 0.72 to 0.80

. @.p. = curve over 1 cell -cycls
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v

An estimate of the mean L.I. can also be obtained

from the equation:

L.I. = 1In 2 (Ts + TL) (1)
TC (modified from

Clowes, 1971)

From the F.L.M. curve we know that:

10.6 hours

i

TS + TL

TC .23.4 hours

Substituting in equation (1), the mean L.I. is estimated

to be 31%. This value is jdentical to that obtained from

the labelled cell method. .

An estimate of G.F..can be obtained by determining -
the'numbgr of cells that pass through DNA synthesis over

an extended labelling period. Cells were labelled in

3H-TdR for 24 hours snd the fraectian of labelled cells

calculated. By this method the G.F. was estimated to be
0.76 + 0.03, based on 1,000 cells from each of ,7 roots.
T s .ot
in roots.Z1 to 57 millimeters long.
Growth fraction can also be estimated from the
formula: "

the 'weight of the area under the M.I.

"% The.weight Of the area under THE,T.L.HM. in 2
"~ ’ecurve over 1 cell cygle - . C
| - | (modified from
- Clowes., 1971)

.
»

[ ¥

X L.I. (2)°

. P
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where the area under the M.I. curve weighed 1.264% grams;

the area under the F.L.M. curve weighed 0.8223 grams, and

L'I' : 31%.

Substituting these values in equation (2),

G.F. = 0.70

This value is in good agreement with the value obtained

after continuous labelling.

If we assume that the G.F. was .0.76 as estimated

by continuous labelling then the duration of mitosis

(Tm) can be estimated by:

m

In (1 + G.F.)

where-é.F.

= 0.76
M.I. = 7.2
To = 23.4 hours

Substituting these values in equation (3),

Th é 2.27 hours .

T = McI- X TC (GOFO) > (3)
(Clowes, 1961)

Knowing T, We can find the mean ‘duration of Gjy:

| (TGQ). From the F.L.M. curve (Fig. 14) we obtain:

v

'Tsz + T, = 6.6 hours T
2 ¥ ’

Substituting for Ty  we dbtain,‘TG2 = 5.5 hours.

B E]
EN

(4)

e ot e e e Aepoi

[ ——
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"where: G.F.
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The first 1abél;éd.cells seen iq mitosis were
present at the end of the 1 hour pulse wf%ﬁ 3H-TdR. They
were lightly labelled but they had progressed from S to
mitosis in 1 hour; this period is taken to be the minimum
duratlon of Gz. |

We have seen that the mean populatlon doubling
time (TDT)'was estimated to be 30.6 hours by colchicine-

induced accumulation of mitoses (section III.1.7). We can

estimate the mean cycle time for the population of cycling

cells (Tcycl by:

G.F. xT

-3
"

(5)
(Clowes, 1875)
0'76

T

DT 30.64hours

substituting in equation (5), we obtain

;’cyé' = 23.1 hours
The F'L M. estimate of cyecle time. wgs 23.4 hours.  This
suggests that the data from the F.L.M. curve represents
an average of the entire p0pulat10n -of cells.

| . It is, known that 7, faba merlstems show cell cycle \"
heterogeneaty. they contaln whgt haye-heen defined as

fast and slow cycling cells (Webstef and Da&idson, 1968).

An attempt Was made to determlne.the contrmbutlon f these '

varlous cell types to the merlstem at 148 houns.' An

PV SR Vv S S R s T o
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estimate .of the mean cycle time of fast cycling cells

'(TFC) can be obtaiﬁed from:

the weight of the area under the M.I.
T . curve over 1 cell cycle '
FC - the weight of the area under the F.L.M.
curve over 1 cell,cycle

) (6)

X (Tg + Ty

(Clowes, 1971;
1975)

where the area under the M.I. curve weighed 1.264 grams,

the area under the F.L.M. curve weighed 0.8223 grams,

Tg + TL = 10.6 hours
substituting in equation:(s), we obtain: ' ‘

TPC = 16.3ihoups‘ «

An estimate of the proportion of all cycling

cells that were fast cycling (PFC) is given by:

T .
PFC = -——-FC . ‘ (7)
. Teo (modified from Clowes,
1971; 1975)f

16.3 .Nours

i’

where@TPc

1

-TC 23.4 hours

Substitdting in equation (7), we obtain
PFC = 0.70 -

fhis means that 70% of the cycling cells were fast éycling

while’sﬂ% of the'cyciing'cel;é'were slow,cyéiing."Because

the écﬁuaj_GlF. was 75.6%,° as gstimatédJﬁrdﬁ the continuous

e o Klhn s e A %
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labelling method, then 24.4% of the cells in the root
were non-cyeling; 22.7% of the cells in the root were
slow cycling, and 52.9% of the cells in the root were
fast cycling.

Since 1) the time estimates obtained from the
F.L.M. curve appear to be for the entire populatioz of
eycling cells, and 2) the majority of the cycling cells
were fast cycling and should have contributed most to
the F.L.M. curve, this implies that the distributions of
the duration of S + G, for both fast and slow cycling
cells overlap in water-grown ro&ts. This '‘prevents an
interpretation of tﬁe F.L.M. 'curve in terms only of contri-
butions from fast cyecling cells;

The fluctuations in the mean M.I..duriﬁg the
experiment may have ;ontributed to some error in the
estimates given gbove. _This error is assumed to be
minimal because of the internal agreement in the estimateé,
of G.F. and L.I. with the values obtained from -the
. " . P :

These results show that cells in the root meri-
stem not 6niy'vaﬁy ip cell area, nﬁéleér volume and total
nuclear ppotein‘cénfent (sections III.1.9,21.§ qnd 1.6)

3

‘bux also in cell cycle durétion,\ie., the mature meristem

-

contains fast, stow and non-cyoling cells. This agrees
. * . ‘ \ . . ' . ‘e ‘ N .

with previous observations of rodt meristems (Webster and

-
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-Davidson, 1968; Macleod, 19?1;'Evan8 and Van't Hof, 1975).
Actual estimates of G.F., L.I., and cell cycle duration,
however, do vary from those given in the liferature
(MacLeod, 1971; Miller, Brulfert and Kaufman, i978; Howard
and Pelc, 1953). The following sectién shows that some

of these differences can result from’differences in the

1

ambient water supply. during germinatio# and root growth.

~ Lo
|

IIT.2. Changes-in the Amount of Avail%blé Water During

\ :
. ) |

Germination _ |

\

The amount of water available'ddring germination
has been shown to influence seedling growth (Davidsoﬁ,
Eastman and Thomas, 19763 Davidson, 1979). The following
experiments were performed in order to détermine‘ﬁow
changes in Fhe émbienf water a§§ilah;e during germination
influencés M.If, cell aﬁea, nuclear. volume, nuclear -

protein ‘content ahd the rate of cell division in the

-meristem.

IIT.2.1. Effect of the Ambient Water Level During

the First 24 Hours of Germination

Seeds of V. faba were placed ifi dishes in which

-

the water was S,'Ioland 20 mm deeﬁ.- After 24 hours- they
were transferred to tanks: of déﬁatéd diétilled water.
Root léngths and‘M;I.fwéne'méagqredfa%fgo; 60 and 68 hours

sl

4

R, S

f
. s - LI
- . ‘ - . *

e =

N e
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of germination. At all times e%amined (Table 15) both

the mean root length and mean M.I. were higher in seeds
originally placed in 5§ or 10 mm of water than in seeds
sown in 20 mm of water. ﬁn fact, apart from the M.I.

at 50 hours, séeds sown in 5 mm of water had longer roots
and a higher M.I. than seeds sown in 10 mm'of water (Table
15). This means that more cells had divided by 68 hours
when seeds were imbibed in 5 mm éf water than in 20 mm

of water; ie., the time taken to complete the first cell

cycle' is much longer in seeds sown on 20 mm than on 5 mm

of water. This suggests that the response to different

volumes of watgr is initiated at the very onset of germination.

I1I.2.2. The Effects of Changes in Water Levels

After 24 Hours of Germination

III.2.2.1. Root lengths and mitotic index '

Seeds were imbibed in 5 mm of water for 24 hours

" dhd then grown in sand or in a 1:1 mixture of vermiculite-

and periite %q which 20 to 55 ml of water were added per
100 ml of substrate. As with material grown-continuously
in water (section II1.1), seeds grown in moistened sand:

show an increase in both mean M.I. (Figure 17, cf. Figure

“5)‘and mean root length (Figure 18,.¢f. Table 6) with time

L]

'dhring,the'initial stages ‘of germinaiion. Similarly, there-

*
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was a close relationship between mean M.I. and root length
(Figure 19, cf. Figure 6).
Both mean root length (Figure 15) and mean M.I.

(Figure 16) were affected by the amount of available water

and both values were highest with the lower volumes of

water tested. At 70 hours of germination a maximum mean
root length of 9.9 * 5.8 mm was obtained in 25 ml of water/
100 ml of sand and 12.1 ¢ 6.2 mm in 40 ml water/100 ml

vermiculite-perlite (Figure 15). Similarly, a maximum

-mean M.I. of 9.9 + 6.4 was obtained in 30 ml water/100 ml

sand and 9.2, 5.9 in 40 ml water/100 ml vermiculite-perlite

‘(Figure 16). These results show that high water levels
decrease both the rate At which cells enter mitosis and
the rate of root growth. This means that cell cycle times
for‘theée cells wére lengthened.

" The mean M.I. for roots grown -either in 25 ml water/

100 ml sand or in tanks of water reached a maximum in i
A s S
roots 7 mm long and. then fluctuated about a plateau level

¥

 _in longer roots (Figure 19, cf..Figure 6). Roots longer

than about 4.5 mm, however, had a higher mean M.I. wheh:

grown in-sand than when growrn continuously in water.
‘Thé séﬁd—grown roots also reached a plateau M.I. about

1. X higher than that reachéd by roots grown in tanks of

water, ~These reéults'éhow_that both the height of tﬁé

first ﬁeak and ,the plateau 1evé;~6f the M.I. are influenced

o [

a

e

s

) pe——— g AT s s e o S o
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Figure 15

Root Length of Beans Grown in Sand or Vermiculite-
perlite Containing Various Volumes of Water

Seeds were placed in 5 mm water for 24 hours and
then grown either in sand, A or vermiculite-perlite (1:1),
o moistened with various amounts of water per 100 ml dry
substrate. At 70 hours mean root length (mm) *+ S.E. was '’
determined for 77 to 109 roots at each water volume.



e MR e SR Tem

MR A B

e

- ROOT
N
l

S .
[ '

LENGTH (mm)

()
|

N
|

=
1

79

00)
]_‘

| o

25

LN

30 3 40 45 50
WATER (mbl) - .




