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Introduction

This thesis was intended as en extension qf the work on ‘cell
development in roots carried out by R. Brown and various co—workers'
.since 1950. To dqté most of the work using the root as an experimental
system has been concéhtrated on the initial processes of division,
expension and differen@iatioh and the changes in the more mature cells
have not received as mﬁch attention. The reason for the neglect of
the mature cells is ﬁndodbté§¥§ because the seedling root does not
provide a simple system for the study of cells efter meturity. It does,
however, provide a réally good system for the study of cells in their
division, expansion snd early differentiation and the successive segment
technique used by Brown makes the investigation of these processes a
relatively simple exéerimental procedure. The changes associated with
the period of division and differentiation have been comprehensively
studied by Brown ana other workers and the results embodied in papers
by Brown end Robinson (1952), Heyes and Brown (1965) and Brown and
Broadbent (1950). | ’

The main avenues of spproach to the problem of cell behaviour
in the process of oel; development using root systems are as follows:-

1. Anelysis gt successive segments using the first 1.6_cm
of the roots of legﬁminous seedlings (pea and bagn). This technique
involves the analysis of batches of successive segments O.4 - 1 mm in
length, measuring a ?ide range of parameters, The number of cells in
each segment is detefm;ned and values can be obtained relating the
changes in the "aversge cell" to the process of cell enlargement and
eerly maturity. lIt:has been exploited with success by Brown and the
~ other workers cited above and has profed very profitsble in the'early

. 8teges of cell development after division has ceased.



2. Analysis of changes dufing the cultture of segments from
the 2 - 4 mm region of seedling roots. This technique hes the value
th@t cell expansion in the isolated segments, when provided with an
energy source, is considerable, 50% of that in intact roots. . Modifi-
cations of fhe environment can be made_and the effects of many wariables,
inﬁibitors, growth substances etc., on cell,expgnsion cén be observed in
the complete absencevof cell division. This technique has been used by
Robinson and Brown (l95h)‘and Vaughan (1965) and its mein velue lies in
the ability of the teghnique to follow the changes in cells over &
geétyicted portion of their development. This technique has been applied
with great success to the study of cell expansion and the #fect of e wide
range of factors upo# this process.

3. Investigation of the growth of excised root tips grown for
considerable periods-of time in sterile culture. This work has been
primarily used for tﬁe'investigation of the effect of different culture
solutions 6n growth and the changss in root anatomy and biochemistry
during growth in a défined environment,(Street (1964). Also this system
has been used to stuéy the effect of various elements and compounds on the
process of cell division in root meristems (Brown and Possingham, 1957).
This work was invaluéble‘since it provided a compendium of knowledge on.
the basic problems of'root culture which greatly assisted in the design
and executioﬂ of many of the experiments reported here. It also suggested
thet the absence of éeéondary thickening in cultured leguminous roots would
provide a simpler system for the study of more mature tissue than the intact
root.

4. | The axflalysis of cell development in the root by successive
segment techniques associated with histochemical studies of various regions
of thé developing roét. This has been carried out by Jensen (1955) end
McGreggor and Street‘(1953) for the early stages of root cell development.

The study of the more mature cells of the root where cells in different



tissues will clearly undergo egeing changes at different rates will
also require histochémical techniques to define the variation between
tissues,

 Without goiﬁg into a comprehensive discussion of all the
resplts'and conclueiéns which previous work produced, it 1s necessary
to raise several points in connection with them for the Setter understénding
5f the aims of the pfeéent study end the methods used in the investigation.
An éss;ntial point of the interpretation of these results was that the cells
of the root pass through a seriecs of stages of development, each characterised
by its own particulsr enzyme complement: The end of each stage leaves the
cell in a position to~§roceed into eny one of several inherent alternative
stages of developmenf. Thevcompletion of any one of these stages leaves
the cell in'a positid; to follow any one of a new set of alternative stages
and so on. The devéloping root system thus becomes more'complex es each
of the successiye stégeS'are passed. Although the developing root system
is not an éssentielly“simple system with all the cells in a givén region
of the root doing the same thing at the same time, (Jensen, 1955). it
has ensbled velid conclusions to be drawn regerding the development of the |
hypothetical "average” ‘cell up to the stege at which expension ceases.
Af'ter the root cglls?have'reached maturity it is no longer possible to
.analyse similer segments from intact roots, since secondary changes occur
end these aré usuelly restricted to certain ceils or tissues. Even cells
of the seme tissue cen have very different functions within the root as
the root enters the various stages of its mature developmenty Since
senescence appears to be a progressive process, 1 This mekes the inter-
pretation of fhe average state of cells within a mature segment of the
root uncertain unless coupled with a knowledge of the regions of the root
sagmeﬁt participating in each of the chenges observed in the gross analysis
of the root segment.’ This indicated that for the analysis of mature root

segments e histologicel and anatomical investigetion of the root must be



carried out in order to correlate the results of the gross analysis

of the segment with the célis involved. This complicated the analysis
of the root materialvand was a departure from the originel techniques
used for ‘the study of younger root tissues. Tﬁe observatioﬁ that a1l
the roots grown in cgltﬁre for periods exceeding a week produced leteral
roots end exhibited én increasing amount of variation in the length of
the main root axis during culture was made eerly in the experimental
proéramme. This obsérvation raised doubts about the ability of the
successive segment technique to be extended to cover cultured root
tissue of greater age than 8510 da;s. :In order to test this & series
of preliminary experimental runs were made using the successive segment
technique té see how useful this tachhiqne would be in the study of
ageing éhange over an extended period of culture. The results are given
in the approériate section of the results section of the thesis, but two
facts arose from them which necessitated the rejection of a successive
segment technique as an experimental system for the study of ageing.
These facts were as follows:-

1. The presence of lateral roots and lateral root primordia
on the rcot made it iﬁpossible to arrive at any useful estimate of |
"average cell" behaviour in the segments since a segment may or mey not
contain such meristeﬁatio centres and hence the results can not be applied
with certainty to cells undergoing maturation and ageing.

| 2. The nitrogen content per cell at maturity was found to be
dependent on the poeition of the cell in the root. This wes probably
because cells formed from the meristem in culture are different from
those formed from the meristem in the intact seedling., This does not
imply that the development of cultured root cells is abnarmaltin any
large degree. But the fact that the absolute values of certain cell

parameters at maturity, of which totel nitrogen is an example, were



dependent on the conditions of culture and the age of the meristem at
their time of formation means that no besis exists for comparison of
the results obtained from different regions of the root.
This showed that in order to fulfil the original purpose of
the investigation. wgich was to complete a survey of the changes in
root tissue through ﬁaturity to cell death, another experimental approach
was necessary. . A consideration of the preliminary results and other
work with cultured root systems led to the following conclusions. The
anatomical and functional heterogeneity of the root must be accepted as
an unavoidable consequence of studying mature root tissue. The degree
of uncertainty introquced'by this musf be reduced by carrying out
detailed histochemicgl end anatomical investigations in parsllel with
the gross analyses of the root tissue. The experimental system utilised
must have the followipg properties. It must have no lateral roots or
lateral root primordia and tissues of different ages must be comparable.
There must be no cell division and differentiation should be at
a minim;m during the period of the experiment. The oxperimental system
described below satisfied most of these requirements and was the one
used for the majority of the experiments whose results are presented later
in the thesis. @n this technique roots were grown using a method substan-
tially similar to that used by Bonner end Addicott (1937) but instead of
dividing the roots into a series of successive segments to provide an
age series only the basael 1 cm segment was removed from each root and used
for enalysis. Tho age series was provided by the répetition of this process
for a series of batches of cultured roots separated by successive time
intervals. In this way it was possible to provide tissu? for analysis
which was more or less identical in cell number, anatomy and origin, the
oniy veriable being the age of the tissue segment. This system proved to
be a good one for thg study of ageing changes and an excellent one for the

study of the inter-relationships between the older and younger tissues of



the root.

Having by this means produced a system which could be expected
to show a2 series of changes through maturity to death via seé%cence, 8
cereful seerch through the available literature was made to establish
those parameters mos?-likely to provide useful information on the chenges
occué&ng in the root tissue. It is convenient to divide the literature
on this topic into several sections.

l. Those dealing with isolated root culture snd the various
aedaptations of the rbotvto different conditions of culture. Fortuneately
there are several excéllent reviews of this topic available, the one
referred to most frequently in the design of the experiments was that of
Street (1964) other inﬁividual papers referred to were those of White
(191..3), Brown and Possingham (1957) and Bonner and Addicott (1937).

Apart from the information on methods and techniques of root culture
obtained frém these, the only other facts obtained from this section of
the literature which had a2 bearing on the adoption of a cultured root
system were those which indicated the absence of any secondary development
in cultured root sysﬁems. This was important in making the decision to
use cultured roots since it ensbled a major variable to be removed from
the consideration of the mature root system.

2. Thosetdealing with the development of cells during their
differentiation and ﬁgturity. The work done in this field seemed to be
rather patchy, most aftention not unnaturally being devoted to the
diffe*entiation and function of the more specialised tissues of the
stele and the piliferous layer. The most useful were those of Gahan
(1965) on the development of the xylem in root tissue and Crafts (1962)
on the development oé the phloem s;%e tubes. McGreg¢or and Street (1953)
also provided evidan;é of & change in the nature and distribution of scid
phosphatases in the tomato root with age. In general it eppeared that

work on the chenges and inter-relationships between mature tissues in



comparable systems hed not as yet been very fully investigated although

a considerable quantity of work exists which desls with the specialised
function of mature cells such as photosynthesis, salt uptake, trans-
location etec. In fact any cell activity or function can be regarded
agfzﬁgggéeo{; its de;élopment'but it is obvious that this point of view
is not profiteble in tgrms of the production of relevent information so

a few papers were selected such as those cited previously which seemed
‘to have a direct bearing on the methodology, experiméntal design or
subject of this work.

3. Those:dealing with the subject of senescence. Like the

' second section this comprises & vast amount of very diverse information.
The line separat;ng this and the previous section is of necessity rather
erbitrery since there ere few changes occu;ing in plent tissue for which
‘a case cannot be made for congidering as part of a predetermined series
of changes starting at cell maturity and finishing in death. The bulk
of the work on senoséence has been carried out on animals rather than on
.plants but meny of tﬁe results obtained apply equelly well to both. Since
a compfehensive survey of the whole topic does not come within the scope
of this thesis, onlyrthose papers referring to work which had & formative
effect on the designjof the present experimental work will be cited. A
general knowledge of;the major theories and experiments in this field was
obtained by reference to the publicetions of Strehler (1963), Sax (1962),
Szilard (1959), Leopéld (1959) end Comfort (1956). A useful summary of
the éosition in respect of plants was obtained from the reviews by Varner
(1961) and Sax (1962). Of more immediete use were those pepers which
referred to the seneﬁoent changes in isolated leaves and fruits which
were systems which have seversl points of similarity with the cultured
root system as developed in this work - Yemm (1956, 1950), Sacher (1965),
Pirie (1959), Osborne (1962), Chibnall (1954), Chibnall and Wiltshire

(1964) and Shaw (1965).



The parameters chosen for the analysis of the basal segments

were chosen as follows. DNA, RNA, cell number, oxygen upteske, total
nitrogen, protease, dipeptidase, 1nverta§e and phosphatase were followed
beceuse they had already been used with success to investigate cell
development using the successive segment technique. However, aome
alterations and edditions were made to the methods used. DNA was
initially measured as a method for estimation of the percentage of live
cells in the segment. In fact a very much extended series of observations
using microdensitometric and radioeutographic techniques coupled with
anatomical investigafions was undertaken and the final results went far
beyond this initial eim, RNA changes were investigated but the problem
of extracting suitably clean prepa;ations from the older root tissues was
not solved satisfactorily so these estimations were diséontinﬁed since
other lines of investigation held more promise. Further techniques and
perameters were followed as suggested by other work or Irom a knowledge
of the system. For instance, the gross phosphatase analysis was
supﬁlemeﬁted by a histochemical investigation of this engyme activity in
the hope that the regulfg might follow those of Gah#n (1965), and be
useful in delineatiné the cells undergoing senescent change. This
technique also ensbled living end deed tissue to be distinguished.

The work 0? Satiro (1962) showed chenges in the ability of
tissue to reduce tet;ééolium salt with increasing age and so an estimetion
of suceinic dehydrogéﬁase activity using tetragzolium salt as the acceptor
was added to the ranée of engyme estimations. This enzyme was one of
those involved in the citric ecid cycle and some degree of correlation was
expected between this ensyme activity and oxygen uptake. Other engymes
which were also assayed in the ageing root tissue were protease, dipeptidase,
invertase and polypheﬁol oxidase. The first three of these were used

because they had already been shown to have quite large chenges during the



early stages of cell development and they were followed in this work

to confirm or refute the possibility that changes in the protein
complement continued into the later stages of cell development.

Polyphenol oxidase was included in the enzymes assayed for several
zreasona. It was thought that since this engyme was concerned with the
synthesis of melanin& type coﬁpounds and these are in turn implicated

| in the formation of lighin and the coloured compounds which are formed

in older cells it mightigﬁsexpected to show chenges in activity with age.
Also the activity of this enzyme in plant tissue was shown to be increased
by bacterial attaék on the tissue, FParkas (1964) having shown that there
was a marked similarity between the enzyme changes of tissues invadeﬁ

by certain plent patﬁogens and the chgngea produced during senescence

and death. This liﬁe of reasoning is not so strong as might be supposed
since Charles (1954) has shown that some of the chenges observed in
senescence and normally considered to be due to egeing changes are in °
fact due to the invasion of the experimental material by bacterie., In
spite of this, there were sufficient grounds for including this enzyme

in the series of ass;ys carried éut on the tissue. Besides the total
nitrogen estimations’ several other nltrogen fractions were determined
during the ageiﬂg of the root tissue.b These included buffer soluble and
buffer insoluble nitrbgen, amide nitrogen content of the protein and
ethanol soluble fractions end the quantity of free emmonia present in

the tissues. Electrophoresis of the buffer soluble proteins on acrylamide
gels was carried out:at intervels during the duration of the experiments

to lndicate whether there were any gross changes in the protein of this
Perticular fraction. These determinations were supplemented by experiments
in which the rate of:uptake of Cl4 leucine into protein was measured. This
part of the experimental programme was designed to study certain aspects of
nltrogen metabolism in senescing tissue which other workers on starving

leaves had shown to be very complex. In sterving leaves protein synthesis



10

is maintained to a late stage and the normal respiratory substrate,
carbohydrate, becomes depleted and subsequently protein degradation
is thought to supply carbon skeletons from amino acids which are
utilised in respiration. As & consequence, nitrogen is conserved as
emide amino acids, but disorganisation of cell metabolism is an
inevitable consequence of unrestricted or unbalanced protein degradation
and cell death ensues with:a consequent complete breakdown in nitrogen .
metabolism, especially transamination and free emmonia accumulates.
It was hoped that similer processes could be shown to oécu; in ageing -
root tissue. s

One of the most widespread phenomene in plant senescence is
the senescence of a ﬁhole plant or plant orgen apparently as the result
of & stimulus received from the environment or within the piant itself,
For instance, the senescence and death of meny plents seem related to
the production of fléweré:and fruit. Leopold (1959) hes performed
- experiments which deﬁonstratq clearly thet the onset of senescence in
soyabean and spinach-cen be delayed for considerable periods by the
- Temovel of flowers and fruits. Lockhart (1961) hes shown that this

is not the whole story in Pisum sativum and that apical senescence

although delayed by deflowering cannot be stopped entirely by this
treatment. The senéacence and abscission of the leaves of decidfious
trees is thought by 6§borﬁe (1962) to involve some type of senescence
factor providing the;stimulus for the senescence and abscission of the
leaf, This sort of observation reised ths question of whether similar
relationships exist in the cultured root system using a basal segment
technique. It appeared possible that the rate of growth of the root
a8 8 whole might affect the process of ageing in the basal segment
especizally since other work on cultured roots showed that there was a
'definite relationship between the meristem and the tissues immediately

behind it (Brown end Wightmanp 1952)., Also there is evidence of a



relationship between the activity of the meristem and the production
of laterel roots (Torrey, 1956). Experiments were performed to see
if there was any sort of'relationship between the physiological age
of the whole root as_geasﬁred by the fresh‘waight and the condition
of the basal segment:’ These experiments were then compared with the
¢ondition of the basqi segment analysed on the purely chronological
scale of time in culture.

Since in general the roots were grown in a medium which becomes
progressively more unfavd?able for sustaining growth, the system as
developed shows many;éimilarities with the starving leaf system as
used by many other workers on senescence.

The growing root system offers several possibilities for studying
the effect of varipué”culture conditions on the capacity of the meristem
to sustain its rafe 9f divisio;. Under carefully controlled conditions
it 18 possible to keep clénes of pea root tissue derived from meristems,
growing for several &ears and these clones do show a type of clonal
senescence eventually resulting in the extinction of the cell line.

Such olonai senescenéaAis a very long drewn out process taking years
rather than monﬁhs tp become apparént)so no attempt wes made to carry on
research along these lines. If the meristem is left on the root and
the whole root is passed through a series of transfers in a specially
‘supplemented medium,;division in the meristem ceases at a much earlier
time and the size of;the cultured root and the frequency of traensfer both
have an effect on the'di?ision in the meristem, Several experiments were
ﬁndertaken in order to study the effect of medium changes on the growth
of the root as a whole and the ageing process in the basal 1 cm segmenﬁ.
These»were meinly short ferm experiments to study the effect of keeping
.the root in a medium with an optimal eucrose concentration, since initiel
experiments had shown that the loss of sucrose from the medium was one of

the main factors involved in the cessetion of growth in roots grown in the
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same medium for periods greater than a week. This was not the only
deleterious chenge during culture since experiments on meristem
viability showed a progressive decline in the ability of the meristems
to sustain division with increasing time in culture even during the
initial time where the sucrose concentration was favourable. From
observations made during the initiel experiments it seemed possible
that the pattern of agéing in the basal segment was dependent on the
‘presence of an intact root attached to it. Consequently, the ﬁasal
segments were amputaféd and grown for varying periods of time in
isolated culture and the chénges compared with those occué&ng in the
basal segments of intact roots. This experiment was expected to show
that the ageing in tﬁexbasal segments was under the control of the
rest of the root and'th@t the timing of the various ageing changes

was controlled by the rate of growth of the root.
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Materials and Methods

Section 1.  Root culture method.

The method described by Bonner and Addicott (1937) was used
for the first experiments. In. this techniquezpeas, var leteor, were
carefully greded for size and those with an average diemeter'of between
%"and 5/16" were used for experimentation after those with damaged or
infected testas had been removed. Before germination the peas were
surface sterilised in the following manner. , 'About 100 peas were
placed in a 100 ml. wide necked Erlenmeyer .flask fitted with a rubpef -
bung. The peas were then soaked for 10 mins. in‘80% ethanol, rinsed
twice with 50 ml. of distilled water end left to soak for;% hour in
50 ml. of distilled water, after which, those peas with damaged testas
were removed. The soeking facilitated this since peas with daﬁeged

1

testas took up water much more quickly than the normal ones. The peas

were then sterilised oy placing'them for % hour in a saturated solution
”of ealciuo hypochlofite; The oeas were then rinsed with two lots of
sterile dlstilled water and transferred to a sterillsed petri dish.
After this sterilisation procedure had been carried out, the
peas were transferred to sterlle petri dishes, three peas to a dish,
contalnlng 20 ml, of dlst*lled water. The dishes were then kept in
an incubetor at 25°C in the dark for three days. (After this time the
~peas had germinated aed the roots were between 1l and 3 cms. long) A1l
dishes whlch showed signs of infection were discarded and the apicel 1 cm.
of the roots with a length of between 1.5 and 2.5 cms. were removed with
a sharp scelpel under sterile conditions. Still under sterile
.conditions these inkhocula were transferred to sterilised:petri dishes
containing 20 ml. of sterilised Bonner and Addicott medium. Three

root injocula were placed in each dish. The dishes were then placed

13



of culture.
Plate 1
it of the Bonner ant icott medium is ziven
The composition of e Bonner d 4
below: -

dade up in 4% Sucrose.

’
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The above procedure was used for all the initial experiments.
However, as the size of the experiments increased this method proved
to be wasteful in terms of the effort required to produce'a given

quantity of root materiel for experimental purposes. Because of, this

the qodification‘ef the method @qscribed below was introduced for the
remainder of the eiperiments._

The proFednré described previously was fol}owéd to the stage
at which the sterilised pe;s were placed in the sterile petri dish
p;ior to plaﬂtiné: The peaé were then planted in alsterile pyrex pie
dish in moist sterile vermiculite instead of in petri dishes as
prev1ously. The water céntent of &he verhicﬁlite was Very importaht
since the slightest water strees in the seedling completely stopped
the|further growth of the root in culture. The optimum water content
for germination gnd strong root growth was 800 ml. of water to every
2 litres of véimicglite. Thig mixture was stérilisgd by autoclaving
in the pie dishes for 2 hours at 20lbs. pressure. About 100 peas were
sown in each pie dlsh. This modified method of germination provided
'éetter roots in larger quantities than the original method. The root
infocula were cut and transferred with a special scissor-spatula. The
use of this speclal tool reduced the time and :the number of stages spent
in the transf'er of the root tips to the culture dishes during the setting
up of the experiments.

The results given in Section 1b of the Results Section show
that the growth of the roots in culture varied considerably within the
same experiment. Some of this was due to roots which either did not
grow or stopped growing before they should have, or grew in , definitely
abnormal manner. Beceuse of this, all roots which were obviously

ebnormal for one reason or another were discarded before the roots
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used for the various estimations were taken. By doing this it was
hoped to reduce as far as possible the amount of varistion within
the experimental materiel.

Section 2 - Design of»experimental systems used

a8) Successive segment system.

Roots were growﬂ in the manner described in Section 1,
and portions of the root wefé'takén and subdivided into successive
segments which wére subsequently analysed in the same way as the basal
segments from the later experiments. ' This was an extension of the
method used by Brﬁwn for younger roots grown in a similar manner. The
age series is obtained by‘selecting roots of different length and selecting
different portions of them for analysis. The analysis of the rcot by
this method proved to be unsuitable for roots grown for more than 7 -deys
in Culture,so‘this method was discontinued in favour of an analysis of
the basal 1 cm. segment of the root only for the following reasons:-

1) This portion of the root never formed lateral roots

| ‘ and‘so any phanges occufring in the tissue would not
be complicated by their presence.

2) There was no cell division in this parf of ;he root

and so the cell nuﬁber remained constant éhroughoﬁt

the experimenf. (Ses Results Section). Because

the cell number remained constant for this segment

the fe;ults could be expressed on a per segment basis

which allowed the easy comparison of results.

3) The root was at its thickest in this region so there
was a maximum yield of material to be obtained by

using this segment.