Figure 16

Mitotic Index of Beans Grown in 8and or Vermicdlite-
perlite Containing Various Volumes
of Water

Seeds were placed in 5 mm water for 24 hours' and
then grown either in sand, A or vermiculite-perlite (1:1),
T o moistened with various amounts of water per 100 ml dry
: substrate. At 70 hours mean M.I. & S.E. was determlned
Lo for 10 roots at each water level,
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. Figure 17 E
> “~\

Increase in Mean Mitotic Index with Time . <

.

Mean M.I. % S.E. was determined for seeds placed
in 5 mm of water for 24 hours and thgn grown in sand
(25 ml water/100 ml sand) for 50 to 70 hours. Ten roots
were sampled at each tlme )
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Figure 18 ) )

Increase in Mean Root Length with Time

Mean root iength + S.E. was determined for seeds

placed in 5 mm of water for 24 hours and then grown,
"in sand (25 ml water/100 ml sand) for 50 to 76\@ours.
Each point is based on 77 to 111 groots. ‘
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. Figure 19

Mean Mitotic Index Plotted Against Mean Root Length

Mean root length and mean M.I. t S.E. were
determined for seeds placed in 5 mm of water for 24
hours and then grown in moistened sand (25 ml water/
100 ml sand) for 50 to 70 hours. Each M.I. is based

on 1000 cells per root. The average sample size was
13 roots per point. .
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by the amount of water available during the initia

stages of root growth. The following section shows how

R 4
these changes affect cell and nuclear growth in the meristem.

I11.2.2.2. Nuclear volumes and cell areas

‘ben order to determine the extent of the effect of .
water availability on cell and nuclear growth the following
study was carried out. Beans were sown in water, 5 mm
deep, for 24 hours and then grown in ?ither 1) tanks of
aerated distilled watér; .2) moistened sand, 25 ml of water/ .
100 ml of sand, or 3) verm%sﬁlite-perlite, 40 ml of water/
100 ml of mixture., The effects of these growth conditions
on nuclear volume, cell area, nuclear protein contents '
and cell cycle kinetics are given in sections III.2.2.2,
to III.2.2.5.

Between 36 and 70 hours of germination nuclei

from sand-grown roots show an increase in size similar

to that seen in roots grown continuvously in water (Sample
II, Table 16, cf., Samble I, Table 8). By 96 hours mean —
nuclear volume reached a plateau level, ie., at 96 and

132 hours the A;an nuclear volume in'sand—grownfroots‘was
1148 and 1125 um3, respectively (Sample III, Table 20).
Mean cell area was also constant during this time (Séﬁple
III, Table 20). This lack of variation both in nuclear

and cell size suggests that root meristem célls, 96 hours

.old, are both asynchronous and steady state.
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; The mean nuclear volum? for sand-grown materlai\
x\/hined at 96 hours ranged from 971 to 3148 um3 (Samplé&
I, Table 16 and Sample III,Table 20). These valueS over-
lap those of roots grown continuously in water (Table 8).
This overlap suggests that the amount of water available
to roots is not the only factor controlling nuclear growth.
Also;, because the mean nuclear volume in mature roots
grown under similar conditions was variable, a comparison

© of absolute values from one sample to the next may not
always be meaningful,

It has already been shown that the mean M.I. of
roots gro&n in tanks of wFter tends to be lower than that
of roots grown with less available water (section III.2.1).
‘Both méan interphase‘and prophase nuclear volumes were
also lower in roots grown continuously in water than in
roots gfown with less water (Samples II and III, Table
16); at 144 hours tﬁe mean volumes of interphase nuclei
in vermiculife—perlite and water grown roots, ie., 1381
+ 744 and 1029 * 368 um3, were significantly different
(P > 0.001). Inlcontrast, mean cell areas from roots
grown continuously in water were larger'than those of
roots grown iﬁ sand or vermiculite-perlite (Samples II
asd III, Table 16). This means that the response of cells

and nucleil to a change in available water is differential,

ie., whereas nuclei are larger, cells are smaller in roots



grown in low amounts of water than they are when. roots

are grown continuously in water.

II1.2.2.3. Nucleo-cytoplasmic ratios-

It has been shown that both cells and nuclei grow
at differeﬁt rates with different amounts of a;ailable
water (section III1.2.2.2). 1In addition to a change in the
size of cells and nuclei grown under different environmental
conditions the-relative size of cells and nuclei also
changed. At 50 and 144 hours of germination the ratio,
mean nuclear area:mean cell area was lower in roots grown’
in tanks of water than in roots grown either in sand or
vermiculite-perlite (Samples I and II, Table 17). All
other sand and vermiculite-perlite grown roots (Samples
IIT and IV, Table 17) also had higher nucleo-cytoplasmic
ratios than water—growﬁ roots. This means that nuclei

from roots grown in low volumes of water tend to occupy

more of the cell than nuclei from roots grown in tanks

of water. . \\\\

The nucleo-cytoplasmic ratio changes during the ,

cell cycle (Table 12) and so if cell cycle kinetics are \\\\

)

altered by different growing conditions, t nucleo-cyto-
Y

plasmic ratio might also change wher the proportion, of

cells in any phase of the cycle chan es. Prophase occurs

at a fixed point in the cell cycle. Cons&quently, because
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Table 17

Cell and Nuclear Growth in Roots Grown in Water, in Sand

’

or in Vermiculite-perlite '

Nuclear area:cell area ratios are given for seeds
placed in 5 mm water for 24 hours and then grown in either
1) tanks of aerated distilled water, 2) 25 ml water/100 ml’
sand or 3) 40 ml water/100 ml vermiculite-perlite for
various periods of time. Vdlues are given for both inter-
phase and prophase cells. Nuclear areas were calculated as
niclear volume?/3,

s

—

Roots ’ Time Nuclear area:Cell area
grown in (hours) Interphase Prophase
Sample I
Water 50 0.1uy ' 0.117
Sand 50 0.169 - ’ 0.170
Sample II
Water , 144 0.158 : 0.177
Vermiculite- '
perlite 144 0.230 0.243
, Sample IIT
Vermiéulite—
perlite 96 0.193 | .0.203
e N
Vermiculite .
perlite 120 0.191 0.207
Sample Iv
Sand 96 0.203 ) 0.210 -

Sand 132 ©0.198 0.209
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the nucleo-cytoplasmic ratio of cells in prophase differs
with different amounts of available water (Table 17),
changes in this ratio must, at least in part, be due to a
direct change in the physiological state of cycling cells.
It should be noted that roots grown in sand and vermiculite--
perlite were longer and had higher M.I.'s than those grown
in tanks of water for the same period (section III.2.2.1).
The nucleo-cytoplasmic ratio in mature sand
(Sample IV, Table 17) or vermiculite-perlite (Sample III,
Table 17) grown roots remained constant in both interphase
and prophase from 96 to 132 hours, ie., the ratios for inter-
phase cells from sand grown roots were 0.203 and 0.198.
However, it should be noted that both the interphqse‘and
prophase ratios may vary somewhat in different samples of
mature roots, ie., the interphase nucleo-cytoplasmic
ratio in roots grown in vermiculite-perlite was 0.23 in
Sample II (Table 17) but only 0.19 in Sample III (Table 17).
The differences in nuclear and cell size seen
with different amounts of availablé»water may reflect
differences in cellular constitutents. With this in mind,
nuclear protein contents in germinating and mature sand

grown roots were examined next.

e g e e = e
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III1.2.2.4. Nuclear protein: contents -

3 . ' RN

At 36, 50 and 96 hours of germination there were
no significant differences in mean nuclear protein content
between roots grown either in tanks of water or in sand '
(Table 13, cf. Table 18). At 68 hours, howéver, the mean
nuclear protein content of roots grown in tanks of water
was 50 A.U. (Table 13) while in sand it was 46 A.U. (Table
18); these values are significantly different (P = 0.05)
Also, at all times examined the range in nuclear proteig
contents was smaller in sand-grown roots than it was in‘
water-grown roots (Table 18, cf. Table 13).

All differences in nuclear protein contents between °
water and sand grown roots can be attributed to diffefences
in the rate of cell proliferation in the two systems.

Celis in sand-grown roots (section III1.2.2.1); 1) complete
their first cell cycle faster and 2) have a higher mean

. M.I. than cells from roots grown continuously in’ water.
This higher rate of cell proliferation results in the
production of more G, nuclei, which on average aré the .
sméllest nuclei in the meri;tem, in sand-grown roots

than in roots grown continuously in water; the result <is
that mean nuclear areé at 68 hours of germination is
significantly smaller in sand«grown roots (P = 0.05) than

in water-grown roots (Table 18, cf. Table 13). It has

already been shown (section III.1.6) that 1) small nuclei .
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Table 18

Changes in Nuclear Protein Content for Roots Grown in Low

All samples were of 100 nuclei.’

Water

Mean nucleap area, range in nuclear area, mean
nuclear protein and range in nuclear protein are given for
. seeds placed in 5 te 10 mm water for 24 hours and then
grown in about 25 ml water/100 ml sand up to 36 to 96 hours.

Time from

addition of

Nuclear area
(pm?)

mean £ S.D.

. Nuélear pvotein
(A.U:)

water .range mean % 3.D. range
(hours) ‘ . '
\j!
35 oy + 26 52 - 172 60 + 21 33 - 113.
50, 104 £ 22 62 - 173 66 * 20 24 - 1186
68 96 + 17 62 - 143 46 + 13 18 - 77
96 93 + 21 43 - 156 B4+ 13 15 - 76

[
N
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tend to have lower nuclear protein contents than large
nuclei and 2) nuclei with high nuclear protein contents
divide before nuclei with lower nuclear protein contents.
As a fesuly, sand-grown roots, 68 hours old, have both a
lower mean hdciear‘area‘and‘a lower mean nucle?r protein
content than roofs grown in tanks of water. Also, because
of the high division rates found in sand-grown roots at
all times examined (section I1I11.2.2.1 and II1I.2.2.5) the
range in nuclear protein contents in these roots was smaller
than that seen in roots grown in tanks of water' (Table 18,
cf. Table 13). No decrease in the range in qgclear area
was observed in ‘sand-grown roots as compared to water-grown
roots (Table 18, cf. Table 13).

These results indicate that changes in the amount
of available water during root growth do ﬂot.affect the
final nuclear protein content of mature meristematic cells.

Another factor in the ¢ontrol of cell and nuclear size is

is examined in the next section.

-

cell cycle duration.

ITI.2.2.5. Cell cycle kinefics in mature root
[

meristems

Estimates of 1) growth fraction (G.F.) and 2)'cell
cyele dhratiqn were obtained for mature roots grown in
vermiculite~perlite.~ At 96 houns of germination roots 20

to 89 mm- long were placed either in 1) 40 ml 0.05%
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colchicine/lbo ml vermiculite-perlite for 1, 2 and 4 hours,
2) 40 ml éH-TdR solution/100 ml vermiculite-perlite for

up to 48 hours continuous label or .3) 40 ml 3H-TdR solution/
100 ml vermiculite-perlite for a 1 hour pulse, then washed
and returned to 40 ml water/100 ml vermiculite-perlite.
Note, all treatments were performed in‘vermiculite-perlite

in order to avoid a change in the amount of available water

. during treatment.

It has already .been shown that cells from mature
roots grown in tanks of water double in number every 38.8
hours (section III.1.7). The mean cell doubling time for
roots grown in vermiculite-perlite was 22.8 hours (Table
19); estimated by colchicine accumulation of mitoses (Puck,
1972). Thi3 means that cells from roots grown in low
amounts of av;ilable'water double in number faster than
cells from roots grown in tanks of water.

Cell doubling times were also determined for roots
96 hours old, 20 to 44 mm and 45 to 81 mm long; they were
24.0 and 20.8 hours, respectively (Table 19). This parallels
observations from roots grown in tanks of water where
short foots had longer doubling times than long roots
(section III.1.7).

The difference in cell doubling times between water
and vermiculite-perlite-grown roots could result from a

difference in the number of.actively dividing cells in the

1
[
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two systems; ie., G.F. may be lower in roots grown con-
tinuously in water than in rooté grown in vermiculite-
perlite. After 35 to 48 hours continuous treatment with
3H-TdR beginning at 96 hours of germination, G.F. was 0.95 ¢
0.06, based on 1000 cells from each of 12 roots (Table 19).
In individual roots 62 to 85 mm long, G.F. ranged from
0.82 to 0.99. This means that roots grown in vermiculite-
perlite\have about 20% more actively dividing cglls than
roots gfown in tanks of water.

Estimates of cell cycle parameters in réots 96
hours old were made as described in section III.1l.8. Roots
given a 1 hour pulse of 3H-TdR were 39 to 89 mm long and
were sampled at 0 to 30 hours after treatment. Mean root
length was 63.5 # 11.3 mm. Mean M.I. was 10.0 % 2.6,
based on 42 roots (Table 19).

Mean cycle time (Tc) estimated from the F.L.M.

“curve was 17.0 hours (Figure 20). Mean duration of § (Tg)
plus labelling time'(TL) was 6 hours (Figure 20); since
TL was l‘hour, TS was 5 hours. Both TS and TC were

. shorter for roots grown in vermiculite-perlite than for
roots grown in tanks of water (Table 19); ie., TS was
4.6 hours shorter in vermiculite-pefléte grown roots than
in roots grown in water while T, was 6.4 hours shorter.
éonsequently, abdut 72% of the difference in Tc between

vermiculite-perlite and water-grown roots was the result

4 -
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Figure 20

(Y

Percent Labelled Mitoses and Frequency Labelled Mitoses

at Various Times after Treatment with 3H-Td4R

Seeds were imbibed in 5 to 10 mm of water .for 24 -
hours and then, gréwn in vermiculite-perlite (40 ml water/
100 ml substrate). Roots 86 hours old were placed ip
3H-TdR for 1 hour and fixed 0 to 30 hours after the
pulse. Each value is based on 100 mitotic cells from
each of 3 to 5 roots. Standard errors are given for the

frequency of labelled mitoses data.

Percent Labelled Mitoses (PLM) o;
/ :
Frequency Labelled Mitoses (FLM) A.

o
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of variation in the duration of S. This means that DNA
synthesis in root meristem cells is very sensitive to
environmental changes.

Assuming G.F. was 0.95 as estimated.by céntinuous
labelling, T, was estimated to be 2;u hours (Table 19).
This is almost identical to the estimate of T, for roots
grown in tanks of water (Table 19) indicating that changes
in the amount of availabde water do not affect the duration
of mitosis. The durations bdéth of G,, 4 hours, and of G;,
5.6 hours, were shorter for roots grown in vermiculite-
perlite than for roots grown in tanks of wa%er (Table 18).
The relative duration of G,, however, remained constant at
23.5% of T, under both types of growth conditions. 1In
'contrast, G occupied 26.1% of Tc in water-grown roots and
32.9% of TC in vermiculite-perlite-grown roots while S

N
occupied 41% of TC in water-grown roots but only 29.4%
of Tc in Germiculite-perlite—grown roots. Conseqyently,

not only were the mean durations of Gy, S and G, all longer

in roots grown in tanks of water than in vermiculite-perlite

(Table 19), but the relative duration of each phase within
the cell cycle changed disproportionately with respect to
one anotﬁéy.under different growth conditions.

Because the number of cells within any phase of
the cell cycle is proportional to the duration of that

phase, one consequence of a difference in the duration of
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S between water and vermiculite-perlite-grown roots should
be a change in the proportion of cells found in S at any
time; ie., the L.I. should decrease when Tg decreases.
After a 1 hour pulse of 3H-TdR mean L.I. was 25.9 + 6.5%
.for roots grown in vermiculite-perlite; this represents a
5% decrease from the value obtained for roots grown in
tanks of water (Table 19). Mean L.I. was based on 1000
cells from each of 10 roots, 0 and 3 hours after 3H-TdR.
It has been shown that the cell doubling time in
vermiculite-perlite for roots longer than 4% mm, was 20.8
hours and G.F. was 0.95 (Table 19). [This means that the

cyce
perlite was 19.7 hours; the mean cycle time of fast cycllng

average cycle time of all cycling iells (T ) in vermiculite-

cells (TFC) was 15 hours. Consequently, all estimates of
cycle time obtained in vermiculite-perlite, ie., TDT’ T.s

Tcyg and TFC’ were shorter than estimates obtained for

roots grown continuously in water. This means that most
cells from roots gro;n in vermiculite-perlite had shorter
cycles than cells from roots grown continuously in water.
In verﬁleulite—perlite the proportion of all
cycling cells that were fast cycling was 0.88, therefore,
83.2% of '‘all cells werelfast cycling, 11.4% were slow
‘eycling and 5. 4% were non-cycling (Table 18). This means

that about 30% more fast cycling cells were found in

vermiculite-perlite-grown roots than in roots grown in
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tanks of water; about 11% fewer slow cycling cells and 19%
fewer non-cycling cells were found in vermiculite-perlite

w
than in water-grown roots.

These results indicate that the cell cycle duration
in mature meristems is directly related to cell size, ie.,
cells grown in vermiculite-perlite were smaller (Table 16)
and had shorter cell cycles (Table 19) than cells from
roots grown in tanks of water. This implies that cell
size in these roots is governed by the rate of cell proli-
feration in the meristem rather than by a critical size
control over either rate of growth or cell division.

There also appears to be an inverse relatiqnship
between nuclear size and cell cycle duration. Cells grown
in vermiculite-perlite had largef nuclei (Table 16) but
a shorter cell cycle (Table 19) than those grown in water.
This suggests that mean nuclear size is related to the
physiological state of the meristem; ie., in addition to
large nuclei, roots érown in vermiculite-perlite had a
large G.F. and many fast cycling cells. Roots grown in
tanks of water had small nuclei coupled with a low G.F.
and few fast cycling cells.

These observations show both similarities and
+differences between roots grown in two different environ-
ments. They, however, do not allow one to predict the

response of cells to a change in the environment. This



105

question is approached in the next two sections. Mature
and germinating roots were manipulated either by 1)
changipg the amount of water'available for root growth;
this altered the physical environment in which‘cells were
grown or 2) treating cells with 5-AU in order to chemically
interfere with the cell cycle. The response of cells was

measured by the M.I., cell area, nuclear volume, and

nuclear protein contents.

I1I1.3. Effects of a Change in the Amount of Water Available

<E?r Growth in Mature Roots

It has been showﬁ that the mature roop/ﬁeristem
consists of a steady state, asynchronous population. of
cells; ie., mean M.I., mean nuclear volume, and mean cell
area are constant for a particular set of environmental
conditions (sections II1.1 and III.2). The stability of
these parameters in response to a change in 4he amount of
water available for growth of mature roots is examined 1in

this section.

11IX.3.1. Effects on Mitosis

Roots grown in tanks of water generally have lower
M.I.'s than roots grown either in sand or vermiculite-
perlite (section III.2.1). Roots grown continuously in

tanks of aerated distilled water for 100 hours were

——
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transferred to 40 ml water/100 ml vermiculite-perlite.
By 24 hours after transfeﬁ\there was a significant increase f

in mean M.I. (P = 0.05), ie., mean M.I. was 8.5 # 147 in

water and 11.2 t 1.5 in vermiculite-perlite. M.I. remained

high for a further 24 hours; 48 hours after transfer to
vermiculite-perlite, mean M.I. remained constant at 11.3 %
1.9. In contrast, mean‘M.I. decreased in only 1 out of 3
samples o0f roots transferred from sand or vermiculite-perlite
to tanks of water at 96 hours (Table 20).

Consequently, it appears that roots transferred
from tanks of water to vermiculite-perlite underwent a

change in cell cycle kinetics as they attained a new balance

characteristic of the environment that they were placed in.

U WSS W

Roots transferred from vermiculite-perlite to tanks of Q

—

water, however, were resistant to change. It has already

been shown that roots grown in vermiculite-perlite have . !
a higher G.F. and more rapidly dividing cells than roots
grown in tanks of water (Table 19). These results imply
that physiologically more active cells grown in sand or
Vermiculite-perlife contain factors, possibly in the form
of reserve nutrients, that impart an ability on the cells
to resist a deterioration in environmental conditions.
Roots grown in tanks of water, however, respond immediately
to an improvement in the environment by becéming more
metabolically active; ie., M.I. increases in these fﬁots

after transfer to vermiculite-perlite. - ‘
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"II1I.3.2.