4) All the tissues of this pert of the root were fully

mature when the culture of the root was started.
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This means, that this segment contains the oldest
root tissues an& that these Wére forﬁed under
completely normal conditions. .
5) The largest tissue in this part of the root in cell
number and bulk is the édrtex.parenchyma. The
cortex parenchyma in this region is thus likely
. to be the source of the main changes observed in
the ageing of this segment.
b) Continuous sampling technique:=
: In these experiment5'300-350 roots were set up in
‘ culture at the same time and samples were taken at intervals and the
basal segment only removed for analysis. Apart from the difficulties
of setting'up én experimént of this size and keeping the infection rate
down to an acceptable.lbval this method is lisble to an error in
éampling. The ?easbné for this are given in the following discussion.
| The roots grown b& this method of culture show considerable
variation in their rgte of growth. From fhe’Figure 1l in Sgction 1 of
%he Results Section it can be seen that the variation increases after
the laterai roots haveﬁbegun to form. It is only possible to tell
whether a given foot'is typical of the population as a whole after it
has reached its maximuﬁ length and fresh weight. The problem arises
 if the roots taken as sampies are chosen on the basis of their closeness
to the'avefage growth rate, the method of sampling in effect, increases
the population of non-average roots towards the end of the experiment.
‘Because it is ﬁot possible to £ind out what the average gfowth rate of
any batch of roots is‘going to be before they have completed their growth
the average growth rate from another experiment has to be u;ed as a basis

for selecting the samples. Unless this is very close to the actueal

growth rate, the sampling will tend to produce a non-average population
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at the end of the.experiment. " If there is no attempt to select the
#verage rocts in the populationvfor use, the results tend to lose their
characteristic pattern, because there were not enough roots to allow en
increase in the size of the sémple; taken in ofder to reduce the
éariability'to a reasoneble level. The only way out. of -this would have
been to increase the size of the experiment and this was not possible
'for'various reasons. If the éverage growth rate on which fhe roots are
selected is highen,;han the growth rate of the roots that are being
sampled, then the percentage of slow growing-roots is increesed towards
the ena of the experiment. The reverse applies to a selection on a
'iower growth rate‘than fhat of tﬁe experiment. Because the ageing of
"the basal 1 cm. of the root is controlled by the rate of growth of the
‘root this means ;hat the ageing processes are epparently slowed up at the
"end of the experimentallperiod. If the reverse is true the ageing
‘processes are appérently speeded up. The method described below was
devised to overcome this objection,

c) Batch technique with final sampiing at 30 dayé

Thié was the method used for the main series of the
 experiments. In this m;thod ten dishes were set up in culture every
three days. Thus at the end of a thirty day period a whole series

'.of roots was obtéined,eabh batch of which differed in age by three days
from its neighbours in the séries. The growth rate over the whole thirty
' day period was determined by measuring the length of the roots in the
successive batches, and the roots required for experimentation were
selected on this basis. The only effect of differing growfh rates
between experiments was to alter the time scale slightly for the different
experiments. This can be seen in Fig. 21 in the discussion of variation
in this experimental system. The variation produced by this was not as

large as that produced by the use of the previous method described in
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Section b, The basal 1 cm. segments of all the selected roots of
all ages were removed for analysis on the 30th day thus eliminating
variation due to slight difference in anglytical technique.

d) Transfer of roots after varying times of culture

A normal experiment was set up as described in Section
2c.  After a period of time which depended on the purpose of the experiment,
the roots were divided into two identical batches on the basis of the mean
growth made in culture. Helf of the roots were transferred to fresh
medium, the rewainder being left in the originsl medium to act as control.
Two experiments of this type were carried out, the first involving a
transfer every three days, and the second, one transfer at fiftecen days
only. The method used in both experiments was the same except for frequency
o% transfer. In the experiment involving transfer every three days, &
selection on the mean growth basis was umade for the Pirst transfer only
since the act of transfer slowed the rate of growth., The basal segments
of the transferred roots were removed for analysis in the normal manner.

e) Isolated basal segment technique

A normel experiment as described in 2¢ above was set up
but of twice the normel sigze, (20 dishes instezd of 10). After 6 days,
half of the dishes were taken and the bassl 1 cm. amputated from those
roots whose growth rate was nearest to the mean growth rate of the whole
experiment at that time. The basal 1 cm, segments were replaced in the
medium from which the original roots had been taken and allowed to age
for the remainder of the experiment. The other half of the roots acted
aé e control for the experiment. This was repeated for each batch of
roots at the 6th day of culture. The basal segments were removed for
analysis after 30 days as before.

f) Sucrose supplementation of medium

A double sized experiment was set up as for Section 2e
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and .allowed to grow for lzxdays. The mean rate of growth was then

found :and the roots divided into two identical batches. . One of these
batches was supplemented with sucrose and the other left as the control.
This process was repeated with each batch of roots as they reaqhed the
12th day of culture. The addition of sucrose was done by adding 5 ml, of
16%.sucrose .solution to the supplemented batches and 5 ml. of sterile
distilled water at .the same time to the controls. This addition of
water ‘to the controls did not :appear to alter their pattern of ageing at

all. = The bassel:segments of the roots were analysed in the normal way. .

)

~than time in culture

-In this type of experiment a whole batch of roots were
grown and selected from the 9-30 day period, eliminating all roots which
had made no growth at all by 9 days. All roots were mixed together and
then weighed individually end. divided into groups covering sﬁccessive
ranges of 10 mg. The basal segments from each g;oup were removed end. .
used for analysis in the same way as in the previous experiments. This
means that the basal segments from roots of thes same chronological age
were spread over several weight divisions. This treatment could thus
be expected to nullify any change based solely on the time of culture in
medium.

3) Analysis of experimental material
a). ,Measurement‘of the fresh and dry weight

; For the. fresh weight determinations the roots were
blotted dry betwsen filter paper. discs and weighed in a tered watch glass.
Por dry weight determinations the roots were transferred to tared specimen
tubes af'ter the fresh weight determinations and dried to constant weight
in an oven at 100°centigrade. The fresh and dry weights of the basal

segments were determined in exactly the seme manner,
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b) . Measurement of the length of the main axis of the root

The measuremsnt of. the léngth of the main axis of
the root was carried out in two wﬁys &epending on.the use to be made of
the roots subsequently. If it was desired to avoid opening the dish the
roots were measured by placing ths petri dish on a plece of 1 cm. squared
graph paper and counting-the;number of 1 mm, squares crossed by fhe.root,
If thse roots to be measured were being harvested for an experiment they
were simply stretched out and measured with a ruler.

. ¢) Fractionation procedures used in the analysis of the
basal segment..

1) PFractionation procedure 1

' This fractiondtion procedure was used to prepare
the ethﬁﬁol~solublejfraction,.and other fractions from.which the protein
nitnogen;-prqtein qude nitrogen, amino acid nitrogen, amide amino acid
nitrogen, free ammonia nitrogen and DNA were determined. For this.
fractionationléelo-basal segments were used.

The full’fréctipnétion procedure is given below including the preparation
of the perchloricwééiﬁ extract for the DNA 65 timation.

Bésal root.segments.-

Leave for 2 hours at 4°C in 70% ethanol ( 1 ml, for every 3 segments)
decant off the ethanol. | Ethanol extract
Homogenise the extracted segments in 4 mls. of 0.5 M perchloric acid at

0 degrees centrigrade and centrifuge. Discard supernatant.

Resuspend residue in 4 ml. of 0.5 M perchloric acid at 0°C and ro-contrifuge.
Discard supenatant.

Resuspend in 4 ml. of 35% ethanol at 0°C and re-gcentrifuge. Discard supernatant.
Resuspend in 4 ml. of 1:1 ether ethanol solution at 0°C and re-centrifuge.

' Discard supernatant. )

Resuspend in 4 ml. of dry ether at room temperature and centrifuge. Discard

supernatant.
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Residue was allowed to dry at room temperature in .the inverted
centrifuge tube to give a.dry washed pellet. . Thie .is resuspended .
in 1 ml. of 0.5 M perchloric acid, heated to 70°C for 30 mins. and
re-centrifuged. |

Perchloric acid extract for DNA estimation.

Residue resuspended in 70% ethanol and re-centrifuged. . Discerd supernatant.
Reéidue'rasuspended in ether ethanol solution and re-centrifuged. . Discard
supernatant.

Residue Besuspended in dry ether and re-centrifuged. Discard supernatant.

" Residue was then allowed to dry to give a dry acide-washed pellet .

The ethanol ertract was then divided into 4 parts for:-
1) Total nitrogen estimation
2) Amide nitrogen cstimation
. 3) . Free.ammonia nitrogen estimation
4) Chromatography of the ethanol soluble fraction for
amino acidse
The dry pellet after the DNA extraction was divided into 2 equal
portions for:-
| 1) Total nitrogen estimation
2) Amide nitrogen estimation..
The total nitrogen in the segment was obtained by the addition of the
nitrogen contenfs of the various fractions. This value. was an under-
estimation because there was no sepgrate estimation of the nucleic acid
nitrogen but this in no case amounted to more than 10% of the total nitrogen
value end thus does not alter the significance.of the result.

b) PFractionation procedure 2

This was the fraotionation procedure used to prepare
the polyphenol oxidase enzyme extract but advantage was taken of this to

obtain two further protein nitrogen fractions, the buffer soluble and the
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buffer insoiuble‘ﬁroteig;, 'Téen basal root éegments wefé ﬁéed for this

fractionation procedure. |

Ten baéél rooﬁ:éeéménts

Homogenise in'3 ml. of 70% ethanol at 0°C and centrifuge at 0°C.
Ethanol extract #nalxséd as in Fractibnation 1

" Resuspend residué in 2 ml. of phosphafe buffer pH 6,8, ‘d,'z ¥ at 0°C and

' alidW'ths'temﬁeréture to ;ise to rbdm'temperature and re-cehtrifage at

room temperature.

Supernatant, the buffer : Residué, washed fo femove buffer ‘and reduced
soluble protein fraction. to & dry pellet in the manner described in
This solution was divided .Fractionation 1. Tﬁé total nitrogen content
into three équal.parts and of the pellet was theﬁ estimated.

used forie-
1) Polyphenol oxidese activity estimation.
2) Gel electrophoresis of the soluble proteins.
3) Estimation of the protein nitrogen in the soluble

protein fraction. To the solution of soluble protein

en equal quantity of 10% TCA was added and the solution

cooled to 0°C to precipitate the protein end the

solution was then’centrifuged. Discard supernatent.
Rosidue wes resuspended in 2 ml. of 70% ethanol and re-centrifuged.
Discard supernatant.
Residue was'waéhed‘and éfied in the seme way as the other solid fractions
in the first fractionation procedus and was reduced tbia dry pellet, the
nitrogen content of which was then determined. ‘ ‘

2) 'dethods used for the estimation of the nitrogen content of

the basal segment end the fractions produced from it by the fractionation
procedures.

The basié method used for all the nitrogen estimations was one



of microdiffusion analysis as outlined by Conway, (1962).. ‘Two tynes
"of estimation were used, one to obtain the total nitrogen content and
one to obtain the labile nitrogen content. The free ammonia nitrogen
estimation was a modification of the second of thess. These methods
were déed-thnongﬁout tne experimentnl pnogramné, but the methods of |
digeotioniof‘thé’nanious fraotions were riot the same for'every fngotiona
The chenges in technique necessitated by the various fractions are given
in the description below. | . B ‘

’a)‘ Estimation of the total nitrogen in the basal segment

This was carried out in two ways. The nitrogen
content was estimated dirsctly using the wholé segment without Practionation
or indirectly by the sddition of fhe nitrogen contents of‘thé'fféctions
after fractionation. The first of these techniqnes‘was usnolly nreférable
and it is described below.

Between 20 and 40 mg. of tissue (2-3 basal Segménté)zwéro digested
in 100 pl of digest acid in a 3" x 3" hard glass test tube hentod to 2§O°C
in nn‘éluninium heating block. The digest acid was made up aeoording to

'tnésfolloWing neoipe:- .

Analar 8280 (N.free) 100 g
Seleniun O,?'g'

' ' 10
.Hgseh N | ‘0 4
Kzsoh 6.0 g

The digestion was complete in 2-3 hours’ depending oni the quantity ‘of tissue
present. ' When digestion was complete the tubes were removed from the
block and allowed to cool.  After cooling, the contents of the tubes were
tranaferred to the outer chamber of e micro-oonwny unit. This:transfer
was accomplished by using a pasteur pipette and making three washings of
tha digest tube w1th 200-500 ul of distilled water for each weshing. These

washings were transferred to the outer chamber of the conwgy unit along with
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the ecid digest. = The centre well was then filled with 0.2 ml. of
ﬁgric_acid indicator solution (9r2—mi9—wap—a&deé;%ef%heféea%re—weiif
end the conwey dish cooled on 8 block.of ice (see Conwey, 1962 )e To
the outer well of this cooled conway Qnit'O.E ml of S0% KOﬁ was added
and the dish closed with a glass 1id, The solutiqgs in the’outer.
chamber were then mixed by gently swirling the unit. _The_upité
prepgred in this way were left in the cold room fpy‘2h4hours and the
ammonia released was titrated directly with 0.001 N HCl using an Agla
micrometer syringe. F;om this titre the quantity of nitrogen present

in the originel sample was found,

b) Estimation of the labile nitrogen in the vhole segment
This again could be done in two ways. Thellabile
nitrogenAéould be determined directly by the hydrolysis of thevwhole
Vsegment without fractionation or indireetly by the summétidn of the values
for the protein amide nitrogen, the amino acid amide nitrogen end the
free ammonia nitrogem. As in the total nitrogen estimations the first
of these was the one generally used and the technique for this is desecribed
below, ' | |
Por this method 20-40 mg. of basal segment tissue were placed
in a digest tube and 100 ul of 3N Héso war?'added. The tube was then
closed with en aluminium foil cap and heated for three hours in a boiling
water bath. The tubes were then cooled and their contents transferred
fo the outer chamber of & cooled conway unit, =~ The tube wes then washed
with 3 x 100-200 ul aliquots of distilled water and the washings trens-
ferred to the conway unit with the acid hydrolysates 0.2 ml. of
indicator solution was then placed in the centre well. To the acid
hydrolysate in the outer chamber 100 pl of 2.9 N KOH was added. After
this had been mixed with the hydrolysate by gently rocking the conway

unit, 0.5 wl of saturated Kéco ~was added to the outer chamber and the

3



unit closed with a glass plqte,‘ Thevsolutions in the ocuter chember
were then mi;éd‘bx gently gwirlipg the dish and the units were left in
the cold éqom for 18 hours forlthq ammonia to.distil into the boric acid
ind;eafqrizz_The ammonia released was‘titfgted~difect1y ageinst 0.001

N HCl as bgforé, .Ihe nitrogen determined by this;méthod,camé ffqm two
sources, the amide ﬁitrogen present in the tiSSue.a;d the free ammonia
present in the tissue. This combined valuq-was célled the.labile
nitrogen of fpe tisgue; | |

Q) Methods for the estimations,of the nitrogen content

of the ethanol soluble nitrogen

1) Estimation of the total nitrogen content of
the ethanol soluble fraotion.

. _ The digestion wes carried 6ut in a 15 ml.
centrifuge tube; . To this tube was 2dded 0.5 ml if the ethancl extract
and 500 pl of digest acid and the tube gently warmed to drive off the
water and ethanol.  This process was carried out on a Gallenkamp micro-
kjeldahl digestion»fack specially fitted with a time switch to ensure
a steady low heat for this purposs. The relatively large quéntity of
digest acid used was necessary because the ethanol reacts with the acid
and lowers the efficiency of‘digest;pn. When all the watér vapour had
been driven qff and. the ethanol driven offAér partially digested the heat
was gradually increased to the normalldigesfion temperature‘and the
diga§tién completed. The tubes were a;loﬁgd to cool and 100 ul of the
digest were placed in. the cuter chamber of a cooled conway unit. This
was diluted with 500 pl of distilled water and 0,2 ml of indicator solution
was added to the centre well of the unit. To the outer chamber of the unit
OﬁS ml of 50%‘KOH was. added agd the unit closed with a glass;plate. The
solutions in the outer chamber were then mixed by gently swirling the unit

and the diffusion and titration of the ammonia released were carried out
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in the manner previously described. _
.. 2) Estimation of tho enide nitrogen content of
| the ethanol soluble nitrogen. . , . .

" Fer this estimation 0.5 ml of the ethanol
extract was. placed in a 15 ml round bottomed centrifuge tube and
evaporated to. near dryness using gentle heat and & vacuum desicator

altcrnaﬁely. The drying was done as gently as possible to minimise the
{’1033 cf glutaminc from the sample. To this dried .down sample 100 y1 of
| 5N sulphuric acid was added and the. quentity of amide nitrogen present
determined in the way described fPor the lebile nitrogen earlier in this
section, .
. . 3) Estimation of the free ammonia nitrogen.in
| the ethanol extract.
. | For this estimation 0.5 ml of the ethanol
J exfract_was placeﬁvdirectly in the outer chamber of a cooléed conwey unit,
Tban 0.2 ml of.ghe in&icator solution was placed-in.ths.central well of
thc.unit and 1 ml of saturated potassium carbonaté addec to the outer
chambcr'cf’the unit, The unit was then clnsed with a glass plate and
the solutions-ic the outer chamber were mixed by gently swirling the unit.
The distillation and titration of the released nitrogen weré carried out
as described ppevioualyp
d) Methods used for the éstimatio;l of the total and amide
‘nitrogen contents of the perchlcrie acid insoluble material,
1) Estimation of the total nitrcgen.

The dry pellet produced by the fractionation
procedure 1 was left in the 15 ml centrifuge tube in which the washing
procedure was carried out and 200 ul of digest acid was added. The
pellet.was then digestcd‘on a micro~kjeldahl digestion rack. The digestion

took between 1 and 2 hours depending on the sige of the pellet. On



completion of the .digestion, the .contents of the digest tube were
trgnsfefred with the washings of the tube to a cooled conway unit

and the nitrogen content determined in the same manner as that used for

Y

1

the total nitrogen estimatibn,on the whole segment.
o - 2) Estimation of the amide nitrogen content

| To the dry pellet left in the 15 ml centrifuge
tubé.éfterAthe~wa§hing procedure 200 ul of 3N sulphuric acid were added.
The tubeiwas cappea with é,pieée-af aluninite foil and hegted‘in_a boiling
water bath for three hours. The tube was them cooled and the contents
traﬁsferred to the outer well of a cooled conway unit and the nitrogen
content determined in the same way as that previously described fér the
laﬁile'nitrogen estimation. Since the fractionation procedure removes
eny free anmonia from this fraction this value represents the amide nitrogen
cdnteﬁt of the fraction which was equivalent to the amide nitrogen of the
total protein of the segment.

o 'e) Methods used for the estimation of the buffer soluble
brotein nitrogen and the buffer insoluble protein nitrogen.
The method used for both theuse fractions was thé same.

The sample for estiﬁation was a dry pellet in a centrifuge tube in both
cases. The digestion and nitrogen estimation was carried out for both
samplés in the way previously described for the estimation of the nitrogen
. content of the perchloric acid insoluble fraction.

3) Estimation of the DNA content

The preparation of the perchloric acid extract
for the Dische eétimation is outlined in the fractionationvprocedure given
in'an ecarlier part of the materials and metheds section. There were two
methods used to estimate the DNA content per segment or a related value.

a) Dische reaction

This was a chemical estimation based on the reaction
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beiwgep,deoxyriﬁosgiand~diphenylamine»to produce a blue coiour; the
intensity of which was measured in a‘speétrOPhotometer. ' The méthod
used was a slight modifieation of the msthod of Burton (1956) which
was itself a modification of the method developed by Dische (1955)
The full method for the estimation is given belowo

- To the 1 ml of perchloric aold extract obtained from the first
fraotionation procednre, 2 ml of Discha reagent were added and the '
resultant mixture was incubated in a 15 ml centrzfuge tube at - 25°C for
!18 hqurs.,: After this time tho OD of the solution was meaéured in a
Unicam SP 500 épeofrophotometer et 585 mu and 650 mu against a blaﬁk
consisting of 1 ml of perchloric acid and 2 ml of the Dische reagent.
The OD reading at 650 mu was subtracted from the reading at 585 mu and
the dlfference between the two readings ccnverted into a quantity of DNA
by reference to a stendard DNA eurve prepared from the OD difference values
produced by known quantities of calf thydus DNA. The subtraction 6f the
650 ﬁu_reading.erm the 585 mp reeding was adopted as e measure which
helﬁed.to reduce the interference due to other compounds>which resct with
the reagent and the coloured degradation products of the diphenylamine
reagento '

The Dische reagent is made up in the following way:-

. 1;5;gm‘of recrystaﬂdsed.diphenylamine was dissolved in 100 ml
of glacial acetic;a§id to which 1.5 ml of analar concentrated sulphuric
acid had been éddea; Just before used 0.1 ml of 2% acetaldehyde was
added for each 20 ml of the reagento This reagent wes unstable and was

made up fresh each time it was required.

b) Estimation of the DNA contont and DNA synthosis using

.ﬁ;c;odensitometny and miero autoradiographic techniques

~ Preparation of the Peulgen stained sections used for the

microdensitometry and radiosutography.
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-All the segments used for boﬁh these estimatiohs were
" labelled with‘tritiated thymidine and half the sections cut were used for
the microdensitometry and the remsinder for eutoradiography, A1 the
sections were Feulgen stained regardiess éf their:subgequenﬁ tréatment.
Both transverse and longitudinal sections (TS end.LS) ﬁefe cut from the
segﬁeuts but thg.L$ were used only for the.autoradipgraphy. '
- After labelling with tritiated thymidine the basal segments
~were fixed and embedded according ‘to the method of‘Johgg%sen (1940) the
mein deteils of which ere given belew. ‘
The meterial was fixed in a solution containing formaslin 5 parts,
glaciel acetic acid 5 perts and ethenol 95 parts for 12 hours. The X
meterial was then weshed in 70% ethanol twice and stored in 70% ethanol if
necessa?y‘ After this the segments were taken up through the following
series of tertiary butyl alcohol, ethancl, water solutions spending 2 hours

i

at each stage.

* Tertiary butanol (TBA) Ethanol Water
70 20 . 10
&5 10 5
90 _ 7 3

The segments were then left for one hour in a solution consisting of TBA
7a%>ang ethanol 25% and then transferred to absolute TBA and left for an
hour:in each of twokchanges_quabsolute.TBA.  The segmentg were kept in
the final change overnight and then transferred to a mixture of 50% TBA
and .50% liquid peraffin end kept in it until they sank to the bottom of the
tube. | The segménts were then transferred to e tube containing a layer of
.partly melted paraffin wax on top of which there was a layer of the 1l:1
TBA liquid paraffin solution. The tube was then placed in an oven at
58°C and the ‘segments allowed to sink into the melted paraffin wex lqyef

and the upper layer of TBA liquid paraffin solution deecanted off. The



. sogments were then transferx_:ed through two changes of xpoltéd'paréffiﬁ.wax
spending 1 hour i!i' eaeh change and f’ina‘il"y "embedded 'in fresh paraffin wax,
| Sections were out from the embedded segments using a Gambridge
rocking microtome. The TS (wex:,e 2 m thick and) w,er.e. cut fr_om the
m;ddl_e of tpe sqgments the LS (were 12 wu thick and) were cut in such e
wa;j as to include the stele in order to get theradial LS. The sections
were cut at these thicknesses be‘c‘ause the nuclei of the root cortex were
prieptated ﬁith their long axis pointing elong the root axis. The nueclei
were elipsoids with the major axis three times the length of the minor
axls, After the sections hed been cut they wéro transferred to slides
which hed been specially coated (subbed) in the manner :deécribed' in the
method for the preparation of slides for autoradiography. When the
secf‘l:ions had been trensferred to the slides they were dewaxed and stained
with basic; fuchﬁln using the Feulgen .techni‘que_ es described by Da.rlington
and La=Cour (1960). ' The reagents used for this reaction were made up
as f"o].lows:;-r _ |
1) . The reduced basic vf‘uch%.n solution
‘ | One gm of basie fuéh%.n wes dissolved in a 500 ml
conical flask by pouring ovér it 200 mii'éf boiling water.  The solution
was then gllowed to cool ;:o 50°C and was then filtered and 30 ml of
1N HQ added to the’ filtrate. - To this acid solution 3.0 g of sodium mota
bisulphite were addgd and the solution allowed to bleach for 24 hours in
an air tight bo,ttle in the dark. The solution was then decolourised |
using 0.5 g of decolourising charcoal which was added to the vigo;drously
shaken solution. After one minute the solution was quickly filtered and
stored in a.stoppered bottle et 4L°C in the dark.
| .2) Sulphur dioxide water
This was prepared by edding 5 ml of & 10% solution

of sodium metabisulphite and 5 ml of 1N HC1 to 90 ml of distilled water,



This,éolutidh ﬁéé'hédé up when required since it deteriorated on standing.

Tha sect1ons on the slides were dewaxed by rinsing for 5 minutes
in two batches ‘of xylene and placed for 10 minutes in e 50/50 mixture of
xylgne'and’absolﬁte alcohol., After this the slides with the 'sections on
them were taken down through the following ethanol series to distilled
water sﬁen&ing'lc‘minutes in cach stage,  Absoluts ethancl 100%; 95%,

80%, . 70%, 50%, 36%, ‘distilled water. The sections were then z":'msec'l in
distilled water'and_hydfolysed in 1N HC1 at 60°C for 10 minutes, After
this they were rinsed to reiéve any acid and to stop the hydrolysié. The
sections were then steined for 1 hour in the reduced basic fuchin solution.
Af'ter this staining, the sections were washed for 10 minuteé in 2 lots of
sulphur dioxide water.to remove eny unreduced stgin and then in distilled
water to remove all trace of the sulphur dioxide. The sections were then
dehydrated by passing the slides through the series of alcohol concentrations
ag previously mentioned. After this the slides were permanently mounted
ready for the microdensitometry.