Effects on Cell Area, Nuclear Volume and

Both ‘méan interphase and mean prophase cell areas
decreased by 24 to u8 hours after transfer of roots,either
from sand or Qermiculite-perlite'to tanks of water (Table
20). This decrease in eel; area appears to occur independently
of any change in M.I., ie., mean M.I. decreased in éampie
II, but remained constant in samples I and III (Table 20)
Mean nuclear volume, however, decreased in only 2 out of
3 samples examined (Samples II and III, cf. Sample I,

Table 20). When there was a drastic reduction in mean
M.I., as in sample II, mean nuclear ;olume also deceeased
but when mean M.I. was constant, as in samples I and III,
the qifference from control values, in mean nuclear volume
was less mafkea.

"The interphase nucleo-cytoplastic ratio in roots
transferred to water was similar in all samples (Table 20);
ie., 0.205to 0.206. The probhése nucleo-cytoplasmic
ratio, although more variable than the interphase ratio,
’Was less Varlable than the ratio for roots grown con-
4't1nuously 1n.sand or vermlcullte-perllte; ie., the nucleo-
cytoplasmlc ratio in’ low water ranged from 0.207 to 0 258
!whlle that in samples transferred to water ranged from
‘102220 to 0;2#8; It has’ already peen~shown that mature

- rqbfé grown in sand and vermiculite-perlite appear to

- -
- . .
“ -
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attain slightly different physiological states (section
III.2). The increase in uniformity of the nucleo-cytoplasmic
ratio for roots transferred to water indicates that roots
placea under similar growth conditions tend to establish
the same Qflance of nuclear to cell size. This balance is
different from that seen in roots grown continuously in
tanks of water (Table 16). °

These results show that the response of cells in the
root meristem to a change in the amount of available water
is dependent on the physiological state of the cells

being examined. The following section outlines the response

of éérminating and mature roots to 5-AU, a drug which

interferes with the progress of cells through the cell
rd
v

cycle. o

IIT.4. 5-Amino Uracil Treatments

IIT.4.1.

Treatment of meristems with S;amino urac}l (5-AU),
delays the progress of cells to mitosis and during the
prolonged iﬁterphase both cells and-nuclei increase iﬁ
size (Davidson, Golding and Armstrong, 1978). With

roots of germinating seeds the response to 5~AU can be

‘studied in cells. in 6;, S and G, more specifically than

is posgible in as&nchroﬁous cell populations of growing
roots. Therefore, the effects of 5-AU on cell and nuclear

growth in roots of germinating beans was examined.

U



111

Roots grown in tanks of water for 24.3 and 50
hours were placed in 4 mM 5-AU for continuous treatment;
ie., cells were treated wi¥h 5-AU prior to their first
mitosis. At 24.3 hours most cells were in 6; while at
50 hours cells were in late S or G, (section II1I.1.1).
In each case roots were treated with 5-AU continuously

up to 96 hours of germination.

ITI.4.1.1 Mitosis

The mean M.I. of roots grown in tanks of water
increased between 36 and 50 hours of germination (section
III.1.2). Mean M.I. in roots treated with 5-AU beginning
at 24.3 hours also increased by 36 and 50 hours, but
not to the extent seen in‘control roots (Sa@ple I, Table
21, cf. Table 7). This shows that; i) the onset of
mitosis in germinating roots is not delayed by 5-AU but

2) the level of mitotic activity in the meristem is

.depressed by 5-AU.

+

Assuming that 5-AU stops cells at the S-G, trans-
ition point (Socher and Davidsdn, 1971), cells seen in
division between 24.3 + 26 and 24.3 + 46 5-AU (Sample I,
Table 21) must already have been in G, at the beginning

of treatment. The progress of these cells into mitosis

is not delayed by 5-AU.
- ~

Roots treated with 5-AU beginning either at

24.3 or 50 hours had a mean M.I. < 0.5 by 70 hours of
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germination, ie., at 24.3 + 46 and 50 + 20 5-AU mean
M.I. was 0.1 and 0.3 (Sample I and Sample II, Table 21).
Assuming the mean duration of mitosis is 2.5 hours
(Table;lg) then 7.3%‘of the cells in the meristem divide
between 50 and 70 hou;s after treatment with 5-AU
beginning at 24.3 hours while 19.5% of the cells in the
meristem divide if 5-AU is given at 50 hours. The
additional cells that are able to divide when 5-AU treat-
ment does not begin until 50 hours must have reached
the S-G, transition poiﬁt before 50 hours. This suggests
that cells in G; at the start of gerﬁination either 1)
spend less time in G, than cells alréady in Gy in dry
seeds or 2) initiation of cell cycle events in cells
originaliy arrested in G; takes less time than initiation
of cycle events in cells arrested i; Go . In ei?her
case, some control over initiation of c§cling events
in G; and G, arrested cells during germination must exist.
Next, we consider changes in cell and nuclear

size after 5-AU treatment of roots of germinating seeds.

ITIT.4.1.2.

In roots treated with 5-AU beginning at 24.3
hours of germination nuclear volumes were 905 % 405 um3

at 24.3 + 6 5-AU; volumes in untreated roots at 30.3

hours were 772 * 373 um® (Sample I, Table 8, cf. Sample I,

4
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Table 21). Histograms of the size distribution of nuclei
at 24.3 + 6 5-AU and 30.3 hours of germination indicate
that all nu;lei treated with 5-AU increase in size (Fig.
2la, cf. Fig. 21b), ie., the modal nuclear volume after

24,3 + 6 5-AU was 700 um3 while the control value was
/

-only 500 umg.d Similarly, by 24.3 + 12 hours 5-AU mean

cell area had increased to 666 * 282 um? of. 562 % 243 um?

at 36.3 hours in control roots (Sample I, Table 21, cf.

Table 7); these values are significantly different (P >

0.001). A comparison of the distribution of cell areas

at these times indicates that all cells in the 5-AU

vtreated material had increase€ in size (Fig. 22a, cf.

Fig. 22b). This means that between 24.3 + 6 and 24.3 +

12 houré\S—AU both cell and nuclear growth were greater

in 5-AU treated roots than in controls. Since most cells

are in G, at 24.3 hours of germination (section III.1l.1),

ie., at the beginning of the S-AO treatment, these results

suggest that 5-AU stimulates nuclear growth during G;.
Cells and nuclei treated with 5-AU beginning at

50 hours also increased in sizej;. by 50 + 10 hours 5-AU

mean size both of interphase and‘prophase cells and

nucléi was larger than in 60.3 hour controls (Sample II,

Table 21, cf. Sample I,.Table 8 and Table 7). Although most

cells are in late S or G, at 50 hours, because of the

sporadic level of mitotic activity seen in the meristem

B
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Figure 21

A. Frequency Histogram of Nuclei After 24.3 Hours
Germination + 6 Hour 5-AU

Seeds were placed in 5 mm of water for 24.3
hours and transferred to tanks of 4 mM 5-AU for 6
hours; 100 nuclei from each of 5 roots were sampled,
their nuclear volumes divided into size classes and
plotted.

B. Frequency Histogram of Nuclei at 30.3 Hours of
, ~Germination

Seeds were placed in 5§ mm of, water for 24 hours :
and transferred to tanks of water for 6.3 hours; 100 ’
nuclei from each of 5 roots were sampled, their nuclear ¢
volumes divided into size classes and plotted.

o
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Figure 22

A. Frequency Histogram of Cells After 24.3 Hours of
Germination + 12 Hours 5-AU

Seeds were placed in 5 mm of water for 24.3
hours and transferred to tanks of 4 mM 5-AU for 12
hours; 28 cells from each of 5 roots were sampled,
their cell areas divided into classes and plotted.

B. TFrequency HisZogram of Cells After 36.6 Hours of
Germination

Seeds were placed in 5 mm of water for 24 hours ,
and transferred to tanks of water for 12.3 hours; 28
cells from each of 5 roots were sampled, their cell
areas divided into classes and plotted.

T e et —— =
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(section I11.1.2) it is impossible to be sure if 5-AU
1) stimulates growth of G, cells or 2) allows cells to
grow larger than normal by slowing the progress of cells
through G,.
Whether 5-AU was addeg in G at 24.3 hours or
in G, at 50 hours of germination, maximum cell and nuclear
sizes were obtained after 46 hours treatment; lie., at
24.3 + 46 and 50 + 46 5-AU mean interphase nuclear volumes
were 1983 and 2043 um3 (Table 21)Y. These values are
not significantly different (P = 0.05). <Cell size after
46 hours 5-AU was also similar in both samples (P = 0.05).
This means that cells and nuclei from germinating roots
reach a similar size after 46 hours in 5-AU even though A
cells at the beginning of treatment 1) were at a different
stage in the cell cycle and 2) had a different growth
history. This suggests that during germination some
limitations exist on cell and nuclear size in the meristem.
Between 50 + 34 and 50 + 46 hours 5-AU mean M.I.
increased from 0.6 to 1.9 (Sample II, Table 21), evidence
that cells were beginning to recover from the 5-AU gzeat—
ment. Also, betweén 24.3 + 46 and 24.3 + 72 hours 5-AU
both mean cell area and mean nuclear volume decreased

(Sample I, Table 21).
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IIT.4.1.3. Nucleo-cytoplasmic ratios

We have already seen that the nucleo-cytoplasmic
ratio, mean nuciear area:mean cell area, changes during
the cell cycle, ie., it is high in G;, decreases through
to G; and then increases in prophase (section III.1.5.1).
By 70.3 hours of germination cells from roots grown in
tanks of water are near the end of the cell cycle (section
I11.1.1) and have a high nucleo-cytoplasmic ratio (Table
10). After 46 hours of continuous treatment with 5-AU,
cells from germinating roots are also approaching the end
of G, (see previous section). At 24.3 + 46 5-AU the
interphase nucleo-cytoplasmic ratio was similar to that
seen in 70.3 hour controls; ie., 0.170, cf. 0.163 (Table
10, and Sample I, Table 21). By 50 + 46 5-AU, however,
the interphase nucleo—cytoplasmic‘ratio had increased to
0.191 (Sample II, Table 21); this ratio is similar to
that seen in prophase controls, 70.3 to 96.3 hours old,
ie., 0.189 to 0.197 (Table 10).