The measurement of the dénsity of ths Feulgen staining in the
nuclei of the sections was carried Qut using an integratingmicrodensitometer
(Berr and Stroud model GN2). The average density of the Peulgen staining
per nucleus was found by determining the densities of 100 nuclei from TS's
of each age of root segment in each of the areas of the root under
investigation.  The average value obtained from these readings was
qualitatively the same as the value of DNA content per segment found from
the chemical estimation.  No attempt was made to relate the two types of
déterminafion quentitatively becsuse of the difficulties of technique
involved.  These investigations were cerried out on TS's only since the
nuélei on the LS8's were not so suitable for this type of investigation by
reason of their45hape. Because time on the densitometer was limited it

was not possible to increase the number of nuclei measured beyond about
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LOO for each age of segment. This was considered sufficient to
determine the genersl trend of rise and fall in the DNA content
especially since the counts of Peulgen staining nuclei and the results
of the phosphatase histochemistry confirm'the changes indicated by the
Feulgen densitometry.

As well as the microdensitometric investigations of DNA
content per nucleus carried out as described above the number of Feulgen
staining ruclei in various regions of the cortex was taken. This was
done by counting the number of nuclei in the appropriate regions for at
least 10 serial TS's of 3 different sections from each age group the
average number of nuclei per TS for each region of the root was then
calculated from these figures.

¢) Method of lebelling the nuclei of the basal segment
with tritiated thymidine and the autoradiographic
technique used. '

The objeot of this type of experiment was to confirm
the results of the Feulgen microdensitometry which indicated the'position
and time of DNA synthesis in the basal segment of the root. The method
of labelling the roots was as described below. The root segments of ages
between 3 and 30 days were harvested in the normal manner which gave 10
batches of root segments separated by successive intervals of three day s.
After harvest they were placed in the special holder (Diasgram 1 ) and the
holder placed in a dish of incubation medium which consisted of the normal
culture medium containing 1.5 po of tritiasted thymidine per 50 ml of medium.
The pH of this incubation medium was adjusted td 6.4 to minimise the shock
of transferring the root segments to the incubation medium. Before use
the whole apparatus and all the incubation medie and chase media were
sterilised by'autoclaving or swabbing with ethanol. Aseptic conditions

were maintained during the harvest of the segments and their transfer to the
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incubation dish and the subsequent incubation and chase. The roots
were labelled for 6 hours at a temperature of 25°C and this was followed
by a chase in an identicel medium which contained an equivalenf amount
of cold thymidine. This lested for 6 hours and was carried out under
sterile conditions. The segments were then fixed for 12 hours and
sectioned as was described in the previous section.

All slides used in the autoradiogrephic and the Peulgen
densitometric techniques were subbed by the method recommended by Kodak
as being ideelly suited to the preparation of glass surfaces to receive
a coat of photographic emulsion. The technique was one originally used

by Well (1929). The slides eare cleaned by soaking in a solution of:-

Potassium dichromate 100 g
Sulphuric acid (conc) 100 ml

Water to make 1000 ml
When the slides ere clean enough to be perfectly wetted by tep water
they are well washed in distilled water and then dipped bodily into the

following solution which was maintained at 25°C

Gelatin 5.0 g
Chrome alum 0.5 g
Water to make ‘ 1000 ml

Without further treatment the slides were pleced in a rack to drain and
dry. Care was taken to ensure that the slides were not touched with

the bare hand or dried in a dusty;place. This treetment ensures that

the sections and the photographic emulsion stick well to the glass and
that the emulsion spreads evenly on the surface of the slide. When

the sections have been cut, mounted on slides and stained in the manner
previously described and have reached the point in this procedure at which
the sections were washed in distilled water after Feulgén staining the

slides to be prepared for autoradipgraphy were selected and treated in



the following manner.

This method was derived from the improved method of Kopriwa
end Lebond- (1962). Certain alterations were made to allow for the
use of a different emulsion (Ilford K2) and plant instead of animal
tissues The final method developed and described below employed as
many of the points of technique known to reduce the background of the
emulsion without destroying the basic simplicity of the technique. The
whole dipping and drying of the slides was carried out in a darkroom using
& Wratten series 1 (red) filter. In the darkroom a flat bottomed 3" x 13"
specimen tube was supported in a water bath maintained at a temperature
of 55°C. Shreds of: the Ilford K2 emulsion were added slowly to this
tube and allowed to melt. This was continued until the tube was about
1/3rd full of the melted emulsion when an equel quantity of distilled water
was added and the mixture gently stirred to mix the diluted emulsion to
an even consistency. The stifring was done with a very clean glass rod.
The slides which had been kept in distilled water since the completion of
the Feulgen staining, were taken oune at a time, drained by touching the
bottom edge of the slide on a piece cf clean blotting peper and placed in
the diluted emulsion. The slides were allowed to remain in the diluted
emulsion for 30 seconds and were thgn removed and placed upright in a
rack with their bottom edges in contact with a plece of clean blotting
paper and the excess emulsion allowed to drain off. After the slides
had drained for 10 minutes they were placed in a current of clean dry
eir for % hour to dry. They were then placed in racks in light tight
aluminium boxes (50 slides to a box) together with a paper sack containing
5 g of silice gel to dry the air in the‘box when it is sealed for exposure.
The boxes were then sealed with black adhesive tepe and stored in a
refrigerator at 4°C for an exposure time of 14 days. After this the boxes

were returned to the dark room end the slides were developed in the boxes,
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which were water tight, using Kodak D19 developer with a development
time of 6 minutes at'21°C. After fixing and washing the, the slides
were dehydrated and permanent mounts made of the autoradiographs.

Both LS's and TS's were prepared and the average number of
labelled nuclei on each type of section in each age group was found
by taking the number of nuclei per sectioﬁ.for 10 successive serial
secfions for several roots in each age group and averaging the results
to arrive at'an average figure for the group.

There were several points of interest arising from this
technique which require further explenation:-

Scrupulous.cleanliness must be observed et all times since
ir the'slides'were dirty there was poor adhesion between the slides
and the emulsion and the emulsion coat was not uniform.

The coﬁsisfenqy of the emulsion must be such that an even
layér over the slide is obtained by dipping the slide in the emulsion.
By altering the dilution of the emulsion it was possible to regulate the
thickness of the film to some extent. The 50:50 emulsion water mixture
was found to give the best results for this system, In practice it was
found that this emulsion dilution gave an even thickness of emulsion over
the whole slide exéeﬁt for a ridge of emulsion at the bottom end of the
slide. This was impossible to avoid but could be kept to a reasonably
small area of the slide with a good fluid emulsion and careful drainage
of the slide after dipping.

Slow even drying of the emulsion was very important in reducing
the level of backgrbund on the slides. Fast drying causes . stresses in
in the emulsion which lead to the production of silver grains on
development of the slideg. Contamination of the slides with chemicals
also leads to an increase of the background of the autoradiographs.

The use of the Feulgen staining method to show the positions



Erifium
of the nuclei introduces a loss of the }ebelled—thymidine from the

sections during the hydrolysis. This loss of radioactive label has
been shown by Leng and Maurer (1965) to amount to 18% using the type
of Feulgen staining t'échnique to which the sections were subjected.
This loss was conai;léred to be justifisble in view of the superiority
of; the Feulgen stain'iﬁg technique over the alternative methods availeable.
i‘he loss of label was l’aroportional to the length of the hydrolysis so the
loss would have no effect on the relative numbers of thymidine labelled
nuclei observed. The main effect of this hydrolytic loss of label
would be to reduce the'degree of labelling per nucleus in all ages by
18%. ’ This would not aﬁ’ect the conclusions drawn from the experimental
results since only the relative number of nuclei per section and the
positions in the root where fhe DNA synthesis occurred were discussed
and neither of" tﬁese would be affeocted in 1;heir essentials by a loss of
radioactivity of this type.

L) _Methogis inyolving labelling the basal root segmex;xt with

Cl, léucine.

) a)v Labelling the root segment prior to culture and
the method of analysing the movement of radio-
activity out of this labelled region during
growth of the root. |

The apparatus shown in.Dia. 2 allows the épical
1 ecm. portion of g;sterile 3 day old seedling to dip into a solution (20 ml)
containing inorganic salts (Bonner and Addicott ﬁedium minus sucrose) and
0.05 o per ml of Cl leucine. The roots were left to incorporate Cli
leucine from the medium for 3 hours and then the apical 1 cm. tips were
removed and transferred ts petri dishes for cuiture in the normal manner.
No chase with non-radioactive leucine was given end an a.!.xalysis of the

segments after labelling showed that 80% of the radioactivity incorporated

/
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was not extractable with hot 70% ethanol. After this labelling prior
to culture the roots were allowed to grow in the normel manner which
they did in spite of the increased amount of handling during the
setting up of the experiment. The rate of growth of the labelled roots
was the same as that of a batch of normael roots grown as a control.

To analyse the spread of the radioactivity incorporated in the
baqal region to other parts of the root end medium during culture single
roots were taken at various time ;ntervals from the start of culture end
cut up into successive llcm segments. These segments were déied onto
1 om filter paper discs in an oven at 60°C and when completely dry were
transferred to 7 ml of scintillation counting fluid in a glass counting
vial together with the disc of filter paper. The samples were then
counted for 100 minutes in a Packard scintillation counter. This gave the
radioaétivity along the root in counts per minute per em. A considerable
smount of radioactivity was associated with the root cap cells but since
the root cap was often sloughed off into the medium or left as a collar
round the growing root the activity due to this source was ignored in
presenting the results. The loss of activity to the medium was followed
by transferring 10 yl of the medium to a 1 cm filter paper disc after
filtration to remove cell debris and counting this in a scintillation
counter after drying in an oven at 60°C. The activity of the medium was
expressed as cpm per root per ml of medium.

The whole experiment was set up under aséptic coﬁditions. The
epparatus and incubation medium were sterilised by autoclaving or swebbing
with ethanol and every attempt was made to emsure thg sterility of thev
cultures derived from the lsbelled root tips. With the apparatus shown
in the Diagrsm up to thirty roots could be lebelled in one experiment.

b) Method of investiating the uptake of Cl4 leucine

by basal 1 cm segments during ageing.

40
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The root segments were harvested and prepared for
incubation in the way described for the labelling of the basal segments
with tritigted thymidine. Ten baszal segments of each age were used and
the apparatus used for the labelling is aﬁom in Diagram 1 . The
incubation medium consisted of the normal Bonner end Addicott medium
adjusted to a pH of 6.4 and containing 0.1 pc of Cl4 leucine per ml.
Strict asepsis was observed during the whole incubation procedure and all
apparatus and media used were sterilised beforehand. The incubation in
the Cli leucine. medium lasted 2 hours and the root segments were then
transferred to another medium containing cold leucine for 30 minutes for
chasing., When this was completed the tissue was fractionated using the
fractionation proceduré 1 outlined previously. |

After fractionation 50 ul aliquots of the buffer insoluble
residue suspension, the buffer soluble protein solution and the ethanol
-soluble fréotion were trax;aferred to filter paper discs which were then
dried and washed with cold TCA to coagulate the protein in the pores of
the filter paper. The filter paper discs were then washed with cold
TCA, hot TCA, 35% ethanol, ethanol/ether, and dry ether to remove any
leucine not incorporated in proteiﬁ. The .activity in the washed discs
was x‘neésured in a Beckman low background counter and the results
expressed as counts per minute incorporated per segment per 2 hours.

5) Measurement of oxygen uptake

This was carried out using ten segments of each root

age using the Warburg manometric technique as described in Umbrelit,
an;piss and Stauffer (1959 ).

6) Methods of determining enzyme activities in the basal segment

a) Polyphenol oxidase
The method used was a spectrophotometric

estimation based on the oxidation of adrenalin tartrate to adiénochrome by



this engyme in the presence of hydrogen peroxide. The method is a
modification of one used for the estimation of adrenaline oxidase in
blood plasma developed by Jasinski and Wkodgimierts (1961). An anzyme
extract was prepared .using the scheme given in fractionation procedure
2. 'i‘his extraction procedure was a modification of that used by Dawson
(1949). The reageni;s used in the estimation of the enzyme activity were:-
The enzyme extract which was a protein soiution in 0.01 M phosphate -
buffer pH 6.8. |
The adrenaline tartrate solution. This consisted of 0.015 g of adrenaline
tartrate dissolved in 50 ml of 0.01 M phosphate buffer pH 6.8 containing
5 ml of 1/50 N HC1. This solution deteriorates on storage but waes usable
for about a week if l;ept in the dark at 4°C.
A 6% solution of hydrogen peroxide.

The reaction was carried out in & 3 ml glass cuvette with a 1 cm
light path in a Unicem SP 500 spectrophotometer the progress being followed
by the increase in OD at 500 my. The blank and reaction cuvettes were

made up as follows:~-

Reactiofx cuvette Control cuvette
2 ml of adrenalixie solution 2 ml of adrenaline solution
1 drop of 6% peroxide | 1 drop of 6% peroxide

Both cuvettes were now stirred and the OD determined. This value
should be zero or only a little removed from it. To the tubes was éhen
added:=-

0.2 ml of enzyme extract 0.2 ml of distilled water
Both cuvettes were then stirred and measuremet'ts of the OD difference at
500 mu were taken every 1 minute for 10 minutes. The gradient of the OD
rise over this perioti was teken as & measure of the gotivity of the ensjme.
The activity was expressed in terms of rate of increase in OD at 500 mu in

the initial 10 minutes of reaction per segment, and is referred to in the
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results section as arbitrary units.
Table 1 gives the results of experiments carried out to
determine the time course of the reaction and to see if the activity
of the enzyme was proportional to the quantity of root material used
for the preparstion. The results in this table show thet the time
course of the reaction is linear for the first 15 minutes and the
engymic activity is proportional to the quantity of root tissue used.
b) Alanylglycine dipeptidase

This method was a modification of the method
described by Jensen (1962 ) first used by Linderstrom (1-9;32\ Je The
method was scaled up somewhat to suit the tissue and apl;aratus
availeble. In this method 50 ul of 30% glycerol 70% 0.15 M phosphate
buffer pH 7.4 were placed in & " x 3" test tube and 20-25 mg of basal
root segment tissue was atidad, In this type of experiment all the
basal root segments of a glven age were pooled and cut up into 4 equal
pleces. Four of these pieces were selected at random and used for the:
engyme estimation. Af’te;‘ the tissue was added to the glycerol buffer
solution the tubes we;"e well stirred to disperse the tissue in the buffer
- and were left for 1 hour at room temperatuzje. Then 50 pul of substrate’
solution con‘sistiné'bf 0.2 M alenylglycine adjusted to pH 7.4 with NeOH
was added and the tube well shaken and stoppered with a rubber bung. The
tubes were then kept at 25°C for two hours. After incubation the tubes
~wer§ unstoppered and the reaction stopped by adding 20 ul of 0,05 N HC1
iin 95%' ethanol.  After this 500 ul of acetone containing 2 mg per ml of
napth:vl red was added and the solution shaken and titrated to the ofgnge
red end point with 0.05 N HCl in 95% ethanol. The end point colour was
the colour of the acetone napthyl red solutidn. The controls consisted
of tubes in which the reaction: was stopped by the addition of the 20 ul

ethanol HCl solution at the beginning of the incubation period. A



Table 1 Polyphenol oxidese time course and proportionality

10 root tips 20 root tips 30 root tips
Time in 0D at Time in 0D at Time in 0D at
mins. '500 mp. mins. 500 mp mins. 500 mp
1 - .. 1 0.001 1l -
2 - 2 0.015 2 0.017
3 - 3 0.032 3 0.055
L - L 0.050 L 0.100
5 _ 0.611; 5 0.070. » 5 0.150
6 0.030 6 0.089 6 0.213
7 0.032 7 0.111 7 0.259
8 0.041 8 0.136 8 0.299
9 0.049 - 9 0.17% 9 0.358
10 0.079 10 0.207 10 0.425
11 0.088 11 0.229 1n- 0.450
- 12 0.099 12 0.241 ‘ 12 0.503
13 0.103 13 0.260 | | 13 0.545
"R 0.109 u 0. 300 U 0.582
15 0.153% 15 0.388 15 0.630
Gredient Gradient Gradient
0.011 0.02 0.050

144
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control was provided for each of the ages of root segment tissue examined.
The control titre was subtracted from the experimental titre and the
quantity of substrate hydrolysed by the enzyme was calculated. This
quantity was used as a measure of the enzyme activity.

The experiments reported below were carried out to test the time
course of the reaction and to determine whether the enzyme activity was
proportional to the quantity of root tissue used in the experiment. For
the proportionelity ezpefiment the quantities of the solution used were |
sceled up to allow f@r the much larger quantities of tissue used. In both
experiments the tissue used consisted of 2.5 mm segments obteined by
dividing the basal llcm segment of & 3 day ocultured root into 4 parts.
Five of these segments were used for the time course of the experiment and
5, 10 and 15 for the ﬁroportionelity experiment. The results of these
experiments are given'in Table 2. The activity in this teble is given
in the form of the iﬁcreése in tﬁe titrexpver the controi in'uniés oé
0.02 ml after 2 hours incubation. In the results section the activities
are repiesented by the quantities of substrate hydrolysed per segment per
2Ahoufs.

The variation in the resulfs of the time course experiﬁent was
lafge probebly because of the fact that this was a micromethod which used
only a very small quantity of root material for each determination which
increases the probability fhat the tissue selected for each determination
was not typicsl of tﬁe ségmeﬂté in edch dge batch.  Since the ensyms
methods were only required as indicators of change in the basal segment
this method was used as desoribed since it was thought on the basis of
the above results tofbe accurate enough for this purpose whers only large
changés in ensyme activity would be considered as significant.

¢) Phosphatase.

This method was based on the Allen (1940) amidol
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Table 2 Dipeptidase activity time course and proportionality
Time in Titre Difference Number of root Titre Difference
ming. segments
30 1.809 5 . 2. 780
60 1.287
90 2.677 10 6.301
120 2.905 |
150 | 2.914

180 C hak 15 8.076
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coloyrimetric method and was precisely the same as that used by
Vaughan (1965) in this department. The assey was carried out at a
pH of 6,8 since the pea root tissue enszymes were known to have s high
activity at this pH. No attempt was made to study the acid and
alkaline phosphatases separately since the object of ‘this assay was to
obtain a general idea of the overall activity of these engymes in the
segment rather than # detailed picture of the relative activities of
the tyﬁes of engyme presenf.

The reagents used in the assay technique were:-

1) éalipration stock solution consisting of
4.3 g of KHZPOL in 100 ml of distilled weter.

2) An 8% solution of ammonium molybdate in distilled
w;tar.

3) A~60% solution of perchloric acid in water.

4) Aﬁidol solution: (2,4 dinitrophenol hydrochloride)
consisting of 0.1 g of amidol sdded to 2.0 g of
sodium metabisulphite in 8 mls of distilled water
an@ the whole mede up to 10 mls with distilled water
after filtration, '

5) Incubation buffer which was 0.2 M Tris buffer at
pPH 6.2 containing 0.5 M sodium glycerophosphate as
a substrate.

The tissue for assay was frozen overnight and then slowly thawed
and homogenised in 2 ml of buffer substrate solution.  Four root eegﬁents
were used and substrate lacking and ensyme lacking controls were run in
parallel with the exmperimental tubes. The tubes were then incubated at
25°C for one hour, »After this time the reaction was stopped by the
addition of 0.8 ml of 60% perchloric acid. The tubes were then centrifuged

to remove the cell debris and ths supernatant decanted off and diluted to



10 mls ‘with distilled water. To this solution was added O.4 ml of the ‘
molybdate solution and 0.8 ml of the emidol solution. The tubes were
then shaken and left for i hour at room temperature. After this time
the OD at 725 mp was'taken using a Unicam SP 500 spectrophotometer with
the substrate only céntrol as the blank. } |

As in the case of the previous engyme methods the time course
of the assay and the proportionality of the extiraction of activi'ty were
tested by axperiment.. The results of this are given;in Table 3.

Ten 1 cm basal segments cut from three day old cultured roots
were used for each time estimation in the time course experimént and the
time of incubation for the proportionality experiment was one hour. The
units in which the enzyme activity was expressed here and in the results
section were ug phosphate re_leaspd per segment per hour. ' The conversion
of the spectrophotometer readinés to phosphate concentrations was effected
by reference to a 'grgph preparedi from a series of dilutions of the stock
phosphate solution run in parallel with the experimental determinstions.

d) Invertase ‘

| - This methoé was based on the ability of reducing
sugars to reduce ferﬁic ion to ferrous ion. :The quantity of ferric ion
reacting in this way was found by a‘baok titretion technique involving
the liveration of iodine by the ferric ion from potessium iodine and its
titration with sodium thiosulphate. The method used to follow the
hydrolysis of the sucrose in the culture medium was very similar to the
one used for the enzyme determination. The reagents used in the assay
proced;.xre are listed below:-

1) Substrate buffer solution consisting of 0.1 M phosphate

| buffer at pH 6 containing 2% sucrose.
~2) Potassium ferricyanide solution 0,005 M K:,‘Fe XN 6
in 0.1 M sodium carbonate.

3) Potessium iodide solution 2,5% and sinc sulphate



49

Table 3 Phosphatase activity time course and proportionality
Time in ug phosphate released Number of root ug of phosphate released
mins, A : segments
20 ' . . v20.7, 1l 1
40 5.1 2 3.5
80 ",.9.6 3 lF‘S
N 6.0

360 1.0
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solution 5% These solutions were made up separately
and mixed just before use.

4) A 15% acetic scid solution

5) A 0.005 M solution of sodium thiosulphate solution.

6) A 5% solution of starch for use as en indicator.

The controls in this experiment consisted of tubes in which the;
enzyme had been rendered inactive by heating in a boiling water bath for
hslf an hour. Two to four root segments were used depending on the
amount of tissue available. This tissue was homogenisad in the buffer
substrate ( 1m of buffer solution for every segment used). The oontrol
tubes were then boiled ;nd the remainder incubeted in a water bath at
25°C for one hour. After this time 10 mls of ferricyanide solution was
added to each tube and the tubes then heated in a boiling water bath for
15 minutes after being thoroughly shaken. After heating 5 ml of the
potassium iodide zinc sulphate solution was added and the tubes were again
shaken and allowed t§ cool to room temperature. Then 1 mI of the acetic
acid solution was added and the contents of the tubes well mixed by shaking
them. The contents of the tubes were then titrated against the thiosulphate
solution using the sfarch solution as indicator. This method of using the
production of reducing sugar as an index of invertase activity was the
same as the method used by Brown (1952) for the study of the ensyme in
cultured roots and t#e method of estimating the reducing sugar concentration
was developed by Hagedorn and Jemsen (1925).

The method used for the estimation of the reducing sugar present
in the medium after Yarious periods of culture is presented here since it
wes basically the same as the method for the enzyme estimation given above
differing only in that more concentrated solutions were used. The method
was & repeat of the Hagedorn reducing sugar estimation as outlined in the
" method for invertase determination using 1 ml portions of the medium from
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the culture dishes and solutions of ferricyanide and thiosulphate 100
times as concentrated as those used in the invertase estimation. The
medium of ten dishes of the same time in culture was pooled and made up
with distilled water to 200 ml and the 1 ml aliquots for reducing sugar
estimation were taken from this. The results were expressed as grammes
of sucrose remaining unhydrolysed per 100 ml of culture medium.
Proportionality and time course experiments were run for this
engyme estimation as-for all the other enzyme assay techniques. The
results of these experiments are given in Teble 4.
The enzyme actiﬁities in the results section were expressed in
uM sucrose hydrolysed per segment per hour.
e) Succinic dehydrogenase
' This method was based on the ability of the
succinic acid dehydrogenase to reduce triphenyltetrasolium chloride to
the colomfcti:etrazonium selt. The method was a modification of one
originally developed for plant tissue by Kun and Abood (1949). The
general background iﬁformafion ebout the epplication of this method to
plant tissues in genersl was provided by the work of Sitiro (1962). Two
types of control were required for this method of estimating the succinic
acid dehydrogenase activity, these were:-

1) A substrate lacking blank consisting of homogenised root
tissue and the tetraezolium salt. This was necessary
since the tissue has the ability to reduce the tetragolium
salt in the absence of the substrate (sodium succinate).
This ability was especially marked in the meristematic
regions and the younger tissue of the root.