These results suggest that the nucleo-cytoplasmic
ratio of interphase cells increases during continuqus
treatment with 5-AU. This increase, with increasing
duration of interphase, exactly parallels that seen in
meristems of germinating seeds not treated with 5-AU.
Nuclei and cells continue to grow throughout the extended

interphase but their relative sizes change with time.
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An increase in the nucleo-cytoplasmic ratio was
also seen in prophase éells treated with S-AU;'ie., from
50 + 6 to 50 + 10 5-AU the prophase ratio increased from
0.128 to 0.185 parallelling an increase in the control
ratio from 0.128 to 0.188 at 50.3 to 70.3 hours of
germination (Sample II, Table 21-and Table 10).

With longer treatments with 5-AU the first cells
‘that recover and/enter mitosis. had lower nucleo-cyto-

plasmic ratios than expected; at 50 + 46 5-AU the pro=z

phase ratio was 0.171 while those of controls 70.3 and

86.3 hours old were 0.189 and 0.197 (Sample II, Table 21

and Table 10). This may be a similar phenomenon to

that seen during germination where prophase cells with
low nucleo-cytoplasmic ratios divided before gells with
a higher ratio, ie., between 50.3 and 70.3 hours the
nucleo-cytoplasmic ratio rose from 0.128 to 0.189 (Table

10). This is evidence that the first{gells to. enter .

prophase have relatively larger areas and smaller nuclei

"than cells that enter mitosis at later times; as interphase

~

. is prolonged nuclei .increase in size faster than cells

and the_nubleo—cytoplasmic ratio increases. But though

5-AU prolongs ¢ell cycle duration the nucleo-cytoplasmic -

ratio achieved by.the cells is, overall, similar to that -

seen in_ untreated mature roots.

\
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III.4.2. Mature Roots - Mitotic Index

The response to 5-AU treétmen%s was néxt tested
_in mature roots. Seeds were grown either in tanks of
water, sand, vermiculite-perlite or transferred to
tanks of water from sand or vermiculite-perlite at 96
to 144 hours and then treated continuously with 4 mM
5~AU.

Within 2 hours of the start of treatment M.I.
began to fall and reached 1 or less within 8 to 9
hours (Table 22). From a plot of the fall in M.I. it
is possible:to estimate mean durations of G, + % and
of G2 (Socher and Davidson, 1971). The values obtained
for Ty, ranged from 1.6 to 2.7 hours (Table 22) and they
show that the duration of G, is slightly longer in
roots grown in water than in sand or vermiculite-perlite.
Thus, data-from 5-AU-treated roots qgrees’with that
from F.L.M. curves (Tabiealg); ie., growth in water

prolongs the duration of G,.

III.4.2.1. Nuclear volume and cell area

Roots were grown in sand up to 96 hours, trans-
£
ferred to tanks of water for 24 hours and ther treated
: 17
with 4 mM 5-AU. Mean interphase nuclear volumes fluctu-

ated somewhat during the first few hours of treatment,
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but from 6 to 24 hours of continuous exposure to 5-AU
they increased from 804 * 336 to 1358 t+ 655 um3® (Table
23). This increase coincided with a decrease in M.I.:
nuclei prevented by 5-AU from progressing into mitosis
continued to grow. Mean prophase nuclear volumes also
fluctuated initially during treatment with 5-AU, finally
increasing between 6 and 24 hours of treatment in parallel
with increases seen in interphase nuclei (Table 23).
When cell area is plotted against nuclear volume
a wedge~shaped distribution of points is obtained (Fig.
7a) indicating that these two parameters increase more
or less in parallel with each other. The same relation-
ship appears to hold following treatment with 5-AU.
Mature roots grown in vermiculite-perlite for 120 hours
were treated with 4 mM 5-AU in vermiculite-perlite for
12 hours. Values from 5-AU-treated roots exactly over-
lapped those of controls showing that even as cells
and nuclei become larger than normal, the relationship
of cell to nucléar growth is not altered (Fig. 53, cf: -
Fig. 24). ‘
Continued enlargement of cells and nuclei in
S—AU—tfeated roots could reéult solely from hydration.
In order to determine whether changes in(%aCPOmolecular
contents.occur as nuclei grow, nuclear protein contents

were determined in 5-AU-treated roots.
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Figure 23

Cell Area Plotted Against Nuclear Volume for Roots
Grown in Vermicullte-perlite

Seeds were placed in 5 mm of water for 24 hours
and then grown in vermiculite-perlite (40 ml water/100
ml substrate) for 96 hours. Cell areas and nuclear
volumes were determined for 140 interphase cells, 28
cells from each of 5 roots and 50 prophase cells, 10
cells from each of 5 roots. Some points overlap.
(Interphase, o; Prophase, A.) :

PPN
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Figure 24

Cell Area Plotted Against Nuclear Volume for Roots
’ Grown in Vermiculite-perlite and then Treated
with 5-AU .

Roots from the same sample as in Fig. 23 were
treated with 4 mM 5-AU for 12 hours. Cell areas and
nuclear volumes were determined for 140 interphase’cells,
28 cells from each of 5 .roots.
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III.4.2.2. Nuclear proteins

Mature roots’grown in sand up to 95 hours and
then transferred to tanks of water for 24 hours were
treated with 4 mM 5-AU for 6, {&% and 2% hours. Between
6 and 24 hours mean nuclear protein contents in control
roots remained constant at about 41.5 A.U. (Table 24).
Treated material, however, decreased in mean nuclear
protein content to 38.2 A.U. by 6 hours in 5-AU. This
decrease was probably due to the division of nuclei
already in Gz, le., nuclei that would be expected to
have the highest content of proteins. Between 6 and 1u
hours in 5-AU nuclei do not divide but they gradually
increase iﬂ size; they also increase in mean protein
content, from 38.2 to 46.6 A.U. This increase is signi-
ficant (P = 0.05). Only slight changes in nuclear
protein content occurred between 14 and 24 hours 5-AU.
Consequently, as the duration of the period in which
cells were held in G, increased, mean nuclear protein

content {ﬁcreased. This implies that increases in

‘nuclear size in the presence of 5-AU are at least, in

part, the result of increases iﬂ the number of protein
molecules ﬁer nucleus and not just the result of
hydration. This is an important contribution to our
understanding of the response of meristematic cells to

the block imposed by 5-AU.
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N Table 24
Changes in Nuclear Protein Contents During 5-AU Treatment

Mean nuclear area t S.D., mean nuclear protein
content * S.D. and range in nuclear protein contents are
given for seeds placed in 5 mm water for 24 hours, then
grown in 25 ml water/100 ml sand up to 96 hours and then
transferred to tanks of water. At 24 hours after transfer,
roots were placed in 4 mM 5-AU for 6, 14 and 24 hours
continuous treatment. Samples are of 100 nuclei at each
time; nuclear protein contents are given in arbitrary units

(A.U.). \
Nours in Nuclear area Nuclear protein
(um?) (A.U.)
sand water 5-AU mean * S.D. mean t S.D. range
96 30 - 89.1 % .19.1 41.7 2 15.7 20.4 - 88.
96 48 - 82.6 * 29.4 43.2 + 14.9 15.6 - 84.
96 24 6 97.6 + 24.2 38.2 & 1u.4 19.4 - 87.
96 24 . 14 . 100.5 % 30.2 4.6 + 15.0 17.1 - 83.
96 24 2Y- 106.1 * 28.4 43.2 + 14.7 12.2 - 86.
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ITI.5. Relationships Between Growth Parameters

The results presented in previous sections have
revealed differences in growth of roots maintained in
various water regimes. They have also shown that roots
of newly germinated seeds and mature roots exhibit
heterogeneity for every growth parameter that has been
studied. In this section the relationships between
different growth parameters are exam%hed. Specifically,
an analysis will be made of the extent to which vari-
ation in one parameter parallels variation in a second
paraﬁeter. First we consider the relationship between

nuclear size and DNA content.

I11.5.1. The Relationship Between Nuclear Size

and DNA Content

Many studies have shown that each species has
a fixed amount of nuclear DNA (Mirsky and Ris, 19u49;
Swift, 1950; Bennett énd Smith, 1976) and that this
amount is exactly doubled during interphase in each
cell cycle (Walker and Yates, 1952; Swift, 1953;
Zetterberg, 1966). This doubling occurs during the S
phase (Howard and Pelc, 1953; Zetterberg, 1966). DNA
content, therefore, is one parameter that is constant

during the G, and G, phases of the cell cycle. It 1is
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also known that nuclei change in size throughout a

cell cycle; this has been demonstrated for steady-state
systems (Bansal and Davidson, 1978b; Prescott, 1955)
and for roots of germinating seeds as they develop

into a steady-state system (section III1.1.5). Thus,

in both G, and G,, nuclei grow without any increase in

DNA content.

3

The situation in root meristems is further
complicated by the fact that at any phase of the cell
cycle nuclei show considerable variation in size. This
occurs in G; and G, and in prophase (Table 12). This
suggests that the volume of a nucleus cannot be used
to estimate its ‘phase in the cell cycle.

DNA contents and nuclear abeas were determined
for 200 interphase nuclei. 2C and 4C DNA contents were
also determined from telophase and prophase ﬁuclei.
Nuclear areas ranged from 82 to 288 um? and they were
divided into cl a sses at intervals of 14 um?. Of 36
nuclei whose mean area was 137 um?, 36% had a 2C DNA
content, ie., were in Gy, and 19% were in G2. The
remaining 45% of the nuclei had DNA contents between 2C
and 4C. Of 15 nuclei whose mean érea was 206 pm?, 13%
were »in G; and 60% were in Gy. This shows that position
in the cell cycle is independent of nuclear size; ie.,

small and large nﬁclei may be either in G;.or G:.
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Figure 25 .

Plot of Mean DNA Content Against Nuclear Area

Seeds were placed in A5 mm of water for 24
hours and then grown in tanks of water for 46 hours.
A total of 200 cells were scored; 50 cells from each
of 4 roots and divided into nuclear area classes at
intervals of 1% um?. Mean DNA content * S.E. was
plotted for each interval; the sample size varied from
6 to 36 nuclei/interval. Mean 2C (174 % 73 A.U.) and

4C (309 + 88 A.U.) DNA contents were estimated from 10
telophase and 8 prophase nuclei. ‘

\/
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Consequently, the size of a nucleus, selected at random,
cannot be used absolutely to estimate the position of
that nucleus in the cell cycle.

A‘correlation between "mean" nuclear area and
"mean" DNA content does, however, exist. If "mean"
values of nuclear area and of DNA content are plotted
against each other for a number of samples then.the
overall conclusion is that nuclear area increases as

nuclear DNA content increases (Fig. 25).

III.5.2. Relationship Between Nuclear Size and

Nuclear Protein Content

Seeds were grown either in tanks of water or in
sand, 25 ml water/100 ml éAnd for 20 toiluu hours.
Nuelear protein conteh%s were determined for 1202 nuclei;
the data was theﬁ grouped over 5.5 um? intervals of
nuclear area which ranged from 49 to 181 um? (Table 25).
Overall, the range in nuclear protein contents was
from 15 A.U. in nuclei 49 um? in size to 158 A.U. in
nuclei 170 um? iﬁ size. This far exceeds the 2-fold
range in nuclear protein.content Fhat would be expected

if all nuclei.began G with the same amount of protein

and if this doubled during a cell cycle.- It appears

. that even at the start of é;, different nuclei have

differenf‘protein contents.
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The absolute range in nuclear protein contents
within a nuclear area size class tended to increase
with nuclear size; e.g., the minimum and maximum nuclear
protein contents of nuclei 60 um? in area were 18 and
65 A.U. while in 137 um? nuclei, the minimum and maximum
values were 39 and 150 A.U. The apsolﬁte difference
increased in these two nuclear size classes from 47
to 111 A.U. of protein. On average, however, the range
in nuclear protein contents from one class to the next
remained about constant: the mean ratio, maximum to
minimum protein content was 3.2 % 1.4. Because this 3
variation is seen in samples from the smallest to the
largest'nuclei, variation for nuclear protein contents
must occur at all stages of the cell cycle; ie., the
variation'produced early in G, is maintained through-
out the cell cycle.

The large variation seen in nucleér protein
contents resulted in considerablg fluctuation in
estimates of mean nuclear protein cqnt;nts in samples
6f less than 40 nuclei. However, a clear linear
relationship between nuclear area and mean nuclear pro-
tein content was seen when data was plotted from samples
of 40 or more'nuclei (Fig. 26). This linear relation-
ship indicaﬁes that, on average, nuclear protein contents

increase in a regular fashion as nuclei increase in size.
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Figure 26

Mean Nuclear Protein Content Plotted Against Nuclear Area

Cells selected from those described in Table 25
were grouped into nuclear area classes at intervals of
5.5 um?. Mean nuclear protein * S.D. was plotted for
intervals with 40 or more nuclei. Points at 49 and 154
um? had 20 and 17 nuclei, respectively.
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The data in Fig. 26 is best described by a
line with a slope of 0.274 and a "y" intercept of
6.51 A.U. By extrapolation, it can be seen that nuclear
protein contents inqrease by about 1.8 to 1.9 fold for
one doubling in nuclear area.

Variation in nuclear protein content is also
shown by comparing nuclei 60, 82 and 110 ym? in area.
The minimum nuclear protein content was 18 to 22 A.U.
in all three nuclear size classes, while their maximum
protein content increased from 65 to 136.A.U. (Table 25). .
For some nutlei, therefore, nuclear area could increase
by v90% without any increase in their protein content.

Also, nuclear protein contents of nuclei 60, 82
and 110 um? in area were not normally distributed (Fig.
27); ie., based on probit analysis of nuclear protein
contents, there appears to be more than one distinct
population of nuclei. These results suggest that for
individuél\nuclei, nuclear area varies, to a large
extent, indééendently of the amount of nuclear protein
present.

Nuclear area, therefore, is‘broadly correlated
with DNA. content and with nuclear protein content.
However, the extent of the variation in nuclear protein
content is evidence that variation in this parameter

does not result in a close parallel change in nuclear size.
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Change in Nuclear Protein Content with Muclear Size

Roots were grown aithar {n tanks of water or sand, ~ 25 ml water/100 ml

sand nnd fixed at 20 to lu4 hours of
divided on the basis of nuclear size 3
within each interval, mean nuclear protein content t S.D.,, minimum and maxinum

nuclear protein contents and the ratio maximum/minimum nuclear protein contents

are given.

erminationi 1202 nuclei were scored &nd

nto 5,5 um

intervals.

The number of huclei

Nuclear area Number Nuclear protein (A.Y.) Range
(um?) of
nuclei mean * S.D. minimum - maximum (maximum/
minimum)
49 20 30 £ 9 15 - 48 3.2
55 1 3u - -
60 83 37 10 18 - 65 3.6
56 2 43 2 11 36 - 851 1.4
71 171 42 ¢ 14 22 - 82 3.7
77 2 37 ¢ 11 19 - S 2.8
82 281 47 £ 18 19 - 98 5.2
88 28 4] ¢ 12 22 - M 3.2
93 196 55 ¢ 17 22 - 110 5.0
99 24 45 = 9 26 - 59 2.3
106 27 51 & 16 31 - 92 3.0
110 161 58 ¢ 21 +22 - 136 6.2
115 8 4y ¢ 13 .45 - 55 1.2
121 30 66 £ 23 23 - 132 5.7
126 11 50 ¢ 16 24 - 84 ‘3.8
132 s 60 : 13 42 -~ 77 1.8
137 " 43 77 £ 26 39 - 150 3.8
1v3 $7 = 20 0 - 89 2.0
148 71 & 28 42 - 128 3.0
154 17 79 £ 25 45 - 130 > 2.9
159 - - - -
165 3 53 : 16 35 - 68 1.9
170 7 85. ¢ 38 48 - 158 3.3
176 2 68 ¢ 22 §3 - B8u 1.6
1 40 - -

181
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Figure 27

Probit Plot of Nuclear Protein Contents

Nuclear protein contents from nuclei 6Q, 82
and 110 pm? in size were selected from the data given
in Table 25, ranked into ascending order and plotted

on probit paper. Samples were of 83, 251 and 181
nuclei (60 um? - o3 82 wm?-0 ; 110 um? - 4A).

-
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I11.5.3. The Relationship Between Nuclear
S

Volume and Cell Area ' N

\

For an analysis of this relationship nuclear
volumgs and cell areas from 1057 cells of mature roots
grown iy various water regimes were pooled. Cell areas
were grouped in intervals of 59 pum? and the mean nuclear
volume * S.D. for all nuclei.in each cell area size

class was determined. Thus nuclear volumes were studied

_over a range of cell areas from 175 to 1025 um? (Fig. 28).

The results reveal that, on average, nuclei show a 1.8
fold increase in volume for each doubling in cell area.
This means that cells double in size at a faster rate
than nucleij it also means that while a cell could
double in size over one cell cycle, the average increase
in nuclear volume may only be about 1.8 fold, not the
expected 2 fold increase.

The relationship between nuclear volume and
cell size, however, is not a simple one. TFirst, it
has been shown that a sample of nuclei of alﬁost any
size class includes nuclei with 2C and 4C DNA contents;
ie., almost every size class of nuélei includes G;, S
and G; nuclei. Secondly, nuclei show greater increases
in volume at the end of the cell cycle than at the

beginning (section III.}.5.1) and therefore mixtures

o Ao o o e e e Meme

s
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Figure 28

Mean Nuclear Volume Plotted Against Cell Area

Seeds were placed in 5 mm of water for 24
hours and then grown in 1) tanks of water for 120
hours, 2) sand, 25 ml water/100 ml sand, for 72 and
108 hours, 3) vermiculite-perlite, 40 ml water/100 ml
substrate, for 72, 96 and 120 hour’s and 4) sand or
vermiculite~-perlite for 72 hours and transferred to
tanks of water for 2% to 36 hours. A total of 140
cells were scored from each sample, the data combined
and then sorted into cell area classes over intervals
of 50 ym?. The mean nuclear volume t S.D. for each
class ranging in size from 175 to 1025 um? was plotted.
Samples were of 11 to 93 nuclei/class.
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of G, S and G, nuclei will have a mean volume some-

what lower than would be obtained if nuclei grew at a

constant rate throughout interphase.

Both minimum and maximum nuclear volumes in-
creased as cell size increased (Table 26). The range
increased, in absolute terms, from 293 pm® in nuclei
from cells 175 pm? in area to 3014% um?® in nuclei from
cells 925 um? in area (Table 26). The relative sizes
of the smallest and Iargest nucleus in each cell size

class ranged from 1:1.86 to 1:4.67 and, on average,

there was a 3.7 * 0.5 fold spread of values (Table 26).

Mean nuclear volumes show a 4.7 fold increase from the
smallest to the largest cells, ie., 450 * 87 to 2134 %
650 pym?® and overall there is a 10.9 fold spread in
nuclear volumes, from 340 to 3714 um?® (Table 26).

The range in nuclear volume for each cell size
class is similar to that seen for protein contents
within individual nuclear size classes, ie., 3.7 * 0.5
cf 3.2 £ 1.4, This suggests that there may be some
correlation between nuclear protein content and cell
size.

These results establish that neither cell area
nor nuclear volume are confined to the two fold spread

of values that would be expected if the values for

nuclear volume and cell size were: 1) constant at early
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Table 26
Changes in Nuclear Volume with Cell Area

Tabulation of the data shown in Figure 28. Mean nuclear volume ¢ S.D.,
minimum and maximum nuclear volume and range in nuclear volume are given for
groups of cells sorted into cell area classes over intarvals of $0 ym?.

Cell area Sample Nuclear volume (um®) Range
— (um?) size
mean ¢ S.D. minimum - maximum (maximum/
minimum)

175 11 w50 ¢ 87 0 - 632 ' 1.86

22§ kk} $75 t 14l 319 -~ 1013 3.17

278 61 640 ¢ 163 333 —‘1013 3.04

. 328~ ™o, 770 ¢ 19% 393 < 1612 B.11

3178 93 P 889 ¢ 221 §01 -~ 1612 3.22

u2s 93 971 t 265 427 - 1620 3.80

. 475 30 1026 ¢t 294 501 ~ 2141 ¥,27
Y33 7% 1193 ¢ 324 §86 - 2381 4.06

575 81 1259 ¢ 302 $30 - 1993 3.38

625 76 1344 & 290 757 - 2110 2.79

675 86 iu29 422 615 - 2504 %.07

725 72 1575 ¢ ug9 730 - 3071 8.21

. 778 59 1621 : 465 718 - 3023 . 4.21
825 47 1705 2 4Su 786 - 2721 .46

875 26 1687 2 695 786 -~ 3555 4.52

325 kR 1951 £ 71n 822 - 3836 4.67

97§ 28 1876 ¢ 437 1105 - 2645 2.39

102§ 18 2134 % 650 1361 - 3714 2.73

R

'



151

G, and 2) doubled over a cell cycle. Though the latter
may occur it is clear that neither mit;tic cells nor
ceils~éarly in G, show & fixed size: mitotic cells

vary consiqerably,iﬂ cell area (e.g.,'prophaée cells,
Table 12) and their daughters are often of unequal

sizes due to asymmetry of division (Davidson, Pertens
and Eastman, 1978).