2) A tissue absorption blank which consisted of the homogenised
tissue and a known quantity of the tetrazolium salt reduced

in situ by the addition of a few orystels of sodium dithionite
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Table 4 Invertase activity time course and proportionality
Time in uM sucrose hydrolysed Number of roots ¥ sucrose hydrolysed
mins per 10 segments ‘ per hour ‘
20 15.5 1 3.2
" 140 30,0 2 5.5
60 38.0 3 12.5
H f{:." Lt .4

g7
[

P



(sodium hydrosulphite). This blank allowed the
efficiency with which the reduced selt was extracted
from the tissues by aoetoxie preparatory té the measurement
of the OD of the colour produced in a spectrophotometer.
After trials with this type of control it was found that '
the efficiency of extraction did not vary much with the
ages of the tissue used and so this control was omitted
from the final exjerimental procedure.
In its final form the ensyme assay was carried out as described
below, the reagents used were:-
S1) A o.1%_ solution of triphenyltetragolium chloride
2) A0.1'M phosphate buffer solution pH 7.4
3) & 0.2 M solution of sodium succinate.
L) Dry acetone.
Each age of tissue w”a',s repx"esented by an experimental tube and a'substrate
lacking control: tube.: - Three segments were used for both of these. The
basal root sa@nent; were homogenised in 0.5 ml of buffer solution and
transferred to a 10 ml conical centrifuge tube. To these tubes 0.3 ml
of the substrate solution was added to each of the experimental tubes and
an equal quantity of':buf'fer was added to the control tubes. Then 0.6 ml
of the tetresolium salt solution was added to all the tubes. All the
tubes were then incuiiated for 30 minutes at 25°C. After incubation,
- 25 ml ¢f acetone were added to each tube. = All the tubes were then
stoppered and shaken for 5 minﬁtes on an automatic shaker. The tubes were
then centrifuged to fe’move all the debris and the supernatant water acetone
Bolution removed end its absorption at 420 my measured in & 3 cm light path
idorocell in & Unicen SP 500 spectrophotometer. The blenk against which
'the experimental tubes were measured was the appropriate. substrate lacking

control tube. The quantity of tetrazolium salt reduced was determined by
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 Teble 5 Succinic dehydrogenase, time course and proportionality

Time in #g TPC reduced Number of root tips ug TPC reduced
" mins. per segment per half hour
20 10,1 1 8.0
40 . 21.1 2 22.0
60 ;,igg?;o 3 26.0
| g N 42,0

e



reference to a graph of the OD produced by the reduction of known
quantities of tetrgsoliumlSalt with'cfystals of sodium dithionite.
This calibration graphvwas prepared in éa;allel with the experiment.
Proportionality and time éourse experiments were carried out using
this'enzyme'deterﬁinétion and the results of this ére given in Table 5;
The tissue used for these experiments consisted of 1 cm root tips out
from three day 61& pea seedlings. The time course experiment was set
up using 2 of these goot tips and‘the incubation time for the proportionality
experiment wes 30 minutes. |
. The units uged,in the experimental results section for succinic
dahydrogenase activity were pé of tetragolium selt reduced per segment
per bhour, i
f): 'frotease
L Tﬁis method was one derived from the casein digestion
method for the estim;tion §f trypsin ectivity used by Laskowski (1955). This
in turn waé based oncﬁ method originelly used by Kunitz (1947 ). The
reaéents used in thiﬁ’ass&y were:- |
1) éhospﬂgfe buffer 0.2 ¥ pH 7.4
2) A% éolution of casein made up in the buffer solution.
If the‘casein solution hes a high UV absorption left in
the aﬁparnatant after precipitation with TCA then it hay
be ne;easany to diélyse the casein solution ﬁefore use,
For mOsf of the estimations the cesein used was pure
enoﬁgh to make this precaution unnecessary.
3) A 10% solution of TCA.
The metﬁod‘af estimation was carried out as follows, Six root
‘segmentg of each roof.age were taken and divided into two portions, Three
roqts were used to set up the experimental aés@y tube and three were used
for fhe control tube thus there was one control tube for each age of

tissue. In'each case the three segments were homogenised in 1 ml of the
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buffer solution and to this homogenate was added an equal quantity of
the casein buffer solutioﬁ; The soletion was then placed in & 10 ml
conical centrifuge tube and incubated in & water bath at 25°C for an
hour. The reaotion in the control tubes was stopped before incubation
by the addition of an equal quentity of 10% TCA solution. Apart from
this the control tubes were treated in exesctly the same way as the
experimental tubes. - After the incubation period was complete the
reaetion in the expefiﬁehtal tubes was stopped by the addition of an
equal qnaniity of 10% TCA. The control and experimental tubes were
then'left to stand for half an hour to let the precipitate coagulate
and then centrifuge&; . The superngtant from each tube was then removed
and the OD aiffereece‘between the experimental tube and the control tube
at 280 mp was detefmine@ using a Unicam SP 500 spectrophotometer. This.
difference in the OD at 280 my wes taken as & measure of the enzyme, activity
of the tissue, The activity wes thus expressed in units of OD at 280 mp
per segment per hour. |

As in the case of the other enzyme techniques used the time course
and the proportionality of the enzyme extraction were determined. The
‘metho@s used in these!exberiments end the results from them are given
3elow. In the timeaeourse experiment 5,1 cm root tips were used in the
emperiﬁent and the centrol for each time examined. The incubation time in
the proportionality experiment was half an hour epart from these changes
the methods used weré thoee described above. The results of the two
experiments are given»in Table 6.

As well ae‘these experiments other experiments were run to
.establieh the distribution of the protease engyme between the soluble and
insoluble protein frections. | The results of these showed that 1.5 to
rF3.5 % of the total activity of the mature root tissue is present in the
debris fraction afte;:the extraction of the soluble protein f#ith buffer.

These qpentitieaaare:amall enough to be accounted for by contamination



Table 6 Protease, time course and proportionality

Time in OD difference at Number of segments OD difference at
mins. 280 mp per segment 280 mu per half hour
30 . 0.02% 5 0.029
60 - . 0.065 | 10 0.340
90 © 0,095 15 i 0.605

120 0,139

.



of the debris by the soluble protein of the supernatant during the
Separetion of the two fractions after the homogenisation. This showed
that the protease activity of root tissue was present in the buffer
. soluble protein fracﬁon',
9) Methods used in'the chromatography of the ethanol soluble
fraction.

Thé main components of the ethanol soluble extract were
amino acids and the chromatography of the extract was cerried out to
identify tﬁe éomponents of, the amino acid pool eand their relative
abundances at’ differént‘ times of culture. In the method used 20 pl of
the ethenol extract was~applied to a 14" squsre piece of Whatman No. 4
filter paper and chrbma?ogramed in two dimensions using the following
solvent systems. First direction phémol (60 g) weter (20 g), se‘coﬁd
direction either, N-butanol (9 vols), acetic acid ( 1 vol), end watef
(2.5 vols) or, tertiary butanol (120 vols), methyl ethyl ketone (50 vols),
water (4O vols), anéi98% formic acid (14 vols). The chromatographic
"maps" produced by these two solvent systems were very similer but the
;tertigry butagol haa the ‘afdventage of being more stable than the other
‘aaconyl solvent and cén be stored more easily. Both of the second solvent
systems were used during the period of experimentation and produced the
' same résults. The §hroﬁatograms were developed by dipping the dried
chrometogram in an 0.1% solution of ninhydrin in acetone and keeping the
‘.uPPed ‘ohromatogra.ﬁ in an oven at 80°C i;n'the derk for 25 minutes. After
‘this time the chromat}ograms were removed from the oven and kept for a
further 30 minutes in the dark at room temperature to allow the full
. ninhydrin colour to &evelop. The spots corresponding to the various
amino acids were thez:x“‘idantified by their colour and reference to a
' stendard chromatopax;n of known amino acids run at the seme time. After

the amino acids presént hed been identified and marked the spots on the

éhromatogram were fixed by dipping the chromatogram in e solGtion of the
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following composition; saturated copper nitrate 10 mls, 10% nitric

gcid 10 mls, mede up to 100 ml with acetone. When these chromatogrems
are dried in the oven at 80°C the amino acid ninhydrin spofs develop a |
light . steble, pinkishpred colour.,

For the estimation of the relative quantities of the amino acids
on the chromatogfams:the amino acid spots were cut out from the paper and
-after being cut upfiﬁto smaller pieces were placed in e tube and the
_ninhydrin copper complex extracted with 3 ml of methyl elcohol. = The
colour was satisfactorlly extracted by the methanol if the paper was left
in it in ; stéppefed?tube for thmeé hourss After the red colour was
elufed out of the paﬁer into the methanol the density of the red colour
at 500 mp was meaéuréd in @ Unicam SP 500 spectrophotometer using as a
blank & methanol 9x£§act of an equivelent area of the chromatogram which
did not contain any éminO'acid. This OD velue at 500 mp givgs a rough
~ides of tha'relative?qnantities of the amino acids present on the '
chromatogram, :

Most of the amino acid in the extract wes in the form of
homoserine and it wag-not possible to get large enough quantities of the
other acids on the chromatogram for analysis by this method without
causing the homoserine spot to streak on the chromatogram and interfere
with the other spots:around it. This method was not sensitive.enough to
deal with the very s@all quantities of amino acid in the relatively faint
épofs.produced by the amino acids other then homoserine. The three amide
emino acids were pooled end the colour produced by the combination of these
ﬁas determinéd. The homoserine and amide amino acids between them accounted
for 90% of the colour on the chromatograms end most of this was dus to the
‘homosarine. This method provided a rough quantitative check on the
patterns of change during ageing found for the alcohol soluble nitrogen

and the alcohol soluBle=amide nitrogen.



8) Method used for the estimation of the calcium content
of the root segments.
This method was a modified form of that described by
Jensen (1962 ) and origiﬁally developed for plant tissues:by Tyner (1948).
It was a_coloﬂrimetric method based on the fact that celcium will combine
with cﬁloranilic aéid to produce an insoluble preciéitafe. The tissue
to be analysed was blotted dry and placed in a test tube (3" x 3"). The
tubes were then placed'in an aluminiﬁm heating block and the tissue ashed
" by heéting in & muffle furnace at 450°C for 5 hours., After ashing the
tubes were slowly cooled end one drop of distilled water was added (0.5 ml)
together with 100 ul of dilute HClL ( 1 part aenler HCl1 to 3 parts ofi
distilled water) andvthe ash dissolved. The samples were then
evaﬁorated'to dryness in an oven at 100°C. The resultiﬁg residue was then
taken up in 50 ul of 0.1 N acetic acid and warmed gently for ten minutes
without ellowing the solution to boil. To the warm samples 200 pl of
distilled water and 100 ul of chloranilic acid (0.1% solution) were added
and the tubes alléwed to stand overnight at room temperature. Following
this the tubqs were éeﬂtrifuged to remove any precipitate and the OD of
the supernatant measured at 500 hu in a Unicem SP 500 spectrophotometer.
The blank for the Qpectrophotometer measurement consisted of 200 LI of
distilled water, 1oo{p1 of chloranilic acid, snd 50 pl of 0.1 N acetic
acid. The 0D diffefence between the blank and the sample gives the
: qpéhtity of chloranilic acid used by the calcium which was converted into
the calcium content sf the sample by reference to a standard graph prepsred
ﬁsing known calcium conceﬁtrations against the sams blaenk.
9) Method used for the phosphatese histochemistry
Thé method used was based on a technique of Grogg and
Pearse (19520 and is based on the caupling of the a~napthol released from

xenaphthyl phosphoric acid by the phosphatase with orthoanisidine tetrazonium



chloride to form a purple water insoluble dye which deposits at the

site of the phosphatase acti?ity in the cell. The basal root segment
tissue used was frozen overnight in the deep freeze and thawed just
before use. It wasﬂfound tﬁat this tregtment increased the phosphatase.
activity of the tissue and thus reduced the incubation times necessary
for the development of the colour produced by the reaction, The tissue
vas hand sectioned in transverse section and the sections transferred
directly to drops of the reaction medium on a slide. The drops of the
reaction solution and the TS's were then oovered with & coverslip to
rednée,the evaporayiqn‘from the reaction drop. The colour weas fhen
allowed to develop by placing the slides in an air tight plastic bdi
lined with damp filter paper which was kept at 25°C in an incubatot.
Under these conditions phe diffuse activity associated with cell deaﬁh
was easlily visiile iﬁ'the‘cells of the section in half an hour. The
localised activity characteristic of 1iviné cells was slower to develop
and took ghout an hbur-to develop properly. The reaction mixture was
made up of two solutions which were mixed just before use. 'The solutions
were 0.3 g of apnapthyiphosphoric acid in 100 ml of 0.1 M acetate buffer
PH 4.5 and 0.5 g o-anisidine tetrazonium salt elso dissolved in 100 ml '
of acetate buffer pH;&.S. The solutions will keep for & month after
nixing if they ere stored at 4°C in the dark and for even l?nger periods
if they are stored unnizxed. Two types of control were carried out, a
substrate lagking control and incubation in the presence of fluoride ions.
~ In the first control there was complete inhibition of the resction in the
second there were indications of a very slight activity after prolongued
incubations. In both the experimental and control sections there was a
considerable quantity of brownish yellow or greenish coloured breakdcwn
products of the orthosnisidine tetrazonium siat which stained the cell
walls of the dad cells of the section. This staining of* the dead cell

walls was very useful since it allowed an accurate delineation of the
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areas of dead tissue in the root cortex. Itdid however meke the
interpreta?ion of the sections difficult wherever there was a tissue
composed of dead and dying cells mixed up together because in this case
the brown s@dining»ofvthp dead cells tended to obscure the purple
, staining from the phosphatase reaction. The only time that this
. wag a difficulty was during the deeth of the piliferous layer between
6 and 12 days. Apart from this portion of the root at this time there
was no possibility of confusing the brown or green staining of the cell
walls by breakdown products with the purple colour produced by the
phosphatase reaotion.

10) Meadureoent of number of cells per segment.

| The number of cells per segment was determined by the
method of Brown and Rickless (1949), as modified by Brown end Broadbent
(195D). S . | : '

, Five segmaots were left in 5 ml of & 5% solution of chromium’
trioxide in water for 2, hours at room temperature. The tissue was then
macerated by forcing the segments in and out of a glass pippette.

The number - of ¢ells in a known volume of suspension was counted
,under the high power of a microscope using a Fuchs-Rosenthal bright line
haemocytometer with & counting chamber of 0.2 mmdepth,

The number of 'cells per segment was calculated from the wverage

values of counts mado on five samp;ea of each suspension.
¢) Measurement of medium changes
;'1) Measurement of the medium volume per disgh
and sucrose concentration.
. Ten petri dishes from each age group were
solqoted choosing if possible those dishes which contained the roots
chosen for the analysis of their basal segments. After the removel

- of the roots the contents of the culture dishes were pooled in a measuring
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cylinder and the average volume of medium per dish was found by
dividing the resulting volume in the neasuring cylinder by ten.
This culture medium was then made up to 155 mls with distilled water
'to bring the volume up to the day gero value. -One ml aliquots of this
solution from each age of medium were taken and their redncing sugar
‘ content was found by using the same technique as that used in the
“invertase estimations but with solutions 100 timea more concentrated.
This gave the reducing sugar content of the medium in g per 100 ml
and from this the amount o; sucrose hydrolysed to provide this was
calculated. - This vnlue was tnen subtracted from the quantity of sucrose
present at the start of culture to give the quantity of sucrose remaining
in g per 100 ml. " The results of these determinations were checked
qualitatively by a chromatographic analysis of the cerbohydrates in the
culture medium which was carried out in the following manner. An aliquot
of 25 from the diluted culture medium of each age group was spotted ‘onto
an 18" x 2&“ sheet of Whatman No. 4 chromatogrephy paper, the sheet was
then run es a descending chromatogram using iso-propanocl (160), ~water
(hO) as the solvent. . The day zero medium was used as s reference since
it was known to contn;n oniy sucrose and could thus be used as a standerd.
'Affer running the ohnomatograms they were dnied and cut into strips each
strip corresponding éo one age of culture medium. These strips were then
dipped in a solution:'containing sneline, 1% diphenylamine, 1% dissolved
in acetone (10 vols)?énd 85% phosphoric acid (1 vol). This developing
solution produced nrown spots on the paper for the sucrose and the
fructose and a blue §pot for the glucose when the chromatogrem was heated
gently., The rosultnzfrom these chromatographic were in agreement with
the results from the'reducing suger estimetions carried ocut on the medium.
| 2) :Measurement of medium pH
y This was carried out on the pooled medium prior to

dilution using a Vibret laboratory pH meter.



Results Section

1) Preliminery results

These preliminery results are from experiments in which en
attempt wes made to extrapolate the successive segment technique developed
by Brown and Broadbent (1951) to roots grown for up to 30 days in culture.
The results given in this section refer to roots of 7 and 27 days in
culture. Later results show that the rate of increase in main axis
1enéth is not constant throughout the period of culture so segments of the
same length do not represenﬁ equal periods of time. This is an inevitable
consequence of extending the period of culture beyond 6 days and is most
marked for the 27 da& old roots. The rate of growth as expreséed by the
.extension of the main axis of the root is discussed later in the results
section but in Diagram 1 the reletionship between the length and age of
root tissue for the 7 and 27 day old roots is given together with an
indication of the morphology of the two types of root. Diaéram 1 also
shows the average position and number of lateral roots in the 27 day old
root. The production of lateral roots is another complication attendant
on the prolonged period of culture.

For the analysis of the 7 day o0ld root system ten roots ﬁere
used their average length being 6.1 cms. The 5 cms. of the root shown
by arrows in Diagram 1 were taken for analysis and analysed for total
nitrogen, Labile nitrogen and Calcium content. The Fresh weight and
Cell Number of all the segments were also teken. The results are
presented in Table 1.

For the analysis of the 27 day old root system, ten roots were
used their average length being 19.8 cms. The 14 cms. of root shown'by
arrows in Diagram llwere taken for anelysis after the removal of all

divided
lateral roots, andL}nto 1l cm. segments. The same parameters were
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Table 1 Analysis at successive 5 mm. segments numbered from the!base at 7 day old cultured roots.
Seg. Fr.Wts.Seg. Cell ll!g./ Seg_. Total Nitrogen Labile Nitrogen Ca content Age in
x10 ug /ug Fr pg/C  pg/mg P pg/cC ue/mg F pg/C Days
x1073 w07 %1072
1 16,0 3.7 2,4 10.0 0.1 0.4 0.2 0.7 8,0
2 11.1 A 3.2 8.1 0.1 0.3 - - 7.6
3 93 3.5 - - 0.1 0.3 0.k 1.0 7.3
L 540 2,1 1.9 4e5 0.2 0.5 - - 7.0
5 2.8 1.4 302 6.2 0,3 0.6 0.6 1.1 5.8
6 2,1 1,3 e 7.4 0.6 1.0 - - ko6
7 1.3 0,7 5,1 %5 0,5 D9 1.1 2,00 4eO
8 0.8 0.7 5.4 9.2 0.9 1.0 - - 33
9 0.6 1.0 U6 8.8 1.8 1.1 - - 2.8
10

0.6 1.3 12‘-.7 6.8 1.3 0.8 - - 2.5
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Table 2  Analysis of successive 1 cm. segments numbered from the base et 27 day old oultured roots.
Seg; Fr. WI./Seg. Cell No./Seg. " Total Nitrogen Labile Nitrogen Ca content’ | Age ,
ngs. < 103 ue/mgf  pg/C ng/mgP | ys/c - us/msF_ ng/C Ii)-!;y .
x 1073 x10°F x 1073 '
1 21,9 8.7 1.5 3.8 0.2 0.5 0.01 0,05 28.0
2 9.9 6ol 1.8 2.8 0. 0.6 .04 0,10 26.0
3 8.0 6.3 | 1.8 23 0.7 0.9 e . = . 25.0
b 6.6 39 33 56 0.9 1.5 0,10 . 0.20 . 23,0
5 7.9 51 28 71 0.l 1.0 - - . 22,5
6 9.0 3.1 27 7.8 0.2 0.6 0.12 Ol . 22,0
7 8.0 | 2.4 3.6 12,0 0.9 3.0 - . - . 21.5
8 6.6 3.8 | 5.8 10.0 1.3 23 - S . 21,0
9 5.5 2.4 - - L3 30 042 . 0,01 . 20,0
10 3.5 1.9 7.9 M5 1.6 3,0 0.37 0.70 . 18,0
n 3.5 2.7
12 2.8 2.8
13 3.1 2,7

TR 2.6 2.6
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measured fog these segments as for the 7 day systeﬁ. The four apical
segments were used for Fresh we#ght and Cell Number determinations only.
The results ere presented in Table 2.

The results of Table 1 show the chenges during the initial
period of ageing up to 8 days after cell expansion has been completed.
This initial period shows a decline in total nitrogen, labile nitrogen
and célcium content per cell. This is compatible with the results
obtained from similar but younger systems (Heyes personal communication)
aé far as the nitrogen frgctions are concerned but is at variance with the
data’on the accﬁmulation of calcium with age reported by Lansing (1942)
€or—Eledsa., From these experiments it would seem that celcium accumu-
lation plays no pért in the ageiﬁg of pea root tissue. There is in fact
a decline in the calcium content per cell with age.

The data obtained from the 27 day old roots show similar
trends but a comparison of the data in Tables 1 and 2 show a‘marked
discontinuity in the'nitrogen values per cell between ihe 8th and the 18th
day. The presence of lateral roots also makes alllvalues based on cell
number unrepresentative of the progress of an average cell thué the method
of analysis using sucéessive segmenfs can only be applied to cultured root
systems in which the rate of growth is constant and there is no lateral
root formetion, Theée conditions can be satisfied for cultﬁred foots for
the first week of culture but'are not compatible with the longer periods
of culture necessary for the full cycle of senescence and death to be
completed.

2) Growth of the root in culture

a) Increase in the length of the main axis

The results are given in Table 1 and plotted in Figure 1
and are the average values from several experiments and some 350 individual

roots. The 95% confidence 1limit is gi#en for each of the average results
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Table 1 Growth in length sf cultured 1 cm. root tips

Time of Length of Time of Length of Time of Length of

culture root in culture root in culture root in

*in days cms. . days cms. i days ¢‘:ms.
1 1.2 0.2 11 1.4 * 1.6 21 -
2 2.0 0.4 12 12.7 3.9 22 19.9 2 4.0 I.
3 2.6 0.5 13 U8 3.9 23 19.9 2 3.6 -
b 3.1 0.3 1 15.9 3.8 /N -
5 3.4 0.2 15 17.4 2.2 25 -
6 5.6 1.2 16 19.0 2.4 26 18.9 8.8 .
7 6.1 2.1 17 20.1 2.3 27 -
8 '9. 5 2.4 18 20.4 3.1 28 -
9 io.s 2.8 19 20,4 3ok 29 -

10 114 3.0 20 - 30 18.6 2 lv.l.-
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in Table 1 and Figure 1.

The points aryising out of these results are:-

1) The increase in length ceases at 15 to 18 days. This
implies that the meristem of the mein axis ceases to divide et this time.

2) The period between 1 and 18 days can be divided into
two parts. The first, covering the period 0 to 5 days is characterised
by aibénstént rate of increase of 0.5 cm. day and a low veriability as
measured by the 95% confidence limits. The second, between the 5th and
the 18th days has a higher rate of increase in length (1.3 cn/day) and a
steadily increasing variability. There is some evidencé that this
second period consisted of two periods of differing growth rete. A short
initial period between the 5th and 8th deys with & Qery high growth rate
of 1?8 cms/day and a longer period with a rather glower growth rate of
gbout 1 cm/day between the 8th end 18th day of culture. The high
variability of the results during this period of culture means that no
real significance can be attached to this although it was quite marked in
the results of individual experiments. The graph in Figure 1 shows that
theAsecond_peniod.wiﬁh.two—diﬂferent*growth'rateu vut a straight line
representing a ﬁniform growth rate over this period is equally possible
in view of the high variagility.

3) The changes in the growth rate as measured by the
increase in the length of the root were pssociated with the formation of
lateral roots.

Later results will show that the root takes some timﬂto
acclimatise to the eulture medium so initially the growtdrate of the root
was somewhet below the maximum possible rate. This acclimatisation lasts
for 3 to 6 days. Towards the end of this period the rate of growth

increases as the acclimatisation is completed. However, this faster rate



Table 2 Production of lateral roots on cultured 1 cm. root tips

Time of % of rocts Time of % of roots
culture with culture with '
in days laterals in days laterals
1 0 11 | - 62
2 0 ' 12 89
3 0 13 . 100
N o o 100
5 0 15 100
6 6 16 100
7 15 17 100
8 18 18 - 100
9 39 19 - 100
10 55 20 100
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of growth slows gs lateral rbots eppear. The eppearance of lateral
roots wes assoclated with a decrease in the growth rate of the root.
The decrease in the rate of growth of the root was roughly proportional
to the number of dateral roots present. ‘ Roots with a large number of
laterals were consisténtly shorter in length than roots of the same age
with only a few laterals present., The number of latersls per root
varied between 1 and 30 and this is either a cause or a consequence of
the high variability shown by the results in Table 1.

Table 2 shows the percentage of roots showing latereal roots
or lateral root primordia at various times in culture.

On the basis of the interpretation given, these results
indicated ithat a decrease in growth rate could be expected between 9
and 10 days. The data of Table 1 shows such a change in rate but the
higher variabllity reduces its significance.

b) Increase of the FPresh and Dry Weights 'of the root

The results given in Table 3 represent an

average from 10 roots.

These results are presented grdphicelly in Figure 2. The
form of these grephs is very similar to the root length curve of Figure 1
the only differenée being that toth the fresh and dry weights continue to
increase af'ter the root hes ceased to increase in length. There was the
same decrease in the growth rate associated with the formation of lateral
roots but for these growth parameters it was much more marked. The slow-
ing of the rate of increase in welght associated with the onset of lateral
root formation shows that the numerous lateraqroot primordia do not
compensate for the reduction in the acti&ity of the main meristem. It
was not known whether the decline in the growth of the primary meristem
was a cause of the formation of latéral roots or wﬁether the formation

of lateral roots was a cause of the decline in the growth rate but the

cor
results of Tables 1, 2 and 3 show that the two factcrs sre related.



Table 3. Fresh and dry weight increase during growth ef 1 cm.
root tip in culture.

Time of Fresh Dry
culture Weight Weight
in days in mgs. in mgs.
0 15.1 1.6
3 23.4 2.2
6 68.5 7.5
9 85.8 2.0
12 103.0 10.8
15 _ ' 102.3 : 8.7
18 117.8 | 16.1
21 125.3 9.7
2 oo 146.6 17.3

27 152.1 a3






c) Changes in the medium during the growth of the root -

The volume, pH and sucrose concentration dh the

medium were followed in an experiment lasting 30 days. The resulfs are
given in Table 5. | |

. These results show that the pH is initially unfavourable for
root growth and that the roots bring the pH up to the optimum-value for
growth (pH 6.4) in the first 6 days. This result explains the slow
initial growth shown in Figures 1 and 2.

The decrease in volume is due to evaporation from the medium.
Most of the liquid evaporated condenses on the 1id of the petrie dish
and may run back into the medium during the hendling of the dishes. This
probebly explains the poor fit of the results to whét should have been a
straight line relationship of volume against time.

The very repid hydrolysis of the sucrose in the medium was
confirmed by chromatography. After 15 days no sucrose was detected on
chromatograms although plenty of glucose and frutose was present up to
‘the end of the 30 days of culture. The results show that the hydrolysis
of the sucrose proceeds at a faster rate than the products of the hydroiysis
cen be used by;the root. ;

These results show thaf’the medium becomeé ﬁrogressively more
unfavoursasble to growtﬁ as regards both osmotic and carbohydrate milieu.
The pH of the medium wes constant after the first 6 deys and changes
could be neglected after the initial period of culture was completes It
was decided that in spite of the deleterious changes of volume and
carbohydrate composition thé culture method would be used unchanged in
future experiments since there was the likelihood that ageing would be
accelerated by such environmental stress.

a) The effect of repeated transfer on the growth of the root

Three batches of roots were used in this experiment:-

(a) A control consisting of roots grown in the
normal way

(b) An experiment in which the whole root was
transferred every three days to firesh medium.

(¢) &An experiment in which only the apical 1 .
was transferred to fresh medium every three days.

The roots in (a) and (b) were measured at 3 day intervals and
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Teble 5 Changes in the culture medium during the growth of 1 cm.
root tips in culture. '

Time of . pH Volume/Dish Sucrose
culture in mls. &/100 ml,
in days
0 b3 . - 19.0 b0
3 5¢9 17.5 2.8
6 6t 17.3 : L3
9 6ol 17.0 0.3
12 6al 1.8 . 0
15 6t 155 |
18 6.1 15.0
21 6.2 15.5
24 6.2 12.5

27 , 6.4 11l.5
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their lengths recorded. In (e¢) the length of root produced since the

first day of culture was recorded. The results are given in Table §
and Figure 3. Ten roots were used for each batch. |
probable

These[results show thet the transferred roots did not grow as
well as the control roots, The reason for this was that the repeated
transfer of the root caused it to be continually in medium with a sub-
optimal pH,  Comparison of the results for (b) end (c) also show that
the amputation of the older root tissues had no effect on the rate of
growth of the apical 1 cm.

e) Viability of fresh and aged root tips in fresh and
used medium.

;n these experiments root tipé(l cm. apical portion)
were cut from roots which had been grown'for various times in culture and
transferred to fresh media. Ten root tips were used from each age of root
and they were all grown for three'days in the fresh medium. After three
days growth the rooté were measured and ﬁhe average length and the
percentage of roots shoying growth were recorded for.éach batch. To
reduce the time takep fgr the pH of the gresh medium to be raised to the
optimum for growfh tﬁé root tips were sown 10 to a dish so one dish was
used for each age of root. The othgr half of the experiment consisted
of placing fresh-1l cm. tips in the spent medium used to grow the roots for
the first half of thé experiment., The root tips were placed 3 to a dish
-and 4 dishes were set up for each ageof spent medium: After three days
the roots were measured and the average length and the percentage showing
growth in each of thé different media were recorded. The results are
given in Table 6.

| These results show that there was a decline in both the viability
of the meristem ;ith age and the ebility of the medium to support growth

during the growth of lem. root tips in culture. The increased rate of



Table L4 The effect of repeated transfer of cultured roots to
fresh medium.

Day of Average length of root in cms.

culture Control 3 day transfer 3 day transfer
(a) of whole root of apical 1 cm.

(v) (e)

0 1.0 1.0 1.0

3 2.0 2.0 2.0

6 3.9 . 3.0 2.7

9 6.0 3.8 : 3ok

12 8.0 he2 3.8

15 11.5 holy 3.9
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Table ba Effect of Growth of 1 cm. root tips in aged media and growth of 1 cm.
root tips cut from cultured roots in fresh media

Table 6b

Age of ' Average length % fresh root Age of root Average length

% old root tips

Medium in fresh root tips, tips growing saddus In old root tips . grawing in new
days. in aged medium in aged medium © days in mm. at 3 days ‘medium '
© in mm. ?,t 3 days - - : . 7 ‘

.io‘ L 1% o ii 100 _; o ST 100
s ; 19 10 : 3 22 100
6 | ) 1:} o 100 | . | >6 B - 20 | 100
15 16 ‘ ) 100 15 15 9
18 1 2 18 13 88
21 10 ' 0 21 11 ' L6 '
2, 16 ) -0 | | 2 10.5 25
27 10 | ’ ' 0 27 10 10
30 .10 - 0 30 10 )

28
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growth shown by the fresh material in the 3'day old medium was due to
the pH effect noted in the previous»section and provides additional
evidence for it. The increased réte of growth of the 3 dayold root tips
in fresh medium probably 'means that these roots were to some extent adapted
to growth at a sub~optimal pH. The results show that both the root
meristems and the culture showed ageing changes but that these changes
‘were not of the same form: The root meristem showed a straight line
relationship between root age in culture and the division activity of the
meristem as measured by increase in length, if the first three days were
ignored, The medium showed an ability to support growth until the 15th
day at which point the growth declined very.quickly.

These results support the interpretation that the cessation
of growth in length was due to changes in the medium since the growth
in length ceased abrﬁptly as was shown in Pigure 1. At the same time
there was'the gradual decline in meristsmatié activity. This can be
easily seen by refferance to Figure 4a -~ d.

3) Changes in the basal 1 cm. segment during the growth of

the root in the egeing medium

a) Fresh Weight

The results given in Taeble 7 were the average
results of two experiments and each age of segment was represented by
30 to 4O segments. The 95% confidence 1limits are given in Table 7.
The results are presented graphically in Figure 5.

The considerable variation in the results was due to the
presence of root hairs on the root segments. A root segment having
turgid root hairs on it was not easy to blot dry and so would tend to
have a higher fresh weight then a root segment in which the root hairs
were all dead. Since it wes possible to have a root segment with both

living and dead root hairs on it in practically any proportion on the
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Table 7 Change in Fresh weight of basal 1 ecm. segment

during culture.

metaa e

deys

0 i , 13,1 2 4.1
3 15.2 6.4
6 16.5 3.9
9 17.5 6.7
12 ) . 17.6 4.5
15 19.3 5.0
18 20.6 5.6
21 ‘ 18.9 9.4
24 17.3 4.8
27 N 174 b7

30 15.8 2 4.7



Table 8 Chenge in number of cells in basesl 1 cm. segments

during culture

Age of the Basal ' Cell Nugber
seguent in days (x 10 72)
0 18.75 2 0.08
3 11.10 2 0.22
6 8.72 2 0.2
9 8.62 2 0.2
12 ' 8.28 ¥ 0.18
15 7:66 2 0.38
18 | - -
21 . ,, -
2% -
27 , ,. -

30 | = . 8.9 0.58






varisbility in weight as measured by the 95% confidence limits was
inclined to be high especially in the middle of the experimental period.
b) Cell Number

The method used was not entirely successful in
macerating the vascular tissue of the older root segments and so was not
carried out as a routine procedure for all experiments. The results
given in Table 8 were from one experiment in which the maceration
technique was et least partieslly suecessful.

The results of this end other experiments show that the cell
number per segment remained constant within the limits of error from the
6th to the 30th day of culture. This showed thet there was no cell
division in the basal segment. The 95% confidence limits are given in
Table 8. The results themselves are plotted in Figure 6 together with
the econf'idence limits.

¢) |Histology of the basal segment
1) Anstomy of the segment

Changes in the anatomy of the basal segment
were observed on longitudinal end Transverse sections from three sources:

1) The safrenin light green stained Transverse
sections (T.S.) cut specifically for this
purpose.

2) The hand cut T.S. cut for the phosphatase
histochemistry.

3) The Feulgen stained transverse and longitudinal
sections used for autoradiography and DNA
microdensitometry.

Plates 1 and 2 show the general appearance of the root in T.S. in the
basal segment region at 9 and 27 days.

The anatomy of the root was completely normel except for the
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Plate 2 Haematoxylin stained TS of a3g day old basal segment
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relatively poor degree of lignification in the vascular system and

the ebsence of any secondary thickening in the stele or cortex.

‘Both of these points have been observed frequently in other work

on cultured roots. They both seem dependent on the auxin concentration
and fhe lignification seems dependent on the sucrose concentration also
(Street, 1952; Hughes, 1960; White, 1943). Examination of transverse
sections (T.S.) of the basal segment stained with safranin and light
green. did show that a few divisions had taken place in the wascular
system but these were too few to have any effect on the cell number
which could be detecfed with the method used for cell number estimation.
Feulgen stained sections (both T.S. and L.S.) were exemined but no nuclei
were ever found in thé course of division. Any ceil division which does
occur is very limited and occurs only in the stele during the first three
days of culture.

Thé rootlségment has an anatomy precisely that of a young
normelly grown pee root before secondary thickening has started. The
segments stay in this 'juvenile' state throughout the whole period of
culture. The rbot when cut in T.S. consists of the usual triarch stele,
cortex and piliferbué layer. The stele remained unchanged throughout
the period of culture except for a slight increase in the 1ignificétion
of the largerhylem vésséls and the deposition of staining products
(SUBERIN) in the endodermis. The piliferous layer and the cortex
graduelly died as the age of the root segment increased. This necrotic
process did not proceed at a uniform rate throughtout the experiment but
occurred in a series of discrete stages which are listed below.

a) Formation and death of the root hair emd the
piliferous layer

Root hairs have already begun to differentiate

from the piliferous layer in the oldest tissue of the 1 cm. apical segment

N



used to inpbculate the culture dishes at the start of the culture.,

The root hairs were fully developed at the basal end of the root -
segment by the third day of culture and by the 6th day of culture had
died and lost their turgidity. The root hairs at the other end of the
‘root segment were fully mature at about the 9th day of culture and had
died completely by the l?th day of culture. I took sbout a week for
this necrosis of the piliferous layer to pass the length of the segment.
This gradual nature of the various processes occuggng in the basal
segment iliustrated by this observation is unavoideble so the results
‘given in the later sections must be interpreted as the average state of the
segment. They may only reflect the stete of affairs in a small percentage
of the whole segment.

The deed root hgirs and piliferous cells wefe not lost into the

medium but were retained as a layer of collgpsed cells around the cortex
which is still alive at this time.

b) Necrosis of the outer cortex

_ This region of the cortex was defined as the
layer of parenchyma éells 3-4 cells thick which lies immediately beneafh
the piliferous layer. The necrosis begen as soon as the necrosis of the
piliferous layer was completé and progressed élong the root behind it.
The necrosis is slow and continues until the 21st day of culture.

¢) Necrosis of the middle cortex

This region of the cortex consists of the
large parenchyme cells which make up the bulk of the cortical tissue.
The necrosis of the middle cortex was rapid, far faster then the necrosis
of the outer cortex. Necrosis sterted on the 21lst day and had spread
throughout the middle cortex by the 24th. Not only was this necrosis
more rapid than those'previously deseribed but it was also spread evenly

throughout the length of the segment. This stage of the necrosis was
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thus homogeneous for the segment.

d) Necrosis of the inner cortex
| This region comprises a layer of émaller
parenchyma cellsnabout 2-3 cells thick immediately external to the
endodermis. This layer remains unaffected by the necrosis of the
middle cortex and begins to die only after the cortex external to it is
dead. The process of necrosis begins between the 24th and the 27th
deys and is complete by the 30th day. See diagram 2
The only other features of this necrotic process which were
noted concerned the t}ming of the several periods of necrosis in the
verious regions. The two stages a) and b) above were discussed under
two separate headings although in fact this was an arbitrary division
of what appeared to bé a continuous process, the necrosis of the outer
- cortex following the‘necrosis of the piliferous layer immediately. In
the histochemical preparations for phosphatase determination it was noted
thet there often appeardd to be a pauss between the completion of the
necrosis of the oute;;cortex and the start of the necrosis of the middle
cortex.
Changes in the gnatomy of the basal segment were observed on
transverse and longitudinel sections (T.S. and L.S.). The observations
were drawn from three sources; the sefranin light green stained sections
referred to previoﬁsly, the sections on which the phosphatase histochemistry
was carried out (thié will be discussed in the following section) and the
Feulgen stained T.S's and L.S's used for estimations of DNA content by
microdensitometry.
2) Phosphatase histochemistry
This technique was used primaril& to investigate the
distribution of the acid phosphatase enzymes in the cells of the root.

Its usefulness lay eﬁtirely in the fact that it could be used as e
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sensitive indicator of the dead, the dying end the still living tissues

in the root cortex. There are three important points which give this
technique its usefulness. Firstly the phosphatase activity changesfrom

a2 pattern of highly localised activity in grenules within the cytoplasm

to one of diffuse general activity spread throughout the eytoplasm of

the cell as it died. Secondly there was a large increase in the activity
of the ensyme during this change. The death of the cell was thus marked
by a change in the aectivity and the distribution of the activity within
the cell, TFinally it wes noted that the cell walls of sutolysed cells
took up some of the breaskdown products of the reaction mixture and stained
a2 green colour which changed to & yellowish brown on standing, Cell wells
of living cells and cell walls of cells which had lost their contents during
the sectioning did not take up this stain. These points are illustrated

by the following four plates with their explanations.
Plate 3

Plate 3 shows the gramular activity in living pith parenchyma cells
stained for one hour, These cells show the granularity of the activity
rather better than the cells of the cortical parenchyma because they have
more eytoplasm in relation to their bulk. The living cortical cells show
& similar but less pronounced pattern which is hard to photograph success-

fully as can be seen from Plate 4.
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This section was only steined for half en hour and shows the appearance
of a living parenchymatous cell in the cortex.
Plate 5

This shows the phosphatese activity in some dying cells from the same
section as the live eells of Plate 4. The activity is spread throughout

the cytoplesm and the level of activity is much higher, Staining time

wes i- hour,
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Plate 6

This plate shows living and dead cells. The cell walls of the dead cells

are stained a yellowlsh brown colour those of the live eells are unstained.
Plates 7 = 10 show the appearance of the cortex at various ages

when stained to show phosphatase activity. These show the stages of necrosis

in the cortex with increasing age.

Plate 7

This is a T.S. from 2 9 day old segment of the root and shows the activity in

he piliferous layer and the outer cortex and the brown staining of the dead



Plate 8

This is a T.8. from an 18 day old segment. The activity and stained
dead cells show the process of necrosis in the outer cortex. There is

little activity in the middle and inner cortex.

Plate 9

This plate is from a T.S. from a 27 day old segment and shows the spread
of the diffuse type of activity assocliated with cell death to most of the

middle and inner regions of the cortex.
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Plate 10

This is a T.8. of a 30 day old root and the heavy steining due to the
breakdown products shows that the entire cortex is dead except for a

layer of cells outside the endodermis which show the diffuse type of

activity.

d) Changes in the nitrogen containing freetions.

1) The Totel nitrogen content of the basal

segment
The results presented (in Table 9 and

Figure 7) are the average values of the results from 6 experiments.
2) The nitrogen content of the perchloric

acid preeipitated fraction
The results presented (in Table 9 and

Figure 7) are the average values of the results of three individual
experiments, This parameter was epproximately equal to the protein
nitrogen content of the segment. The results are presented in Teble 9

and Figure 7.
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Table 9 Changes in the nitrogen content of the basal 1 em.

segment during culture

tgt d:;’ 'Segmont Totw‘::;c):gon Prot?:;:/ x;.':zl)'ogon
o 97.3 21e 6
3 64,1 32.0
6 83.5 26.8
9 92.1 2645
12 90.0 Lbels
15 84.8 47,2
18 86.1 45.3
21 87.5 45¢6
2 71.8 365
27 71.9 4643

30 57' 8 160 6
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The graphs of Total nitrogen and Total protein nitrogen content

are presented in Figure 7 together with the results for the Ethanol soluble

nitrogen content from Table 13. The double peak shape of the total nitrogen

curve can be seen to be a combinaetion of the Ethanol soluble nitrogen

(equivalent to the amino acid pool) and the Protein nitrogen. The Ethanol

soluble nitrogen and the Proﬁein nitrogen are the two major nitrogen
fractions in the cell and they do not seem to be related to one another
in any simple way. The Total nitrogen is simply the sum of these two
fractions plus a little nitrogen from the other nitrogen containing
fractions of the cell. The more complicated relationship of the Ethanol
soluble nitfogen to the Protein nitrogen is discussed later, but it is
necessary at this point to correlate some ofAthe features of the changes
shown in Figure 7 to the stages of corticél necrosis iﬁ the basal segment
discussed in the presentation of the histology results. The decline

' most probably

af'ter day 21 in all the nitrogen fractions in Figure 7 is(due to the

death of the cells in the middle and inner cortex. The decline in
tofal nitfogen and Ethanol soluble nitrogen in the 0-3 day period is due
to the loss of the mer;stematic cells from the basal segment at this time.
The period from 6-12 days cannot be so easily interpreted because several
processes invélving both necrosis 2nd differentiation are occuéing during
this period. | The rise in the protein content end the fluctuations of
the amino acié pool are the result of an interaction between several

. possibly

processes one of which is aelmost-eertainly the initiation of a process
of cell division in the middle and inner cortex which is stopped short
of actuel division.

The protein nitrogen fraction was divided into two further
fractions; tﬁe buffer soluble nitrogen and the buffer insoluble nitrogen.
The first of fhese was equivalent to the soluble protein nitrogen or
'supernatant“protein fraction and the second to the insoluble 'structural'

protein of tﬁé segment.
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3) Buffer soluble protein nitrogen

a) Nitrogen content of this fraction

The results presented were from one experiment
only and are given in Table 10 and presented in graphical form in Figure
8a.

b) Electro-phoresis of the buffer soluble protein

The pattern of protein bands produced by the
electrophoresis of the soluble protein of 0, 3, 18 and 27 daj old root
segments on acrylamide gells is shown in Figure 92 - d. The gfaphs in
Figure 9 are tracings of the patterns produced by the scanning of the
stained cells after'eleetro-phoresis.

¢) Incorporation of Cl4 Leucine into this fraction

Only one experiment was carried out to
investigate the incorporation of Cl4 Leu?ine into this soluble protein
‘fraction. The results of this experiment are given in Table 10 and es
a graph in Figure 8b.

L) Buffer insoluble nitroggh
This was approxihately equivalent to the insoluble
preotein nitrogen of the segment. Agein only one experiment was carried
out for each of the nitrogen content and Cl4 Leucine incorporation
estimations on the segments.

a) Nitrogen content of the insoluble fraction

The results are given in Table 11 and graphically
in Figure da.

b) Incorporation of Cl4 Leucine into this fraction

The results are presented in Table 11 and in
Figure 8b.
Figure 8a shows the breakdown of the Protein nitrogen curve in

Figure 7 into two component curves representing the Soluble protein

103



104

Teble 10 Buffer soluble Nitrogen content of the basal 1 cm.
segment during culture eand Cl4 Leucine incorporation
into this fraction.

Age of Segment Soluble protein Soluble protein
in défrs , ., nit'r;;en confent | Clh m;;_rporatio:l
| pe/seg cpm/seg -
0 . - - ;
3 S 20 . 12‘9_6'
6 NPT Y | 800
9 Loy 23 856
12 22.8 1520
15 | F 2647 ' 932
18 21,3 -
21 : 21,0 . 892
2% 153 776
27 8.7 , 800

30 a3 - ' 720



105

Table Il Insoluble protein nitrogen content and Cl4 Leucine

incorporation into this nitrogen fraction of the

basal 1 cm. during culture

Age of Segment In,ﬁoluble protein Insoluble protein
in days - nitrogen content Cl4 incorporation
seg cpu/seg
0 649 -
3 62.3 7,400
6 56.9 3,200
9 " 49.8 A 5,480
12 | My 2,560
15 k2.6 | . 2,460
18 Lh 6 1,440
2 . 46.5 1,520
2, " 56.4 1,780
27 . 55.3 4y 240

30 , - 3,200
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nitrogen and the Insoluble protein nitrogen. The sum of these two
curves zpproximates to the shape of the Protein nitrogen curve of
Figure 7 but the rise in the Protein nitrogen at 12 dsys is not as
marked, This may be attributed to the fact that the Protein nitrogen
results in Table 9 are an average of three sets of experimentszl results
and hence can be expected to differ from the results of a single
experiment such es those in Figure 8a. At least one of the sets of
experimental results sgreed closely with the values for Protein nitrogen
obtained by the addition of the curves in Figure 8a. The rise at 12
days is entirely confined to the soluble protein nitrogem fraction and
the f2l11 in this frection after 15 deys is paralleled by a rise in the
Insoluble protein nitrogen fraction.

Figure 8b shows the Cli Leucine incerporation inte the fractions
shown in Figure 8a together with that of the Ethanol soluble fraction of
Figure 7 and Table 13. The incorporation for the two protein nitrogen
fractions parallels the nitrogen content curves for these two fractions
in Pigure 8a, If this is a true incorporation into Protein it indicates
a remarkably high level of Protein synthesis in cells well into their
senescent decline. The relatively low values of activity in the smino
acid pool may indicate that Leucine is not a major constituent of the
pocl which would be in agreement with the results of the chromategraphy
of the Ethanol soluble fraction but it could alse be a result of the
chase with non-radiocasctive Leucine given af'ter the incubation with ClL4
Leucine.

Figure 9 shows the chromoscan tragces of 4 gel electrophoresis
patterns of the soluble protein fraetions at different eges. These
show that besides the changes in the quantity of protein in this fraction
with age there is a difference in the type of protein present at different
ggese This point is brought out im Figure 9 by the appearance of a small

107



r__ g,

uﬂ_..

.f-..vlw —‘. F

o

n__f....l..:ltn-.

———

——— i

— ____——

L

-
g:w |

-

5

10

l



109

band of protein which increases in size between 3 and 18 deys and then

begins to decline by the 27th day. This peak is arrowed in Figures 9a-d.
Other less speotaculq; changes exist but it is sufficient to note that the
overall appearance offthe scansvdiffer very considerably end there is no
doubt that the scans at 3 and 18 days differ sufficiently for it to be

assumed that a change in the protein composition has occurred in the
intervening period..