*  Parallel with this heterogeneity of cell and
nuclear sizes there is heterogeneity for protein contents
of nuclei (section III.5:2). It can 'be. concluded then
tﬁat increases in mean cell size, nuclear. volume and
pfotein contént 6f,nuclgi show a roughly linear rélaﬁion—
ship. It must also be concluded, however, that individual
values for any one of %hese parameters may vary con-

siderably when one or both of the other two parameters

are held constant. ' '

III.5.4. Drv to Fresh’
. N

The dry Weight to. fresh weight ratio was com-*
pared for meristems taken from roots grown fop.70 hours
in either tanks’bf water or 25 ml water/lbo ml sand.
Although the sand grown roots were about uﬁa times
longer than water  grown ropts, the dry to fresh welght;
,ratlo was sxmlLar in merlstems frem~fhe two Samples of

- 'roots (Table 27). Th1s means that dlfferences in eell
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size found in root meristems grown in various amounts
of watef are directly related to differences in total
dry mass. Thus, the differences in celi size discussed
throughout the Results section must be the consequence

of changes in macromolecular constituents within cells.

e



CHAPTER IV

DISCUSSION

IV.1. Transition from Quiescence to Active Growth and
A

Proliferation

The mature root meristem consists of a steady-state,
asygchronpus population of cells for which mean M.I.,
méén nuclear volume and mean cell area remain constant from
one time to the next (Table 20). The characteristics of
the stable state achieved by roots when they reach maturity
differ in roots grown under different conditions, in
particular they are gomehow related to the amﬁient water
level during germination (section I11.2). Mature roots
transferred from sand or vermiculite-perlite into tanks
of water, however, attain_a‘neQ'stable state that is
different from the stable state observed when roots are
germinated and grown continuously in tanks of water. This
new stable state appears to be a modification of the
inifiél stable state‘achie§ed by those roots during -
germination (section III.3).

Based on these observations, it is proposed that

relgtionshipé among growth parameters are programmed in{o.

.

154
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cells during germination; this program is passed from one
generation of cells to the next at mitosis. Consequently,
actively growing cells from mature roots transferred from
one environment to another can only modify the initial
stable state achieved in those cells during germination.
Also, variation within a meristem in the local environment
of cells during germination must result in different
programs for relationships among growth parameters within
those cells. This is expressed as variation in cell growth
in the mature root.

The uniqueness of the transition from quiescence to
active growth and proliferation seen during germination is

supported by observations of nuclear protein contents in

~ germinating and mature roots (sections III.1.6 and III.2.2.4).

Meaq nuclear protein contents are high throughout the

first cell cycle in germinating roots and then decrease
significantly to lower levels in mature roots. This
decrease is seen in all sizes of nuclei between 50 and

144 hours (Table 14). Mature roots grown either in

tanks of water or in sand ﬂave similar mean ﬁuclear pfotein

contents (seqtion IIT1.2.2.4) and ?ransfer of mature roots

\
grown in sand to tanks of water at 96 hours does not

significantly (P = 0.05) alter mean nuclear.protein contents
in roots examined 30 and 48 hours after the transfer (Table

18, cf. Table-24).
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These results suggest that high nuclear protein
contents found in germinating roots may be involved in
regulation of germination and the establishment of a
stable s%ate in the mature root. In contrast, nuclear
protein contents in mature roots may be ipvolved in main-
tenance of stable relationships between growth parameters.

This form of programmed controi over cell cycle
events has also been suggested by Liskay, Leonard and
Prescott (1979). Hybr?dization of various Chinese hamster
cell lines, each with a characteristic 6; duration, results
in @; cells with more rapid cell cycle times. From this

it is suggested that different cell lines derived from

"an organism may have different critical events which

control the presence of the G; phase and the rate of pro--
gression of cells through the cell cycle. Such differences
occur even during embryogenesis, e.g., blastomeres of

many animals are G; and during embryogenesis there is a

.. - 3+
normal transition from the G; state to the G; state

found in most cells capable of prolifération. Similarly,

in plants events seen during gefmination are the culmination
of events initiated during embryogenesis in the seed.

A close analogy caﬁ also be made between events
occurring during germination and those seen durihg the

{ﬁansition of yeast or animal cells in culture from

S O
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stationary to log phase growth. The radicle in dry seed

of V. faba has about 78% of its cells arrested in G,
(section III.1.1). Dry seed of other genera such as Allium,
Helianthus, Triticum and Lactuca also have large nuﬁbers

of cells arrested in G; (Van't Hof, 1974; Feinbrun and
Klein, 1962; Bryant, 1969b). Also, under nutritionally
deficient conditions yeast (Fantes and Nurse, 1977) and
most normal mammalian cells in culture (Pardee, 1974; Yen,
Friend and Clarkson, 1977) arrest in G, .

During the transition from quiescence to active
growth and prolifera%ion both plant and aqimal cells show
increases in protein and RNA synthesis (Jakob and Bovey,
1969; Jakob, 1972; Stanners and Becker, 19713 Becker,
Stanners and Kudlow, 1971; Johnson, Abelson, Green and
Penman, 1974). Thesé increases are followed by the onset
of DNA synthesis (Jakob and Bovey, 1969; Padilla, Creanor
and Fraser, 1974; Stanners and Becker, 1971). 1In V.
faba (sections III.1l and III.2; Davidson, 1966), yeast
(Ngsmyth,‘1979) and animal cells in culture (Ross and
Sinclair, 1972) the. first transition cycle is longer than °
cell cycles of actively proliferating cells. In spite
of the length of the first cell cycle, howevér, a large

nﬁmbgr of cells begin their first mitosis together, ie.,
(S

a semi-synchronous wave of mitoses is observed (sections

III.1.2 and ITI.2.2.1; Ross and Sinclair, 1972)..
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Other similarities between the response of yeast
and Tetrahymena to a change in available nutrients and
the response of V. faba to a change in the amount of water

available for growth are discussed in the next section.

IV.2. Changes in Growth Conditions

!

Mean cell size decreases in Tetrahymena (Zalkinder,
1979) and yeast (Fantes and Nurse, 1977) when cultures
are transferred from good nutrient conditions, e.g.,
high‘ﬁ or POy, to poor nutrient conditions, e.g., low N
or Pbu. Cultured mammalian cells may also decrease in
size quring exponential growth as they deplete available
nutrients (Kimball, Perdue, Chu and Ortiz, 1971; Ross
and Sinclair, 1972). A similar decrease in mean cell area
is seen after transfer of mature roots of V. faba from
sand or vermiculite-perlite into tanks of water (secti&n
I11.3.2). In contr&st, mean nuclear volume and méan M.I.
decreage in somelroots after~a‘transfer, but remain more
or less constant in others. This shows tﬁat the new

stable state achieved in roots after a'transfer is

. influenced by tK® initial stable state achieved.in those

roots during germination; This means that factors capable
of influencing cell growth in future geneérations of cells

must be passed from mother to daughter cells at mitosis.
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Transfer of cells from éood to poor growth conditions
results in a longer cell cycle both in Tetrahymena (Zalkinder,
1979) and in‘yeast (Fantes and Nurse, 1977). 1In V. faba
cell cycle duration may also increase after tran;fer of
roots from sand or vermiculite-perlite into tanks of water.
Most estimates of mean cycle duration, ie., Tc, published
for primary roots of V. faba are for roots trénsferred from
sand or vermiculite into tanks of water (Table 28). In
all cases, published values of Tc are longer in duration
than the 'I‘c estimate obtained in these studies for roots
grown in vermiculite-perlite, e.g., Miller, Brulfert and
Kaufman (1978) obtained a T, of 25 houfs for roots grown
in vermiculite and transfered to tanks of aerated nutrient
medium while the results Pepoéted here show that roots
grown continuously in vermiculite-perlite have a T, of
17 hours. Estimétes.of Gy, S and G, given in the literature
(Table 28) are also different from one another. This
means that differences obsefved\in Tc are not just the
result of differences in one phase of the cell cycle.

Consequently, it appears thdat mature roots respond

"to a_change in the amount of available water in the same

way as yeast and Tetrahymena respond to a change in -

nutrient cénditions., This response is different from that

obtained when roots are germinated and grown in different

. amounts of water.
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IV.3. 5-Amino Uracil

In germinating roots of V. faba the first cell
cycle is very long (sections III.1 and I1I.2). During
this cycle cells and nuclei grow larger than they normally
would in a mature root. Treatment with 5-AU stops cells
at the S to Gz transition point (Socher and Davidson, 1871).
This prolongs the cell cycle and also results in continued
cell and nuclear growth (section III.4;,Davidson, Golding
and Armstrong, 1978). Consequently, the response of cells \\k\\_k/
to 5-AU treatment appears to mimic events geen during
germination.