5) Labile nitrogen content

The "Labile®” nitrogen of the root segments and the
fractions derived from them was defined as the nitroéen releaged as
ammonie from the verious fractions by excess alkali efter hydrolysis at
- 100°C in 3N HCl. The Xabile nitrogen was made up of contributions from;
the free amino acid émides, the amide groups of protein and any free
. ammonla present in the tissues. The contribution from each of these

sources is given in the results.

a) Total lsbile nitrogen content

B This is an average result taken from 6 sets of
experimental results. The résults are presented in Teble 12 and in
Figure 10.

b) Amide nitrogen content of the total protein

This is the result of one experiment from which
all the results concerning the distribution of the lebile nitrogen were
obtained. The results are presented in Table 12 and in Figure 10.

¢) Amide nitrogen content of the ethanol soluble

fraction

' The Ethanol socluble fraction contains the amide
emino acids and the other constituents of the amino acid pool. The
amide content of this:fraction thus represents the quantity of amides

present in the pool. The results are given in Table 12 and Figure 10,



Table 12

Changes in Labile nitrogen in the basal 1 cm. in culture

110

Age of Segment Total Lsbile Amide nitrogen Amide nitrogen Nitrogen in
in dsys nitrogen in protein in amino acids free ammonia
pe/ ug/seg ug/seg ue/seg
0 4e6 - < -
3 5.3 2.3 2.6 1.1
6 7.8 1.7 9.1 1.8
9 %1 1.7 10.8 1.3
12 7ol 2.5 5.8 1.5
15 7.0 2.2 6.0 1.6
18 8.5 2.5 6.9 1.6
21 7.6 2.4 5.8 2.1
2 5.1 2.1 3.1 3.3
27 5 2.7 2.6 2.3
30 4ol - - -
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d) TFree ammonia in the ethanol soluble fraction

These results are presented in Table 12 and

Figure 10 as nitrogen from free ammonia.

The relationships between the 'Labile' nitrogen fractions
is most clearly seen by reference to Figure 10. TFirstly it must be
noted that the Totel labile nitrogen figures ere average figures from
several experiments and so do not mateh up quantitatively with the
other three sets of figures which are the results of a single experiment.
In spite of this the qualitative fit of the results is good and shows
that the main contribution to the labile nitrogen is made by the amino
acid. amides with the contribution from the protein amides being much
less and following the protein content. The contribution of the protein
amide to the total labile nitrogen was only sbout a third of the amine
acid amide contribution. The free smmonia content wes relatively
small until af'ter 21 days, when it increassed sharply.

6) BEthanol soluble nitrogzen

The main constituents of this fraction as far =3
nitrogen containing compounds are concerned were amino acids,
a) Total nitrogen content
The results presented in Table 13 and in Figure
7 are the average results of four experiments.
b) The composition of the ethanol soluble fraction

as shown by paper chromatography
The following amino acids were identified in the

ethanol soluble fraction, Homo=-serine, glycine, serine, alsnine, arganine,
glutamine, aspargine, glutamic acid and aspertic acid. Quantitative
e¢stimations of the amounts of homo-serine end smide amino aeids were

made and the results presented in Table 13 end Figure 11 show that the

bulk of the amino acid pool wes made up of homo-serine and that the

12
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Table 13 Ethanol soluble nitrogen content and Cl4 Leucine
incorporation together with the 0D of amino acids
ninhydrin complexes from chromatograms of Ethanol
extract of 1 cm. besal segment during culture.

Age of Segment Alcohol sol Alcohol sol Homo-serine Amino acid amides

in days n::z/'c;.s;n gzcg:::b 0D at 500 mu 0D at 500 mu
poration
cpm/seg
0 She9 - - »
3 37.9 608 1.20 -
6 43¢5 528 1.35 0433
9 56,7 432 1.80 0.33
12 48,2 560 0.79 0. 24
15 48,7 696 0.70 -
18 50.8 600 0. 84 0.20
21 L4hoO 440 0.82 0.39
2 34el 400 035 0.21
27 31.9 34 - 0.12
30 13.8 26, - .
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grephs in Figure 11 were qualitatively very similar to the graphs
of ethanol soluble and amino acid amide nitrogen in Figures 7 and
10 respectively.

o) Uptake of Cli Leucine into the Ethanol soluble fraction

The results are given in Table 13 and graphed
in Figure 8b. The unexpectedly low value fof the sige of the Leucine
pool as shown by the activity incorporated into the ethanoi soluble fraction
can be expleined by the chase incubation.oficold Leucine which was given.
The results of this section show that changes in the quantity
and distribution of nitrogen occur in the root tissue as ageing proceeds
and a general discussion of these results is presented later in the thesis.

.7) Cl4 Leucine mobility in the root

The fall of the protein content of the segment with age
shown by the previous results indicates that the protein must be hydrolysed
and the products of this hydrolysis lost from the basal segment. The
products of protein breakdown can pass into the medium or to other parts
of the root. The results given in Tables 13 a-b show the movement of
radioactivity within the growing root-and the medium after an initial
incorporation of Cl4:Leucine into the apical seéﬁent of a seedling root
prior to excision and culture. ‘

Table 13 a shows the movement of the rédioactivity in the root
as it grows in ‘culture. 1 |

Teble 13b shows the loss of Cl4 to the medium as the basal
segment dies.

The results in Table 13a are shown as histograms in Figure 12.
- These results indicate that after 27 days'about 15% of the Cli taken up
~.as Clh Leucine remains at the origingl sife of inéérporation. About
- 70% of the total activity originally teken up by %he root is lost to the

.- medium and 15% is moved to other parts of the root. There is no loss



Table 13a Spread of activity along the root during its growth
in culture
3 day old 15 day old 24 day old | 27 day old
root 3 cms. root 10 ecms. root 14 cms. root 19 cms.
long long long long
cpm/cm cpm/cm cpm/cm cpm/em
204 ST 176 200
98 140 70 130
68 23 30 62
7 17 42
o 6 15
0 7 27
0 0 12 |
0 0 4
’ 0 0 10
0 0 6
0 7
0 11
Y 7
0 0
0
7
11
6

11
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Table 13b Rediocactivity lost to medium during culture of

1 cm. root tips

Age of root : Number of counts in medium
days cpn/ml/root
3 none
15 : none
21 120

27 : L50
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to the medium before the 15th day of culture end little movement of
activity within the root'before this time., Movement of the radio-
activity out of the original site of incorporation does not begin

until the senescence and death of the cortex has begun. The uptake

of Cl4 Leucine was not uniform for all the seedling roots s; anything
more than & qualitative comparison between the roots was not possible,
The results of this type of experiment agree with those of the precegding
experiments in showing a loss of protein from the basel segment during
the senescence and death of the cortex. |

e) Changes in the engyme activity with the sge of the

segment

Two of the six enzymes whose activity was determined
during the ageing oféthe basal segment were only determined by one experi-
ment each. These t%b were phosphatase and succinic acid dehydrogenase.
The results for the other engymes are those which were ﬁost typical of
the pattern of chenge shown by two or more experiments. The results
presented in Table 14 are those for all six enzymes. The results are
presented grabhically in Figures 13a-f in the following order: 13a
alanylglycine dipeptiﬁaseg 1% protease, 13c succinic acid dehydrogenase,
13d phosphatase, lje'polfphenol oxidasa-and 13 ¢ invertase.

If the Figures 1l3a-f are studied they show that there were
large changes of activity in all the enzymes in the basal segment which
were followed during the culture of the root. These large variations
support the inference made from the results given in Figure 9 that the
composition of the soluble protein fraction in the basel segment varies
continuously during the culture of the root. The protease and the
dipeptidase activities show large increases at the 12th day whioch
perallel the increase in protein content which occurs at the ssme time.

The other enzyme activities show the same two peak distribution as has
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Table 14 Enzyme activities per 1 cm. basal segment during culture
Age in Polyphenol Dipeptidase Invertase Protease Phosphatese
days oxidase in ug Dipeptide uM Suerose OD 280 mu ' ug P/seg
Arbitrary hydrolysed . hydrolysed /seg
Units seg seg
0 b5 1.8 3.3 - 13,0
3 2.2 5.5 3¢5 0,000 14.5
6 6.3 7.6 be3 0,029 16.5
9 7.4 0.7 5.0 0.000 13.3
12 6.5 1.7 ‘ 3.5 0.000 12.5
15 4.6 ' 12.5 b3 0,113 12.5
18 7.0 3 5.9 b7 0.200 10.6
2 7.3 Lol b7 0.091 11.0
24 3.5 ' 5.5 - 0.046 1i.5
27 2.5 6.3 5.3 0.054 12,5
30 - ; be3 - - -

Succinic ecid dehydrogenase
ug tetrazolium salt reduced/seg

0 8.0
3 10.0
6 8.0
9. 10,0
12 -
15 410
18 55.0
21 41,0
2 32.0

27 28.0
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already been presented in several other parameters such as the smino

acid nitrogen and the labile nitrogen. The succinic acid dehydrogenase
was the only enzyme which did not show more than one peak of activity.

This may be due to the method used for the enzyme asssy rather than the
lack of a high activity in the initial period of the experiment. The
younger segments'have a very high ability to fednce the tetragzolium salt
used in the determination in the absence of the succinic acid substrate
whereas the older segments have very little of this ability. The method
ignores this non subétrate reduction of the tetrazolium selt which gives
the low figures for the succinic acid dehydrogensse activity in the first
12:&ays of the experiment. It is therefore possible that the results

for this period are ﬁnrepregentative of the level of succinic acid
dehydrogenase activi?y. The results given in the series of Figures 13a-f,
show that the egeing of the basal 1 cm. segment is a process of considerable
complexity involving;changq in the énzyme complement and periods of high
metabolic activity e%en at quite late stages in the senescent decline of

the tissue.

f) Respiration (oxygen uptake)

'. | Seve?al determinations of the rate of oxygen uptake
were made all of which produced substantially the same results. The
results giben in Table 15 and Figure 14 are typical of those obtained.

Table 15 aéd Figure 14 show an initial rapid fall in the oxygen
uptake as the meristem grows out of fhe basal segment during the 0-3 day
period. Thereafter theuresults follow the same sort of two peak rise
shown by the maéorit& éf the parageters analysed. Although the second

| rise in the oxygen uptake occurs #t.a time immediately prior to the
death of a considersble region of the cortex it was not considered to be
a2 'climacterio' rise;of the sort observed in some other systems. The

evidence from the other results points to its being associated with a
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Table 15 Oxygen upteke per 1 cm. basal segment during culture
Age in déys 0, upteke in ul/seg
0 ’ : | 11.9
3 Le5
6 : 4.6
9 5.4
12 : | 3.6
15 a 4.0
18 5S¢4
21 | L5
2 | 5.1
27 4,0

30 : -
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period of increased bilosynthetic activity in a region of tissue which
dies from other causes a short time afterwerds. This is discussed
at length later in the thesis.

g) DNA content

| The relevant results can be presented under four
headings; 1) The DNA content/segment determined by a chemical technique.
2) The DNA content/nucleus as determined by microdensitometry. This
technique gave the average DNA content/nucleus which was not the same
thing as the DNA content/segment but which was'sufficiently close to it
to allow a useful qualitative comparison to be made. ' This technique
also allowed a comparison of the DNA content in various regions of the
root to be made. 3) ' Counts of the numbers of nuclei in verious regions
of the cortex. 4) Labelling of nuclei in the root with tritisted
thymidine which fixed the times and positions at which the synthesis of

DNA took place.

The results of 1) showed the pattern of change in the DNA content

of the segment. The results of 2), 3) and 4) provided results which
could be interpreted in connection with the stepwise necrosis of the
cortex shown in section 2 ¢ and the periods of synthesis shown in pert 4

of this section.

1) 'DNA content/segment by the Dische method
The results presented in Table 15 ere the average
results of éeveral eﬁperiments agd are pfesented graphically in Figure 15.
Tﬁe striking pbint about the results for the DNA content per
segment givén in Figure i5 is their resemblance in form to the results

already given for the other perameters given in the preée¢ding parts‘of

this section. This reéemblance is,espécially marked for the oxygen uptake

results given in Figure 14 and is the pfinciple reason for considering the

second peak of the oxygen uptake as the result of increased synthetic

127



128

Table 15 DNA content per segment of 1 cm. basal segment

during culture

Age in days DNA content

pe/seg
0 : ' 9.2

3 6ok
6 5.6
9 6.1
12 - b2
15 . _ 5.1
18 ‘ 5.7
231 7.1
2L 5.9
27 : 6.2

30 be7






130

activity rether than al'climacteric' rise. The stee%ﬂfall in the

DNA content per segment in the 0-3 day period iéZ}éfﬂ;recisely the
same reason as the decline over the same period in the oxygen up take
namely the loss of the meristematic cells from the basal 1 em. segment,

2)" DNA content/nucleus by Feulgen microdensitometry -

Several sets of results are presented in Table 16
all of theﬁ derived frém tﬁe same experimefial batch of material.

A1l éhese re;ults are éhe averages of the results from
transverse séctions éut from three different root segmenfs.‘ The results
in the first three columns of results in Table 16 are given as graphs in
. Figure 16a and the last two are presented graphically in Figure 16b.

The results given in Table 16 and Figures 16a-b confirm the
results given by a different method in Table 15 and Figure 15. Besides
confirming these previous results they show the contributions made to the
DNA content'by the Qarious iegions'of the root énd the fegiéns of the root
‘where DNA was being lqst from the nuclei presumably as a result of cell
death and autolysis. The resﬁlts also.indicate the times at which DNA
synthesis tekes place. The deductions made from these results were;

1) No DNA synthesis occurs in the outer cortex at any time and the loss
~of DNA from the nuclei in this region proceeds steadily from the third day.
2) The middle and inne? cortex nuclei bake‘a relatively greater contri-
butiog to the DNA synthesis during the second period of synthesis than
they do to the first,

3) Loss of DNA occurs from the outer cortex nuclei only between the 3rd

and 21st days and from the rest of the cortex nuclei only after the 21st dey.
L) After 9 days the geins and losses of DNA in the stele nuclei are
relatively unimportant.

3) Counts of the number of nuclei in root T.S.

A series of serial T.S.'s from several root segments
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Table 16 Average density of Feulgen staining per nucleus in various regions of

T.S5.'s cut from the centre of the basal 1 cm. segment during ageing

Age in days Average density Average density Average density Average density Average density

/nucleus * /nucleus : /nucleus /nucleus . /nucleus
whole T.S. : cortex stele outer cortex middle cartex

0 - - - - -
3 12.0 o ‘17.0 | 7.0 - 15.2 ke 5
6. 11.5 | 15,0 8.0 : 15.0 17.2
9 14.0 T ©18.0 : 10.0 . . 15.7 18.2
12. ' 12.0 o ‘-16.0 ' é.O . "i 4.0 17.6
15 12,0 ’ . 15.0 9.0 ' . 13.0 17.5
18 13.5 : 17.0 ; ld.O : | 10.0 17.0
21 16.0 ' 20.0 11.0 - " 10.7 20,0
2 13.0 . 15.0 1.0 : 10.0 18.2
27 11.5 13,0 16.0 - : %7 - 13.2°

30 11.5 +13.0 10.0 ' T 9.3 9.9
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Table 17 Average number of Feulgen staining nuclei per T.S5. of
1l em. basal segment during culture
Age in No of Nuclei No of Nuclei No of Nuclei
days whole cortex/ outer cortex/ middle cortex/
T.S. T.8, T.S.
3 199 85 L5
6 162 76 41
9 179 72
12 151 58
15 163 52 45
18 147 52 39
21 131 36
24 71 3
27 72 20 18
30 63 11 12
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were prepared and the number of nuclei in each were counted and the
eversge valuc for the series was found. These average values are
presented in Table 17 and Figure 17.

The counts of the nuclei in the various regions of the root
cortex given in Table 17 and Figure 17 correlate well with the results
of the Feulgen microdensitometry and the phosphatase histochemistry in
indicating the areas of the cortex of the 1 cm. basal segment that are
dead or dyinght different times during the experiment providing the
assumption is made that the loss of the nucleus from a cell is sufficient
cause to regard the cell as dead or dying.

L) Lebelling with tritiated thymidine

The number of clearly labelled nuclei per section were
counted for T.S.'s and L.S.'s. The results given in Table 18 and
Figure 18 are the averages of counts of several sections.

The results of counts of thymidine labelled nuclei and their
position in a T.S. of the basal 1 ecm. segment given in Tsble 18, Figure
18 and Diagrams 3a=b fix the time and position of the two periods of
DNA synthesis. These confirm the deductions made from the previous
results (see section 3g, section 2). The counts of labelled nuclei
in T.8. and L.S. show that there are two periods of DNA synthesis
reaching maxima at 6 gnd 18 days. The apparent discrepancy between
the T.S. and L.S. values ot 6 days given in Figure 18 can be resolved
if it is understood that the L.S. samples the whole length of the basal
1l em. segment, while the T.S. can sample only a small and possibly
unrepresentative section of the root even if a number of serial sections
ere teken, This being so the occasional high or low result is mueh more
likely to turn up in the T.S. counts than in the L.S. counts. The high
value of the result at desy 3 in the T.S. greph is probesbly due to this
especially as the basal segment is very heterogeneous as i'ogdrds the
distribution of the various metabolically active tissues at this time.
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Table 18 Counts of the number of cortical nuclei showing labelling
with B2 4 thymidine in T.S. and E.S. from the basal 1 em.
segment during culture

Age in days Number of lsbelled nuclei/section

L. 8. T.8.

48 he5

6 155 2.3
9 26 1.7
12 26 0.3
15 7 0.5
18 74 2.1
21 30 0.0
2 0 0.0
27 0 0.0
30 0 0.0
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The distribution of the labelled nuclei at the two periods
of meximum DNA synthesis is given in Diagram 3a-b. This shows the
position of labelled nuclei in a'serleS-of thirty serial T.S.'s of a
root segment when projected onto'an outline of the root T.S. These
diagrams show:=- ' | |

1) There is no:synthesis at any time in the outer cortex.

2)‘ There is a difference in the percentages of lebelled

nuclei in the stele end cortex at the two times of synthesis. The

figures are; ‘
% of lebelled nuclei in stele . % of labelled nuclei in cortex
6 day . 52 : 48

18 day 43 | 57
These DNA results complete the results section which deals
specif'ically with the changes in the basal 1 cm. segment during the

ageing process.

L) The effect .of excision and isolated culture on the.

pattern of ageing in the basal segment

Two experiments were carried out and the,ageing changes
in the isolated segments were followed. Both experiments gave sabstantially
the same results. The resﬁlts from both experiments are given in lable 19.
The.results éiten for the DNA, Total nitrogen and labile nitrogen are the
average results from‘the,twoiexoeriments.

The‘results.of‘this analysis of the basal segment in isolated
culture can be divided into tnree group s, :
1) The parameters which show a definite change as compared
with the control results. These are DNA content,
Ethanol soluble, Nitrogen end Labile nitrogen.
2) The parameters which show slight changes from the control
values. These are Protein nitrogen, Dry end Fresh Weights

and Succinic acid dehydrogenase.



Chaxige;; in the basal 1 cm,: of & cultured pea root,

Teble 19 e (a) Intact control
o A and (b) after excision at 6 days end returning to culture medium during
30 deys,
: Control
T E .. P L c D F P T Meddum
D ° t . r a e r r h n S
N t. o "+ o b 1 vy e 0 v S u
A s, B -t i 1 .8’ s t D ° pH
1. . e 1: - ¥ & h a i r
. - 8 v 4 e N t ' 8 ' °
N ° g n ° T e 8 -
1 f: ) H t . ¢ t : B- 4
: . R =
. B I i
0 10.8 ‘62,2 | - .26.9 6,9 18,75 0,0 '16.0 13,0 3.3 80 40 b3
3, 8.0 Sh2 41,8 22,6 6.2 11,10 1.0 16,7 'm.s_-:; 3.5 100 2.8 509
6. ‘6,0 56,4 36,9 18,6 59 - Bo72 21 171 16,57 ko3 80 1.3 6.l .
L9 6l 533 474 T 15,1 6.7 8,62 1.8 © 17,5 13,0 . 50 100 0,3 6els
12 3.9 66,8. 41.3 - 17.1 6.3 8,28 2,4 17,7, ¥2.5 . 3.5 - 0,0 6.4
.15 4o 86,8 37.1 - 20.5 8,2 7.66 51  -17.8 12,5 & 43 40 - 6ols
. 18 . 408 . T4 7 . 5800 N 1906 609 - 4.0 18,0 1006 L lb-p7 550 - 601
.a 7.2 86.3 29,2 - 19,0  10.9 - 3.2 18,0 13,0 47 WO - 6,2
A 3.9 59.6 32,3 - 26,6 5.6 - 29 18,1 11,5¢ - 320 - 6.2
27 . 40 65,8 36,2 - 2.5 8.4 8.9 39 - 18,1 “12.5;.;-' 5.3 280 - 6,4
-’30 2.0 526 - - 49 - 2.2 - e e - - -
Isolated segment
9. 5.1 Yo 7 42,1 23,6 6.2 8.2, 2.3 18.4 11.5 4.7 4,80 1.8 6.4
12 4.5 65.1  55.8 21.6 11.3 8.60 2.7 19.0 13.5 4.3 410 - 6.3
1.5 501 81- 1 65.4 150 5 11. 9 8. 9‘} 29 7 19a 3 120 5 20-. 5. - O.A- 5. 5
18 50 91. 0 60. 8 . _27. 6 8. 2 - 50“ 19. 130 0 50 0 220 00 3 69 1
21 5.0 78.0  38.8 30,0 8.3 7.8, 3.5 19.7 11,0 - - 0.1 5.6
2, Jels 80.9  68.5 30.0 6kt - 2.5 19.9 12,6 L3 270 0,0 5.4
27 303 8.3 - T72.0 2,9 - - 2.1 19.9 11,5 L7 300 - 51
30 }b 0 66- 6 39. 7 - 5.9 - 297 - - - - - -

Ly L
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3) The perametérs which show no significant change from
the control values, These are the Cell number, Phosphatase and
Invertase.

The changds in the medium are relatively slight, There is
no change in the rate of water loss from the culture dish, The rate
of sucrose hydrolysis is lower so the sucrose concentration falls more
slowly. The pH falls more sharply than in the control in the later
stages of the experiment. These wmedium changes were those expected
in view of the smaller amount of root tissue in the dish,

The change in the DNA content of the isolated segment is
presented graphically in Figure 19, This shows that two effects occur
in the segment after amputation. PFirstly sll synthesis of DNA was
stopped by removing the segment from the root. This is shown by the
reduction in size of the 9 day peak and the complete mp,’x)'ouion of the
21 day peak. Secondly the fall of DNA content between the 9th and the
15th day was not as large as in the control. This implies that the
necrosis of the outer cortex of the root had been slowed down or
delayed by the excision of the segment from the root. Confirmation
that this was s0 wes obtained from a Phosphatase histochemical
exanination of 2n 18 day old isoclated segment root. The Plate 9 shows
the appearsnce of a T.8. cut from an isolated 18 day old root segment
when stained for Phosphatase activity. The eppesrance of this section
is typical of the pattern of necrcsis shown by § 'normal' root segment
at sbout 12 days. This can be seen by comparing Flate |9 with Plate 3
(9 day old root) and Plate 8 (18 day old root). Plate | is much
closer to the Plate F (9 day old root) in appearance then it is to the
18 day root shown in Plate 6.

The large increase in the ethanol scluble and lsbile nitrogen

can be discussed together since they both represent the changes in the
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This shows the sppearance of a T.3. of an 18 day old root grown since the
6th day of oculture es an isolated segment, after staining to show acid

phosphatase activity.

sise of the amino scid pool. These two results therefore indicete that
Yone of the major changes produced in the basal segment by the amputation
of the rest of the root was a large and immediate increase in the free
anino acid in the basal segment. The simplest interpretation of this
result is to assume that this represents an accumulation of amino scids
which in the intact root would have been translocated to the younger parts
of the root and used for protein synthesis. The accumulation of amino
acid is then explained because of the lack of the sink normally present
in the form of the remainder of the root allows the secumulation of amino
acids at the site of synthesis. The presence of a large quantity of
amino acide also explains the rather higher protein nitrogen content of
the isolated basal segments if it is assumed that the limiting factor in
protein synthesis in the basal segment i= the aveilability of amino escids.



The higher protein content itself is sufficient to explain
the delay in the ageing process which is a feeture of the isolated
besel segnent eystem since it is known that the maintenance of a
high level of proteir per cell delays the onset of senescent decline
" in many of the‘eyetems used for the study of senescence.

The slightly higher frosh weight of the isolsted basal segments
may simply be a reflection of the higher number of living cells in the
'segment as compared. with the control sogment which is Gue to the delay
of the ageinQprocess by the treatment given, No meaningful pattern
4in the dry weight results is obvious except that the variation in this
parameter in the isolated segments seems higher then that shown for the

-control segments. }‘

5) The effeot of tranaferring the root- to fresh medium
A efter 15 dgye of culture

e

The results of the one‘experiment carried out are given
ln Table 20. ‘
Thees results show that qpart from a8 slight inorease in the
Fresh weight of the root the effeet of the tranafer on the root was very
‘amall most of the parameters show little or no difference from the changes
ocourring in the basal aegment of a normally cultured root,

4

- 6) The effeot of added sucrose on the twelth dey of culture

on the growth of the root end the ageing of the basel 1 om.

eegg_gt
The results from the experiment carried out are given
in Table 21. s
These results seem to indicete thet the asdded sucrose has
aelayed the onset of the later stages of senescence possibly by increasing

the period of time that the root can grow in the medium.
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Table 20  Changes in the Nitrogen and DNA fractions produced in the basal 1 cm.
' segment by transfer of whole roots to fresh medium et 15 days.

 Age in ' DNA ug/seg

Total Nitrogen

1

¥

‘Lebile Nitrogen ' Ethanol sol

'Fresh weight

Days , ng/seg ve/seg N pg/seg of whole root
) ' | in mg.
3 b2 . 69.6 ka5 33.2 17.7
5.5 . 6349 10.5 35,8 23,8
9 5.5 82.1 13.6 32,6 The§
12 1.7, 88.0 89 40uL 78.2
15 2.3 50,5 8.3 41.6 98.5
18 9.0 53.3 13 39.8 100.0
21 9.0 46,9 5.1 30.4 116.0
2 7.6 60.0 bl 15.0 122.1
27 6.8 88.2 3.8 15.8 136.4
30 1.4 77.6 3.6 27.6 1542
Trensferred root segments
18 7:0 7.5 12.6 33,4 107.0
21 7:3 75.6 6.3 23,2 122.1
2 9.8 78.9 Tole 25.2 135.7
27 5¢3 69.0 - 26.8 145.6
30 8.3 68.5 2.9 17.4 176.5

ayL
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Table 21 Changes in the DNA, Fresh VWeight, Total Nitrogen and Labile
Nitrogen in the 1 cm. basal segment of sucrose supplemented
roots as compared with a set of control roots grown in normal
medium,

Age in 'Fresh Weight . DNA pyg/seg . Total Nitrogen Labile Nitrogen

days whole root pg/seg ' ugfseg
in mg ' »

Control

3 - 3.1 66.1 49

6 - . 1.8 98.7 10.8

9 - 3.9 119.0 12.5
12 - 49 159.5 8.3
15 67.0 2.5 153.6 8.2
18 76.5 | 2.2 154.6 9.4
21 7909 21 w7 . 8.2
2 95.3 5.6 101.5 5.2
27 " 104.5 L.2 106.9 5.3
30 - . - - : -

Sucrose supplemented roots

15
18

&

3

61. 5 31 5.0 ‘8.5
65.7 3.5 - 7.5
90.6 WA 115.2 6.2
125.5 . 3 k2 9.8

129»10-.[&- 7.0 M?.l 110'7
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7) Division of the roots into age' groups on the basis

of a growth parameter (whole root Fresh weight) rather

than the length of time in culture

The purpose of this experiment was to determine whether
physiological age, as meesured by the amount of growth 1n culture, was
more relevant tyan the qoncqpt qf age as time in culture to the
elucidation of the change teking place in thé basal segment .of the root.
Tpe resulﬁs of'%h%s ex?erimeﬁé aré given in Table 22a-b.

Tﬁe ﬁrotéin nitrogén and pro‘ease aéfivity are presented

graphically in Figure 20,



Table 22a Table 22b

Fresh Weight  DNA in  Ethanol  Protein N . Fresh Weight - Protease

of whole root  pg/seg . soluble pg/seg whole root 0D at 280 mu
in mg © . AN pg/seg ' -in mg per segment
30 - 40 %5 5.1 2.6 30 - 40 0,000 -
w-s 10 . 47 226 40 - 50- ;, 0.017
. 50 - 60 3.5 8.7 17.3 - 50 - 60 0.005
.60 ~T70 e 34 - o 60 - 70 0.039
70-8 | 20 . . 50 18.8.. . 70 - 80 - 0.036
.80 -~ 90 5.5 R WA 25.2 80 -~ 90 0.093
90 =100 - L5 3.9 L - 90 - 100 0.091
100 -110 . .27 4.0 25.8. 100 ~ 110 0.065
110 - 120 . L5 - 3.0 ga;s' . 1m0-120 0.065
120 - 130 . 2;5 Coss s 120 ~ 130 0.088
130 - 140 : 7.5 6.9 38.1 . . ‘ .
. ' . . 140 - 150 0.050
150 =160 ' 7.6 - . 6.5 - o 150 - 160 - 0.013
170 - 180 . 10,0 . 6. 17.3. , |
180 ~ 190 40 10.6 6.8 . 200 - 210 0,001
210 ~ 220 - . 5.3 -

220 - 230 : - . 1.5 12.6

61
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DISCUSSION

1) Suitebility of the experimental system

The reasons for the adoption of the experimental system
finelly used were givén.in the introduction and the results on which this
reasoning was based arec given in the Preliminary section of the resulté.
This discussion examines the suitability of the system for the examination
of the ageing processes in the root. An ideal experimental system for
the study of cellular ageiné would have ths following characteristics:-

1) _All the cells in tho system should be of the same
type.
2) fhe ageing process should occur in agll the cells
of the system at the same time.
3) ihe environment of every cell in the system should
| be constant. There should be no form of external
stimulus applied to the system during the ageing oé
the system.
L) :ﬁo cell division, expansion, or differentiation
' must oceur in the cells of the system.
5) The system should show senescent changes in the cells
éf the system culminating in the death of the cells.
This change should be independent of any stimulus
ﬂrom the environment of the cells in tho system.
Since the aim of this investigation was to eiamine the ageing changes at
a cellular level rather than those at & tissue or whole organ/whole plant
level it is reqsonable to use these requirements to judge the usefulness
of the basal segment of isolated roots grown in culture as a system for
the investigation of cellular ageing. |
The basal segment is far from being a homogeneous tissue
conteining aevery typé of cell except meristematic cells. The bulk of

the root is composed of parachymatous cells which are present in greater
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numbers than any other cell type. The basal segment thus possesses a
degree of homogeneity in tﬁe sense that éne type of celi predominates.
Since the majority oﬁ the senescent changea'in the basal segment only
involve the rqof corfgk, this results in considersbly more homogeneity
as regards the typeléf‘ceil involved in the ageing changes observed than
would be expecte@ frsm the anatomical heterogeneity of the tissue.

4 There was no cell divieion or cell expansion in the basal
segmept after the first week of cuiture and in thisvperiod the only
'developmental process was root hair expansion. The ageing processes
in the cortex of the basal segment ere not synchrohoue or homogeneous.
However, histochemicgl techniques employed in the analysis of the
segment can define aieas of the root within which the cellular ageing
processes ere at ieést partl& synchronous and homogeneous. This means
that the changes shoﬁn by an analysis.of the whole segment can be
correlafed with the Qecrosis and hence the senescent change of a
particulai gfoup of cells within the basal segment. Thé.results when
analysed in fhié wangive reasonably good indicetions of the process of
senescent change in £h9 perenchymatous cells of the root. These dsepartures
from'the ideal experimental system are not really serious because by takigg
suitable precautions, and using special techniques they can be allowed for
in the interpretetion of the results.

The greatest difficulfy in the analysis of changeg‘ooqurring in
the besal segment is:that it cannot be considered as’existing in a ugiform
environment.isolated?from external stimuli, | The system in this respect
is extremely qomplicéted and although some of the difficulties of inter-
pretation can be removed by an understanding of the factors involved, the
acquigition of this ﬁnderstanding involves & consideration of the ageing '
of the root as a whole and its effect on the mature and ageing regions.
Thus the major liﬁitétion of the basal segment system in the investigation

of cellular ageing ié the impossibility of considering the basal segment
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in isolation from the rest of the root. The results show that the
pattern of ageing as regards timing and degree of chanée are dependent
on the groﬁth of the whole root. Since the rate and extent of growth
are dependent.bn the%médium, medium changes can affect the timing and
degree of the ageing:chaﬁges. |

‘ The gepera} pattern of change in the basal 1 cm segment is,
in general, unaffected in its essentials by variations in growth rate
end medium composition as long as the basal segment 1s connected to t@e
growing root. Amputation and culture of the bessl segment in isolationA
alters thié basic pattern in some respects, notably by the suppression
of DNA synthesis. . fI"his indiéates that at least some aspects of change
in the basal segmggt;are a property of its association with the rest of
the root and sre ngt!an intrinsic property of the cells making up the
basal root segmeht, '

This basalfsegment t;chnique was possibly not idesl for the
study of'the changes ‘occuring in-the ageing of 1ndividuél cells but is
| as good as, or Setter; than many of the systems previously investigated
such as isolated ieéVes a;d fruits. Its main drawback which ié hes in
common with most comparable higher plant systems is in some respects an
‘advantage since it péavides an excellent system for the study of the
control of ageing in.one part of the root by other parts of the root.
The system proved caéable of supplying results comparable with thos?
from other systems in generel use and confi;med many. of the changes

already shown to be cheracteristic of senescent cells.

2) Variability of the system
' For a glven characteristic any population of living
6rganiams is liable to show a high degree of variation. The simplest
way to produce reliaﬁle results from such e system is to carry out a
large number of individual measurements and use a suitable statistical

analysis to calculate the significance of the mean result obtained



from the system, The drawback inherent in this épproach is thet the
larger the variation in the system, the greater is the number of
individuals required for analysis in order that the result obtained
has the required levél of significance. For the experimentel system
used in this study of .ageing the variation in its most fundemental
characteristic,'namely:growth rate, increased with time. This meant
that as the aege of the system increased the number of roots required
to reach a given level of significance in the results increased also.
The large number of roots required to give a reassonable level of
statisticel significance for the results from the clder parts of the
system exceeded  the pﬁmber it was possible to provide with the
facilities and time available,

A formel statisticel trestment of the resulté was thus ruled
out by the difficulty of setting up sufficiently large experiments.
It was then decided to attempt to reduce the variebility within
' experiments by a oaréful selection of the material used in them.
Variation was kept to 2 minimum by careful grading of the seed and
:selecting only those of a given size and ensuring that conditions of
germination, excision end culture were kept as uniform as possible.
A further selection of material was made when the roots were harvested.
‘This involved the establishment of a rate of growth in length for each
experiment and the seiectioﬁ §f the roots in each ege group which were
nearest the average leﬁgth for that age. This inevitably meant a
reduction in the amount of materisl available but it did ensure that

the material used fo;'analysis was as uniform as possible with regard

to the morphology of  the root. The replicates of most of the parameters

‘megsured on root tissue selected in this way did not as a rule differ by

more than 10%.

These methods of selection reduced the variation within
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experiments to a satisfactorily low level but only at the cost of
introducing e larger degree of variation between experzments. The
introduction of this increased variation by the procedure used for the
selection of the experlmental material is discussed after a consideration
of other soerces of ;eriation between erperiments. ‘There were two of
. these; the first was. due to a change in the seed during storege. 0ld
seed was slower to germlnate and hed a8 slower growth rate than fresh seed.
Secondly, batches of seed obtained from different suppliers at different
times ef the yeear aleo varied with respect to germination time and growth,
These two effecte en;ured that no two experiments had exactly the saie
growth rate. The selection procedure used tended to accentuate these
differences of growth rate by selecting those roots closest to the mean
growth rate for each’ experiment. This means that for two experiments
with different growth rates there is a reduced tendency to select roots
which are common to both experimental populetions as compared with a
.random sampling technique. A random selection of roots in both

populations wculd reauce the variation between experiments at the expense

of increased veriation within experiments. Although the variation between

experiments wes high it wes of a form which did not prohibit the making of

useful generalisationé about the ageing process from sets of experimental

results. The results for DNA/segment given in the appendix to the results"

section sre presented in Figure 21. The sbsolute vslues of theefifferent

sets of experimentel results vary considerably but if these are ignored

the shapes of the graphs ere seen to be very similar., All the experiments

show two peaks in the DNA content/segment sven though their size and
position veries from?one experiment to the next.

The variation betweer the different experiments in the absolute
values for the varioes perameters is not very important for the discussion
of the results since no attempt will be made to give more than a cursory

discussion on the quantitative nature of the results. The variability
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of the results in this respect merely indicates that populations with
different growth rates show differences in the quentities and relative '
amounts of the constituents for which they were analysed. This result

. is entirely reasonable and was in fact expected. The important fact
shown by all the sét; of experimental results and typified by the set

of DNA results given in Figure 21 is that the same parameters show the
same qualitative changes during the egeing of the basal segment regerdless.
of the érowth rate. - The size ;nd position of the two peaks in the DNA
results are dependenf on the growth rete but the fact that this pattern
appears in all of the experiments indicates that there is a basic series
of changes in the roo£ segments which is only modified by the variation

in growth rate.. Ea;h parameter has a pattern of change during the ageing
of the root segﬁent.* This pattern of chenge does not vary in its
essentials from one Qxﬁeriment to the next but the sizes and positions of
various features of éhefpattern, such as the two peaks in the DNA results,
vary with the variafibn in the growth rate between experiments. Since
the growth rates tené‘to vary more between experiments in the later stages
of the period of qul?gfe there is little varietion in the position of the
.first of the DNA peeks and much more variation of position in the second
peak.  In general the higher the growth rate the closer‘are the two DNA
peaks fogether (i.e.;the time scale for the ageing process in the root
segment is contracted) and the lbwar the growth rete the further apart

the two peeks become' (equivalent to an extension of the time scale for

the process). The interpretation of the results is based on the
.assumption that the rete of growth determines the timing of the ageing
changes in the baaalfsegment. This has been confirmed experimenteally
and . ig discussed sepgrately later. Since the assumption holds it was there-
fore permissible to éverage each set of results from individuel experiments
and use the results QStained as a basis for the discussion of the various

aspects of ageing. - The averaging of the results was in effect a
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presentation of the various perameters as those to be expected from a
batch of experimental material whose growth rate was the mverage of
that of ell the individual experiments of the series. That such an
average preserves the pattern of chenge shown in individual experiments
is a strong argument for the previously made assumption.

3) Subdivision of sgeing changes in bassl segment during

culture period

Becsuse the bulk of the measurements made were on the
whole root segment, it is necessary to have a clear conception of the
processes occurring in the besal segment in each of these steges in order
to be able to relate the changes to the regions of the bassl segment
responsible for them. Diagran 4 shows the relationship between the
progressive necrosis and the duration of the experiment.

Living tissues are shown outlined with the solid line while
the dead tissues are outlined with a dotted line. The areas of the
root which correspond to the 4 steges assigned on the basis of the
enatomical and biochemicel investigations are marked at the right side
of the diagram. The vertical distences in the diagram were arbitrarily
assigned and do not imply anything sbout the relative lengths of the
various stages in time. This information can be obtained from Figures
22a-4. The arrowed plate numbers to the left of the disgrem refer to
plates in the results section which show the appearance of TS at these
various steges during sgeing. The vertical scale of the disgram
represents a time sequence of 30 days greatly compressed. By using
this diagram the sverage anatomical state of the basel segment at any
of the 4 stages can be seen. The diagram shows that no two portions
of the roct segment have exactly the same proportions of living, dead
and dying tissue. Depending on the time of harvest, the basal segment
will contain a mixture of tissues in various parts of the segment which

are at different periods of development within one stage or at different
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stages of development. Analysis of the basal segment as s whole
therefore provides average values which will only indicate the average
degree of necrosis intermediate between the extremes present within the
segment at that time. This degree of variation within the segment
varies sccording to the rate at which necrosis oceurs in the various
tissues.

In figures 22a-d, some of the more important results are
presented graphically to emphasise the relationship of the changes
observed to sach other and to the age of the basal root segment. No
verticel scale is given since it is the pattern of change in the
paremeters shown which will form the basis of the discussion rather
than their quantitative relationships., The main nitrogen fractions
are shown in Figure 22a. ‘Tho DNA content and rate of synthesis etc.,
are shown in 22b, while 22¢ and 22d show the changes in enzyme activities
end the oxygen uptake. In these figures the period 0-30 days hes been
divided into 4 stages to correspond with the stages of cortical necrosis
shown by the histochemical investigations of phosphatase activity and
by nucleic counts from Feulgen stained material.

The histochemical and anatomical evidence allows us to divide
the ageing process into 3 stages. The biochemicel evidence allows us
to divide the second of these into 2 parts.

Stage 1 From maturity to the time when necrosis of the pilifeerous
layer is complete.

Stages  The period in which the necrosis of the remainder of the cuter

2and 3 cortex ocecurs. On enatomical and histochemical evidence this
is & continuous process but the DNA synthesis at 18 days and
the rise in protein nitrogen content show that the second half
of this process is distinet from the first half. On this

evidence thi:z period is subdivided into two steges - Stage 2

and Stage 3.
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Stage & 'This is associated with the death of the inner and middle
cortex.
Throughout all these stages the stele is considered to have little or
no change occurr;ng in ig. . It was not possi£1e to estaﬁlish this for
all parameters, but %he DNA content per nucleus in the stele and
phosphatase activity'in the stele show very little change and there
is no detectable necrosis of’the.stele during thé 30 days of‘the
experiment. Those changes occurring in the stele are oﬁly those
involved with xylem vessel differentiation and lignification end
suberisation of the endodermis.

4) Ageing chenges in tﬁe basal 1 cm segment and their

.interﬁretation
a) DMA

The'changes in DNA per segment shown in
Figure 22b were at firét sight difficult to explein since there were
three fells end two fises in DNA content to be explained whereas the
céil number 6ounts showed & constant cell number per segment after 3
days which of course;implied that there was no cell division and no loss
of cells. The initial loss in DNA per segment in Stage 1 is cleerly e
consequence of the dgcrease in cell numbers per segment as the meristem
_grows out of the basal segment. An explanation of the subsequent
changes is more complicated but mey be a consequence (its basis rests
on the interaction) of two opposing processes. These proceéses are
the continual loss of cells from the cortex by necrosis and the two
periods of DNA synthesis without cell division which occur in the steie
end cortex at 6 and 18 days. In Figure 22b the grephs for the two
processes of, cell loss (number of cortical nuclei in TS), and DNA
synthesis (number of labelled nuclei/LS), are shown together and from

these it is obvious that a combination of the two processes can give a



changing DNA content per segment or a DNA content per nucleus.

Although the shape of the curve can be explained by a combination of

the two. sets of results, a more detailed analysis of the DNA synthesis
was carried out and this throws some light on the possible causes of the
synthesia of DNA and the positions in the root segment in which it occurs.

The'fluctuation in the DNA content per segment obteined by using

the Dische reaotiqp were ﬁot'considered significant until en almost
identical sequence of‘changea was obtained for the average DNA content

ﬁer nucleus using densitometric measurements of Peulgen stained nuclei.
Furthermore, the use:of the micro&ensitometric technique allowed the
average DNA content‘éér nucleus to be determined for the different regions
‘of fhe root in TS, and this coupled with nuclei counts and thymidiné
‘incqrporqéion ellowed a:detailed picture o} the process to be built up.
Firetly; the contributibn to the rise in DNA content for the first DNA
peek is eveﬁIylﬂividé&‘between the stele and coftex.

Secondly, the risé'in DNA conten? which reaches & maximum at

'21 days is mainly due to synthesis in the cortex. This is shown by the
higher percentage of labelled nuclei in the cartex of the 18 dgy segment
relative to the stele than in the 6 day segment, thue indiceting a greater
contribution to DNA synthesis from the cortex nuclei in the second DNA
peak. The results.also show thét there is little or no DNA synthesis

in the outer cortex of the root during both the periocds of DNA synthesis.
Feulgen deﬁsitometry%of'the outer and middle cortex shows a gradual
decline in the average DNA content of the nuclei in the outer cortex

for thg whole ageing périod'whereas the middle cortex nuclei show & rise
- between 6 and 9 days;and another between 18 and 21 days which corresponds
‘exactly withethe DNA .synthesis rates shown by the counts of labelled
nuclei. An outline of the events affecting the DNA content of the

segment in the 4 stages of ageing is given below.
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Stege 1 - (0-9 days)

The high DNA content per segment is reduced by the decrease in the cell
number per segment as the root meristem grows out of the segment., By

3 days this has ceased té,be the main cause of the‘decline in DNA per
segment and the‘rateféf decline slows accordingly. <The death of the
cells in the piliferous layer begins at 3 days and this is responsible
for the loss of DNA per segment until day 6. At da& 6 the nuclei of the
middle and inner cortex cells end the stele cells begin to synthesize
DNA. - This does hot result in cell division but reverses the fall in
the DNA conteﬁt per,seément and causes e rise in the DNA content per

segment to a maximum{on‘the gth dey.

.Stage'2h- (9-15 days)
ﬁy the 9th dqy‘the first period of DNA.synthesis has more or less ceased
and the necrosis of Phg outer cortex which has been continuing at a
steady rate since‘d&y 3 results in a fall in the DNA content per segument.

Stage 3 - (15-2) days)

The necrosis. of the outer cortex continues at the sams rate, but a second
period of DNA s&ntheéis in the.nuclei of the middle and inner cortex,
beginning at 15 days and reaéhing a maximum at 18 days, ceuses the DNA
content to rise to a”maximum et 21 deys.

Stage 4 - (21-30 days)

By 21 deys DNA synthesis hes slowed down and the necrosis of the middle
cortex begins. Thié necrosis of the middle cortex is very rapid and
leads to a very_rapié‘decline in DNA.

These deductions ebout the time and place of the DNA loss and
synthesis follow direotly from the experimental results, but give little
informaetion about thé.cause of the DNA synthesis and the following discussion
' presents two possiblé interpretations of this together with the evidence
for them contained in the results. The causes of the two periods of DNA

synthesis were probebly not the same and they are discussed separately.



First period of DNA synthesis

This period of synthesis was thought to be due to the final
stages.of cell'maturaﬁioﬁ involving the acquisition by the cells of the
niddle and inmer cortex of their full DNA complement. In a normal root
the nuclei inogease.iﬁ volume and average DNA content as the distance
f;om the meristem increases until a constant value is reached. Different
pegions of the root segméﬁf'reach this final DNA value per nucleus more
rapidly than others. The.outer cortex and the piliferoﬁs layer are the
first to reach this fu;l'DNA complement which they do by the third day‘of
cﬁlture. This is sémewhat later than the equivalent tissue in the normal
root becauﬁe of the check in DNA synthesis imposed by the excision and
vtransfer to the cultﬁre medium of the epical 1 cm segment. This dgduction
is based_;n tﬁe experimental results from the culture of isolated basal
segments whefe}aﬁputationvof the basel segment was suff'icient to stop
DNA synthesis ,oqcur,\r:‘!.ng in the segment at the time of its excision. Other
resuits on the réte‘éf«incréase in root length and fresh weight show that
:the initiel rate of growth and by implication the rate of cell division
and differentiation is slowed by the excision and placing of the 1 em
basel segment in the culture medium. The outer cortical nuclei have
completed their nuclear development at the time of excision as is shown
by tﬁe fact that there is no further synthesis of DNA in these nuclei
efter this time. The nuclei in the other regions ere still synthesising
DNA when the apical 1 em segment is removed from the root. This process
is slowed by ?emovalfand transfer of the epical segment to the culture
- medium but when the root has acclimatised to the new conditions the process
is finally completed. This results in the meximum rate of DNA synthesis
at 6 days and the mag;mqm DNA content of the segment at 9 deys. For
these reasons it was?considered that the first peak in the DNA content
per segment wes due to the final stages of nuclear development in the

middle and inner cortex and the stele of the root segment. This
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distinguishes the first period of DNA synthesis from the second which
occurs in cells which are completely mature.