When germinating seeds are treated with 5-AU
beginning either at 24.3 or 50 hours mean cell area and
mean nuclear volume increase and maximum values are reached
after 46 hours of continuous treatment (section III.4.1.2).
In both cases the nucleo-cytoplasmic ratio after u6 hours
of treatment approaches that seen in éontrol roots. This
is surprising since 1) the position of cells in the cell
cycle at the beginning of each treatment was different,
ie., most cells treated beginning at 24.3 hours were in
Gl while most cells treated beginning at 50 hours were
in late S or G; (section III.4.1.3), ;nd 2) 5-AU alters
normal cell and nuciear growth; ie., 5-AU stimulates both

cell and nuclear growth during G; (section IIT.4.1.2).
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These results suggest, 1) that 5-AU does not inter-
fere with the ability of cells to regulate growth in
relation to the environment. The relationship between
cell and nuclear growth was similar both in 5-AU treated
and control roots, 2) that stable relationships between

cell and nuclear growth can be attained independent of the

. ability of a cell to pass through the cell cycle. The

nucleo~-cytoplasmic ratio was similar both in 5-AU treated
and in control roots even though 5-~AU stops cells at the
S to G, transition point (Socher and Davidson, 1971), and
3) that during germination cells have the ability to limit
cell and nuclear growth when the DNA division cycle is
interferred with. This conclusion agrees with that of
Davidson, Golding and Armstrong (1978) who concluded that
unbalanced growth due to 5-AU treatment of lateral roots
of V. faba cannot occur to the same extent as that seen
for bacteria or animal cells in culture, ie., in the
presence of agentsithat block the DNA-division cycle, both
bacteria and animal cells continue to grow until they
burst (Cohen.and Barher, 1954; Rueckert and Mueller, 1960).
In mature roots treated with 5-~AU, cells and nuclei
also increase in size to values greater than those reached
by control cells (section III.4.2.1; Davidson, Golding

and Armstrong, 1978). The relaﬁionship between cell and




163

nuclear size in 5-AU treated roots, however, is not different
from that seen in control roots. Tﬁis means that 5-AU
treatment does not affect changes in the nucleo-cytoplasmic
ratio that would gormally be seen in untreated roots during
the cell cycle.

Measurement of nuclear protein contents during 5-AU
treatment showé that, on average, nuclear protein contents
increase in parallel with increases in nuclear size
(section III.4.2.3). Mean nuclear protein contents, however,
appear to plateau after 14 hours co%tinuous 5-AU treatment
even though mean nuclear volumes continue to increase
(section III.4.2.1). Also, maximum nuclear protein contents
within any size class ofs nuclei are smaller relative to
those obtained for similar sized nuclei during’germinatioﬁ
(Table 24, cf. Table 13). Thig suggests that increases in
nuclear protein contents may only occur during part of the
cell cycle, ie., before the enq‘of Gy,

These results agree with those obtiained from
mammalian cells tpeéted with fluorodeoxyuridine (FUdR),

a drug which inhibits DNA synthesis and stops éells at
the G, to S transition point (Rueckert and Mueller, 1960).
During treatment with FUdR cells continue to grow both

in size (Cohen and Studzinski, 1968) and in cellular

dry mass (Auer, Zetterberg and Foley, 1970). Mean nuclear

S~
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dry mass, however,'remains more or less constant (Ibid.,
1970). After release of cells from the FUdR block nuclear
dry mass increases after initiation of DNA synthesis.
Nuclear dry mass then increases in parallel with DNA “\
syntheéis.

Consequently, it appears that, both in mammalian
cells in culture and in roots of V.'faba, nuclear protein
contents may increase‘only during DNA synthesis and early
G,. Fdrther increases in nuclear size seen late in G,
may be the result of accumulation of RNA in the nuciéus
(McLeish, 1969). This means that even though cell and
nucleaf growth during 5-AU treatment mimics that seen
duri;g gérmination, changes in nuclear protein contents in
the presence of 5-AU are similar to those expected in un-
treated roots. Consequently, cﬁanges in cell growth
resulting from 5-AU treatment are the result of cellulaf
events that are different from events that occur during

~

germination.

V.4, Variability and kegulation of Cell Growth and

N
Proliferation

[+

Heterogeneity for cell area, nuclear volume, nuclear
protein contents and cell cycle kinetics has been shown

throughout the results presented here, confirming and

i3
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extending previous reports of héterogeneity (Rasch, Rasch
and- Woodward, 1967; Webster and Davidson, 1988;'Whife ard
Daviéson 1976; .Bansal and Davidson, 1978a,b) Var;atlon
eln cell and nudﬁear size can result from asymmetry of
m1t081s (Dav1dson and Pertens, 19783 Ivanov,: 1971) or
variation.in cell and nuclear growth rates during the cell
cycle (Davidson, Pertens and‘Eastman, 1978). The model
zpresented at_ the beglnnlng of the dlscuséion suggests that
average nelatlonshlps between growth parameters are pro-
grémmed durlng ggrmlnatlon.. Because of varlatapn in cell
gfowth, this pfogramming must be flexible. écmé indication,

_ hOWEVer,'of the degree of reétraint imposed. on growth
'parameters can be obtalned from an examination of relation-
shlps among growth parameters.

In V. faba roots, linear relatlonshlps among DNA
eontents nuelear volumes and cell areas can be seen
(sectlon III.S), AAlthough iad1v1dual cells clearly dlyerge
from the average relatlonshmp seen betwean any two para-
meters compared it appears that elther they or thezr
proceny must eventually compensate for this varlatlon in

P

a manncv whzch allows for these 11near relatlonsh;ps to

,q,be mamnta:ncd,.a g., when nuclear volume was plotted agalnst
L céll araa (see%mon III¢5,3) the4re1at1ve aize of the.

-y

smalleat an& 1argcst nuele1 wmthln any cell smze class

b st bttt
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. ranged from 1:1.86 to 1:4.67 and on average there was a
3.7 £ 0,5 fold spread of values. This average spread of
values was seen in cells whose area ranged from 325 to

) -»
925 ym2. Consequently, even though the absolute difference

in volume between the smallest and largest nucleus within
a cell size 'class increases as mean cell area increases,
the relative range in nuclear volumes does not. This
y suggests that there are resfrictioﬁs on nuclear growth

‘within any cell size class. Similar pestriétions can also
be shown for the relationggip,between nuclear protein contents
and nuc;ear area (sectién I11.5.2). '

. Restrictions' on variation in cell cycle duration
in V.. faba alsoﬂexist. Both fast ‘and slow -cycling cells
are found in the root méristem (ngster.and‘Davidson, 1568;
Table 19). When roots are grown either in tanks of water
or in vermiculite-pérlitg the mean cycle time -of fhe fast
cycling ¢elis ih the two. environments is similar (Table
19). Coﬁéequently;’diffefences in the mean doubling time

'ﬁ‘ _ | _Qf celIS'ffém these‘roots ére.pbiﬁapily the' result qf
|  “\' o differences .in growth fréctlon and. 1n propcrtmons ‘'of fast

. and slow cycllng cells.h In order to maintgin constant
i §}~proportlons of ‘slow and.non—cycllng qel&s in the merlstem

Tl {"~' - some fast cyellng cells qust glve rise elther ta slow op’

ST non-cyclmng cells.‘ Conversely, calls an the qulescent

. : ' v
* M N N » s .

centre whzdh 11es at the tlp of the root mérlstem are very
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slow or non-~cycling. They give rise‘to fast'and slow
cycling daughters which populate the meristem (Clowes,
1971).‘ Consequently, maintenance of stéady state cellr
cycle kinetics in the root meristem of V. faba must depeﬁd
on regulation of cell cycie duration.
Reéulation of cell cycle'timés ﬁas been demonstrateé
for Tetrahymena. Jauker and Cleffmann (1970) have shown
that for Tetrahymena generatlon|t1mes vary from 170 to 290
minutes and form a skewed normal distribution. Individual
generation times, hbwever, alternate, on average, from
fast to'slow about the mean generation time of the population.
These alternations in generation time are non-random.
Regulation of variation in generation rate, ie.,
l/generét%on time, of Escherichia ceoli has also been
described. Kubitschek (1966) has shown that the ¢orrelation
between mother and daughter generation patés is less than
that found between generatioﬁ rates of cousins. An analysis

of varlance for generation rates also showedthatvarlatlon

“in generatlon rate was restricted after three or more

_generations. From this.he concluded that latent factors

influeneihg the duration of the cell gycle:are)passed-

from one generation of cells to the next. These facters’

. mlght not be expressed for several generatlons. This-

conclus;On .is smmllar to. that outllned at the beglnnlng —_—

*

of the dlsoussiong 1e., factors 1nv01ved in programmlng

4
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of cells and nuclear growth during germipation must be
passed from mother to daughter cells in the mature root.

It has been shown that cell cycle kinetics, mean
cell area and mean nuclear volume in the root meristem are
related to the conditions under which the cells are grown,
ie., the metabolic history of those cells, in particﬁlar,
during germinafion (sectién III:2). Consequently, variation
in growth parameters might be the result of 1) variation

in control of growth and proliferation, e.g., variation

" in cell growth rate or cell size at mitosis, and 2) variation

in the program -for cell growth due to cumulative fluctua-
tions in the environment during germination.

The results reported here suggest that the mechanism

.involved in control of cell growth and proliferation in
"plant and animal cells is similar. In the model presented

.at the beginning of the Discussion an attempt is made to

account for observations .in both systems and at the same
time to account for some of the variation observed for

growth parameters in these systems.

e
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CHAPTER V
CONCLUSIONS

1. During germination the.cell area, nuclear volume and
nuclear protein content of individual cells increa;es
until they undergo their first mitosis. After
division nuclear protein content and cell area decrease '
while nuclear volume either increases or decreases,
depending upon environmental conditions, to the values

normally seen.in the mature root.

2. In the mature foot values for mean ce11~area, ﬁean
.nﬁglear volume and mean cell cycle duration are
infiuenced by.the ambient water level pfeseﬂt during |

germination; The mean nuclear ﬁroteih content of cells

in & mature root does not appear to chéngéiwﬁen the
ambient watér supplﬁ changes either during gerﬁinatiqn

or at maturity.

3.. When the ambient water level is increased for mature
roots, mean cell size decreases; mean M.I. and mean

‘nuelear volume either remain constant or decrease.

169
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Treatment of roots with 5-AU during germination
stimulates cell and nuclear growth during G; of

the first cell cycle.

In both germinating and mature roots treated with

5-AU, mean cell area and mean nuclear volume increase.
kY

5-AU does not interfere with normal relationships

between .cell and nuclear . size.

Although mean nuclear protein contents increase during

5-AU treatment of mature roots, individual nuclear

_protein contents do not increase beyond levels normally

seen in untreated roots.

Linear reiationships exist among DNA contents, nuclear
volumes, nuclgar protein contents and cell areas.
Althoggh ﬂéterogeneity exists for all.growth paramete?s
gxamined, evideﬁce of restrictions on variation in

t

growth parameters was found.

It is proposed that relation¥hips among cell growth
parameters are programmed into cells during germination
and that changes in the environment of mature roots

only modify the initial programme established during

germination., Programming of this kind. may contribute

- to ;he.bverall similarity in relationships seen between

oell growth parameters of different roots.
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