Second period of DNA synthesis

An explenation of the second peak of synthesis is more
difficult, and the t%o put forward in this discussion have much less
concrete evidence for them than the explenation of the first peak. The
'difficulty lies in the fact that the cells in which synthaéia occurs ars
already begihning to;show the first signs of senescence i.e. a decrease
in total protein and buffer-soluble protein, (see Figure 22a). It is
possible to regard it as a reel ettempt on the part of the cells involved
to synthesise DNA pribr to cell division, an attempt that is cut short by
the death of the tissue before the cells can divide. DNA synthesis may,
however, be fegardgd as a consequence of the disorganisation of the cells
during sene?cence. ‘

1) ;ﬁNA synthesis as & result of the senescent

:disorganisation of the tissue.

. Aliison (1965) has shown that disruption of
‘iysosome-type particlep-is associated with mitotic activity in some types
of cell. Work by Gehan (1965) and Robertson (1966) show that one of the
earliest signs of approaching cell death is the disruption of the lysosome-
like perticles in thé cell and the spread of e diffuse type of phosphatase
activity in the cytoplasm. In this system it can be argued that the cells
in the cortex become senescent end stert to lose protein. This loss, which
initially occurs fro@ the soluble proteins (enzymes), seems in its initial
phase at least, slow and cerefully controlled in that the products of this
autolysed protein seém to be transloceted to the stele and transported to
and used by other ro;t celis. One of the first results of this protein
loss could be that t?e‘cell membranes tend to bresk down, a wide-spread

and well documented égeing phenomena (see Heilbrumn 1959). Lysosome
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membranes which have proved to be particularly labile might thus be
preferentially disrupted.with the consequent liberatior of phosphatase
enzgymes into the cell. If this process of lysosome disintegration
were sufficiently slow, it might serve as a stimulus for the commence-
ment of DNA synthesis, which would continue until tﬁe release of
hydrolytic enzymes produced too great a dislocation of the cell for
synthesis to continue. The observed changes in phosphatase activity
and DNA synthesis are at least consistent with such a sequence. However,
if a process such,as'the‘one outlined above were responsible for the DNA
synthesis, it should be a general phenomenon of ageing and could be
expected to occur in'a good many of the systems in which ageing has been
investigated. In}fégt there is no evidence for limited DNA synthesis
being a general phenomenon of senescing systems, apart from a reference
by Das (1961) who reported en increase in DNA synthesis following
exposure to X-rays. ' Since the ageing of the cells is probably a result
of eccumulated chromosome damage and H-rays are known to effect the genetic
material of the cell;'this‘may be an indication of a comnection between
'ageing end DNA aynthésis. Too much emphasis should not be placed on
this, since there are many reports of DNA loss following X-ray irrediation.
A moﬁe conviﬁcing argument is, the fact that the outer cortex nuclei,
although they are in senescing and dying cells which are of the same type
as those showing aynphesis of DNA end a similar intensity of phosphatase
activity, show no DNA synthesis. This proves that the process is not
e general one even for the cortex of the root end shows that DNA synthesis
is not an intrinsic groperty of ageing cells as the above theory would
indicate. A

2) 'DNA synthesis as a result of an external stimulus

“to initiate cell division
. It is far from clser what initiates cell divieioﬁ

in quiescent tissues»in plants, but it is generally agreed that the stimulus
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is of a chemical nature, and possibly due to the presence of several
compounds each ot an optimum concentration. The results of work on
artichoke cellus cultures, Yeoman (4n press), give results which indicate
that a gradient of concentrations of these various stimulatory compounds
across the quiescent tissue may also be important in deciding which cells
of the tissue divide. There is & considersble amount of circumstantial
evidence from the precegding results in favour of e theory of this kind.
The first result which lends weight to this hypothesis is that there is
-1 rise in the soluble protein of the cells which later show DNA synthesis
(Figure 22a). This;rise in protein is not e feature of & senescing
system, but it is ﬁhét would be expected from a system in which a change
in the type of cellular activity is about to occur. Moreover, the gel

~ electrophoretograms of the soluble protein fraction show that there is

a chenge inAthe composition of this fraction as well as a rise in the
quantity of protein ;n‘it. ~ This again points to tﬁe fact that this
changed soluble protein complement may support a different typé of
activity. In view of the subsequent DNA synthesis in these cells, it

is not unreasonable £b=ﬁuppoae that this activity is cell division.

The results of the phosphatase histochemistry and the nuclei
counts show that prior to and during this rise in soluble protein content,
there is a region of{tiséue outside the middle and inner cortex which is
in the process of au?blysis. The translocation experiments using Cl4
leucine show that at>thi§ time no.labelled material passes into the
medium. This means%that the products of the necrotic sutolysis of these
cells must pess through the middle cortex and into the stele and are
translocated to othef parts of the root. That this does in fact ocour
is shown by the movement of redioactivity along the root towerds the end
of the culture period. This means that there must be & gradient of the
products of hydrolysis across the still-living regions of the cortex.

If these sutolysis products contain compounds which could stimulate cell
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division, then this would provide a mechanism which could explain the

DNA synthesis gnd correctly predict the region in which such synthesis
would occur. This process of division, once initiated, would proceed
untll the increasingly unfavourable milieu due to continuing necrosis

prevents the cells from reaching the point of division.

This hypothesis has the ‘added advantage of providing en
explanation of the lack of DNA gynthesis at 18 days in isolated basal
éegments. The removgl of the growing root from the basal segment would
r emove the sink for the products of outerAcortex autolysis end so prevent
the establishment of - & suitsble gradient across the middle and inner
cortex. Withogt‘the establishment of such a gradient, DNA synthesis
would not occur.

This hypotéesis interprets the DNA synthesis as a property of
cells placed in a particular type of environment rather then a phenomenon
specifiically associeted with senescence. Since few if any of the systems
in general use for tﬁé study of plant egeing, étudy the chenges in s
tissue sandwiched befween & region of necrosis and e sink for the products
of autolysis, the absence of any reports of this phenomenon is not
surﬁrising. The gbsence of any report supports the interpretation of this
phenomenon as a product of the inter-relationship between various parts of
the root rather than as a generel characteristic of senescing cells.

The DNA synfhesis was the only result which differed at all from
the general coneensué of opinion as to the changes occurring during cellular
senescence and death and the adoption of the ebove explenation places this
fesult in e different category, leaving the rest of the results completely
coipatible with those found by other workers in a variety of comparsble
systems.

b) ;Changes.in nitrogen frections in the basal segment.
| Before entering into a discussion of the entire

set of results, the results from the Cl4 leucine incorporation experiments
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will be discussed separetely since & discussion at the eppropriate
position in the main.diacourse would break up its continuity. The
points requiring explgnatiqn are associated with the relatively high
rate of incorp&ratio; into the insoluble nitrogen fraction and the
departure of the incorpo?ation rate from the change in the totel
.quantity of insoluble protein nitrogen at about 9 deys. The higher

rate of incorporation into the insoluble protein nitrogen fraction
relative to the soluble protein nitrogen fraction was probebly due to

the method of prepargtion of the fractions. This involved homogenisation
in absoluté ethanol Qnd it wes inevitable that a proportion of the soluble
protein present would be rendered insoluble in the subsequent buffer
extraction efter such Q treatment. This denaturation of the soluble
protein would be selective and primarily aff'ect thé more easily denatured
proteins present; fhis explanation implies that there were two periods
in the ageing of‘£he{ro§t tissues at which the proportion of this easily
denatured protein iné:eased relative to the soluble protein content.

The first of these is at éround 9 to 12 days and is not en increase in
the totel quentity of insoluble protein since the insoluble protein
nitrogen shows a steady decline during this period. This first increease
in Cl4 leucine incorporation must therefore be due to the synthesis of
insoluble perein of a high specific activity. This means that the
cells of the bassl segment must be meking one type of protein rather
than a large number éf other cell proteins. If this were not so and

the increase in incorporation general for all cell proteins the Cli
leucine would be expected to be incorporated into both fractions at much
the same rate. The best explanation of this fect in view of the other
fesults is that which assumes that this increase in insoluble protein

is due to.an‘increas? in the protein synthesising mechinery preperatory
to the increase in the quantity of soluble protein in the period

immedietely following. The other results show that immediately after
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this increase in the incorporation rate into the insoluble protein

there is an increase in the incorporetion rate into thé soluble protein
and a little lster still the total protein of the cell increeses sharply.
This increase,ﬁas:entirely due to an increase of the soluble protein
fraction since the ipsolﬁble protein nitrogen declines throughout this .
‘period. Morebvpr at'this time the composition of the soluﬁle protein
fraction as shown by gei electrophoresis changes. This indicates that
a period of metabolic chenge is taking place at this time. In the
discussion of the chépges in the DNA content it has alreedy been proposed
that these:changes were Que to the start of a process of preperation for
division in the cells of the middle and inner cortex. This hypothesis
can be developed iﬁté an explenation of the results of the Cl4 leucine

incorporation experiment in the following manner. The cells of the

cortex receive fhe_ sf;imulus to divide. To dothis-they need to produce

/‘7 consequence of
: on_to, the diviaion stimulus is $e

Mﬁﬁggglgglﬁimés in order to cope with the increasged rate of protein
syntbesia necessary. t’gr the cell division. The r_eletively large (ribosome-
polysome) complexes necessary for protein syntheéis would be more easily _
rendered insoluble wifth the homogenisation .’m. ethanol and this would
explain the increase in the incorporation rg,te into the insoluble protein
fraction. This increase in the quantity of protein synthesising material
would be relatively insignif‘icant in terms of the total quantity of
insoluble proteih nitrogen present. butr woﬁld represent é considerable
proportion of the Cl4i leucine incorporated at the time under conaideration.
At this time both the ribosomes thouselves as well as the protein being
synthesised from them would be labelled. At the time immediately efter
this supposed synthesis of ribosomes (affer 12 days) the incorporation

of Cl4 leucine into the insoluble protein fraction fells. This oan be
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explained on the basis that the ribosomes themselves were not being
lebelled at this time gt the same rate and only the protein synthesised
on them at this time was labelled. The quantity of Cl4 leucine
incorporated into the soluble protein increases at this time, a result
which would not be incompatible with this explanation,

The second-fise in the incorporation of Cl4 leucine into the
insoluble protein fraction after 21 days, was of rather a different
type. Here the rate of uptake paralleled exactly the increaese of the
insoluble protein nigrogen. The incorporation of Cli leucioe per ug
of nitrogen remained much the same. This state of affairs needs a
rather different type of explanation than thaf advanced for the previous
observation and is open to two interpretations.

1. The‘rote of protein synthesis increases during sengconce
and that most of the protein so synthesised is rendered insoluble during
the preparation of the fractions.

2. The uptake of Cl4 leucine was not a true protein synthesis
but was due to an incorporation mechanism of some othor type. This
cannot be due to a simple h;drogen bonding since the radiocactive amino
aoid,was not removed by the washing procedore.

Any explanotion of the incorporation in terms other than that
of incorporation into orotein must explain the fact that the radiocactive
amino acid was apparently chemically bonded to the insoluble residue.

Of these two elternatives the first is the most attractive because it is

in agreement with the results obtained by Chibnall and Wiltshire (195&),
which indicate that senescing leaf tissue shows & high rate of protein
synthesis as measured by the uptake of isotopic nitrogen into protein.

Ths fact that other oenescing systems show relatively high rates of protein
synthesis well into oenescenoe does tend to support the first alternetive
and suggestions of how this could come sbout have already appeered in the

literature and a phypothesis combining most of these features has been

-



proposed by Wulff (1962). This explanation, given in brief below, was
proposed to account for RNA:changes occuring in senescing tissue but as
a consequence of these the protein synthesis would be altered in such a
way as to give the pattern of change observed in the ageing of this and
other systems. In this hypothesis the ageing changes in the cell were
considered to originate from defects in the genetic materisl of the cell
which lead to the producfion of defective RNA. This in turn leads to
the production of engyme proteins of sbnormsl function. Because of this
there would be an accumulation of substrate molecules with a resultant
derepression of RNA gyﬁtﬁeais. The result of this would be an increase
in protein aynthesi&;éﬁd a proportion of this synthesis would result in
protein with no funcéion in the cell. This theory requires that a
‘proportion of this protein synthesised in senescence be nonfunctional
'in the sense that it?ié synthesised by gbnormal RNA. In this case it
is not unreasonaﬁle to suppose thet this nonfunctional protein would be
more liable to denaigration then the normel functional enszyme proteins
in the senescing cells, This being the case, the rise in the insoluble
protein in the initiél stage of sénescence cen be éccounted for. This
would also fit in with the inéreasing rate of synthesis as measured by
Cl4 leucine uptake déring the initial stages of senescence since the
rise ig incorporetio# énd presumebly synthesis could be explained as
an attempt by tﬁe cell to produce éufficient useable protein from a
system in which a pe:centage'of the m RNA is faulty. This diseu;sion
can be summarised as follows. The results of the Cl4 leucine
incorporation show two periods of increesed protein synthesis at about
9 days and at 21-27 days. These two periods of increased synthetic
activity are fundameﬁtally different end two hypotheses can be advanced
" to explain them. The 9~12 dey peak of activity wes explained as a
consequeﬁce of the increased rate of protein synthesis prior to the

DNA éynthetic activity shown by the cortex cells. The 21-27 day rise
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was explelned in terms of malfunctioning of the protein synthetic

epperatus of the cell during senescencs. The evidence available
from this and other work wes not incompatible with either of these
explanations. In t#evfollowing discussion these two hypotheses are
'fitted into the”resuité from other experim:nts.
| The eventsi;f.the first 6-9 days are primarily those of

development and différentiation rather than egeing end senescence.
. 'At the end of Stage 1 the puter cortex cells begin to die and there
is a rise in the amino acid pool and the free NH + in the root as a

L
consequence of thia. Some of this material is utilised by the cortex

cells and some is moved to the stele and passed to other regions of the

root. As a result of‘these processes it was supposed that a gradient
of the products of the sutolysis of the outer cortex was set up across
the rest of the cortex in the'baéal segrent. As a result of this,
soﬁe'of the cells of the cortex are stimulated into a new cycle of
synthetic activity. : This activity was thought to be associated with
a preparation for-ceil division because of the subsequent rise in the
DNA content of theselcells. The first symptom of this increased
activity is an inbrease.in the incorporation of Cl4 leucine into the

* insoluble piotpin fraction of the cell on day 9. After this the rate
of iﬁcorporation into the soluble‘proteip fraection increases followed
by an increase in the quantity of soluble protein present per cell.
The activities of thé succinic déhydrogenase, protease and dipeptidase
enzymes increase sharply at this time and the fell in the polyphenol
oxldase, invertase and phosphatase enzymes is slowed or stopped.

Towards the end of Stage 2 DNA synthesis begins and the respiratibn

rate (02 uptake) which had been falling begins to rise agein. At this

stage the increased synthetic activity of the cells receives a check.

The mechanism of operation of this check cannot be fully determined from
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the results but it must be one whi#h is operated by the growth of

the rest of the root. This condition follows from the results of
those experiments which showed that the development of ageing in the
basal segment was dependent on the growth of the root as a whole.

The simplest explanation of this condition is one involving an
extension of the sink/gradient theory previously proposed to account
for the stimulation of protein and DNA synthesis in the middle and
inner cortex cells. This mechanism would operate as follows; the
dying cortical cells release amino acids which increase the size of

the amino acid pool.' Some of these amino ecids and other compounds
are translocated across the cortex to the stele and removed by the

rest of the root which aots as a sink. In the process, however,

the cortical cells are étimulated to divide and begin to synthesise

the increased quantity of protein necessary to sustain this activity.
This, however, increases the rate of consumption of amino acids (and
other necessary factors) beyond that which can be provided by the outer
cortex necrosis and the synthetic capability of the cortex cells, the
amino acid pool thus declines end the cortex cells have to compete with
the rest of the root for the amino acids available. This would result
in a decline in protein synthesis in the cortex cells and eventually the
synthetic activity induced in these cells would stop. Given a constent
supply of amino acids fr;)m cortex cell synthesis and necrosis, this would

mean thet the sigze of the sink which is proportional to the rate of growth

, r
of the rest of the root would determine how much synthetic ectivity occured

in the middle and inner cartex. In order to keep the amino acid pool at
the required level, more amino acids must be made availeble from the cells
of the cortex if the sink remained high. If the demand exceeded the
quantity which could be supplied by synthesis, some of the cells would die

through leck of available raw materials. On their death the cell contents
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would be hydrolysed and then passed to the other c¢ells of the root.

The amino acid pool could be kept large enough to supply the sink

to the rest of the root only by a continued necrosis of the cortex.

If the sink and the synthetiec ability of the cortical cells remained

fixzed this would be an accelerating process since the greater the

number of cells dying the larger becomes the synthetic contribution
demanded of the remaining live cells and the less they are able to

meet it so the result is an increassed rate of cortex necrosis. Assuming
that this method of control is the one operating in this system the sequence
of events can be explained as follows.

The declineé in the 0-3 dey period shown by parameters such as
the ethanol soluble nitrogen, DNA, and Oz_uptake are due to the loss of
meristematic cells from the‘segmeﬁt. The most significant change occurs
at the end of Stege 1 and merks the beginning of the death of the pilifer-
ous layer; At this time there is an increase in amino acid nitrogen,
amide nitrogen and ammonia. The latter two parameters are changes which
can be considered aS‘beiné typical of egeing systems (Yemm, 1950). The
rise in the ;mino acid pool is large and at first sight appears too large
to be accounted for by the limited necrosis occué}ng at this time. However,
the Cl4 leucine labelling experiment shows thet the loss of radiocactivity
from the basal segment is small during this period so a relatively slow
rate of outer cortex necrosis coupled with the synthesis of amino acids in

the new mature cortex cells should be sufficient to meintein the rise of
the amino acid concentration in the basal segment. This rise of amino
acid results in a gradient which is assumed to trigger the change of the
mature cells of the cortex to a state of preperation for cell division.
The first indicetion of this is the rise in Cl4 leucine incorporation
into the insoluble protein fraction which is perhaps indicative of a
gynthesis of the protein synthesis machinery of the stimulated &ells

pPreviously described. This is followed by an increased incorporation



of Cl4 leucine into the.soluble protein fraction which shows an
increased soluble protein nitrogen content a little later. Another
result confirming this is the rise in the activity of the protease,
dipeptidase and succinic dehydrogenase enzymes. Of these the
protease enzymes can be shown to be associated exclusively with the
soluble protein fraction. This rise in the soluble protein content

ie short and occurs in the second half of Stage 2. During this rise
the amino acid content falls and this is presumably due to both the loss
of amino acids from the segment to the rest of the root and the increased
incorporation into the protein in the cortex. This fall slpws down
protein synthesls in the cortex and the protein content has assumed a
steady level by the end of stage 2. The cells oconcerned with this ere
those in the middle and inner cortex and at the end of Stage 2 they had
reached a state enabling o limited amount of DNA synthesis to oocﬁr.of
the—pre%e%a—ega%ea$~ This DNA synthesis starts at day 15 and reachss
e maximum at day 18. The DNA content reaches & meximum at 21 days.
However, the soluble protein mitrogen begins to decline at the stgrt of
Stage 3 and although DNA synthesis continues until the end of Stage 3
it is limited in extent because the loss of soluble protein reduces

the ability of the cells to sustain DNA synthesis. Apart from the DNA
synthesis all the changes from the end of Stage 2 are characteristic

of ageing cells in other systems. The only cells concerned in these
changes are those of the middle and inner cortex and the first change
is 2 decline in the soluble protein content. This is not dus to &
decrease in the rate of protein synthesis but to a decreesed functional
stability of the protein synthesised. The Cl4 leucine incorporation
into the soluble protein elthough lower than at the time of the nett
increase in the second half of Stage 2 is still as high as at the early
part of stage 3 which was sufficient to maintain the level of soluble

protein in the segment. This indicates that there is sufficient
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protein synthesis to maintain the soluble protein level but that an

increasing percentage of this is in some way rendered insoluble before
or during the extraction proceduré and thus eppears in the insoluble
protein fraction. As a result of this the fall in soluble protein is
peralleled by an increase in the insoluble protein and am increase of
Cl4 leucine uptake into the insoluble protein. As well as this shift
of protein from one fraction to another there is a decline in the total
protein nitrogen of the segment which shows that protein breakdown
exceeds protein synthesis. The high rate of Cl4 leucine incorporation
into both fractions shows that thére is en increase in the rate of
protein synthesis as measured by Cl4 leucine incorporation. This does
not increase or even sustain the pfotein content of the segment which
falls with increasing repidity during Stage 4. This shows that the
loss of protein is due to an increased rate of degradation and not to a
reduced rate of synthesis. This finding is similar to that foundvby

Chibnall (195.) for starving leaves. The ethanol soluble nitrogen,
emide nitrogen and free ammonia nitrogen results give more information
about this process of protein loss. Soon after the total protein
nitrogen in the segment begins to fall, the ethanol soluble nitrogen
(amino acids) begins to rise. This can be regerded as a consequence
of the increased rate of protein breakdown. However,.this rise in‘
ethanol soluble nitrogen is not as lerge ss that in Stages 1 and 2
probebly for two reasons.

The rate of loss from the basel segment is higher. Radio-
activity from C 14 leucine incorporated into proteins in the original
innoculum first eppears in the medium at this time. This shows that
for the first time the products of protein hydrolysie are lost to the
medium. Some are also tranéported to the rest of the root.

The products of protein breakdown are used as energy sources

»
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for cell metabolism. Although the determinetion of RQ was not cerried
out, the accumulation of amide nitrogen in the amides of the amino acid
pools indicates that there is some utilisation of the carbon skeletons
of the amino acids released by protein hydrolysis in respiration and
nitrogen released is stored in the form of amino ecid amides. The amide
éoncentration per segment reaches a maximum after the amino acid content
has begun to decline and falls off more siowly than the detline of the
amino acids as a whole indicating an increase in the percentage of amide
anino acids in the ethanol soluble fraction. This evidence is supported
by the chromatographic estimations which show an increase in the concen-
trations of amide emino acids in the ethanol soluble fraction.. Similar
observations have been obtained from senescing leasf systems by (Yemm, 1956),
who reached similar conclusions about the nitrogen cycle in barley leaves.
In Stage 4, which is cheracterised by & very rapid necrosis of
the remaining regions of the cortex, there is a repid decline in all the
protein fractions except the insoluble protein nitrogen and the free
ammonia. The rise in insoluble protein nitrogen can be put down to an
increasing lability of the protein produced at this time which makes it
more liable to irreversible precipitation in the fractionation procedure.
Together with this there is also the possibility thet this increease is
due to a malfunctioning of the protein synthesising machinery of the cell
which results in a high proportion of the protein produced being unable
to fulfilx its assigned function thus destroying the ability of the cell
to control the processes occué;ng in it. The rise in the free ammonia -
at the same time as the rise in insoluble protein nitrogen is evidénce
thet the processes controlling the synthesis and breakdown of protein and
. amlno acids ere no longer functioning normally. This rise has also been
observed in sterving leaves (Yemm, 1950) and has been taken by him as an

indication of a breakdown in the regulation of protein metasbolism.
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The finel helf of Stage 4 is characterised by a decline of the
insoluble protein and the free ammonia nitrogen as the cells finally die
end what remains within the cell wall is hydrolysed by the residual
_ activity of the less lebile hydrolytic enzgymes. The decling in free
-ammonia nitrogen in the 27-30 dey period 1s probably dus to the fact that
the cortex by this time is composed of deed inért cell walls end coagulated
cell contents which,yould offer 1little obstruction to the diffusion of
ammonia into the medium,

The pattefn of development suggested by these results for the
protein nitrogen cycle in senescing cells can be summerised as follows.

In mature cells protein ﬁynthesis equals protein hydrolysis,
resulting in a stable protein content but protein hydrolysis becomes
higher than the rate of synthesis and the protein content begins to fall.
At the seme time as this is happening there is a change in the type of
protein synthesised such as to make it more lisble to denaturation and
presumably less able to carry out its function in the cell. The rate
of protein syntheéis_then rises but this is reflected only in an increase
of the insoluble, easily denatured protein while the soluble protein of
the cell continues to f£all steadily. The rate of soluble protein loss
is greater then the rate of the rise in insoluble protein so there is
still a nett loss of protein from the cells. The first sympton of

increased protein hydrolysis is an increase in the amino ecid pool, the
sige df which increaées for a while but eventually decreases as amino acids
are removed from the pool by loss to the medium and to the rest of the root
and their utilisation as a substraté for respiration by the senescing cells.
The result of this second process is an increase in the amide amino acid
concentration since the nitrogen of metebolised amino acids is transferred
to these compounds. Thus, as the amino acid content falls, the amide emino
acid concentration rises. This rise does not persist for long since the

transamination system of the cells becomes faulty and free ammonia is
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released by the respiration of the amino acids formed by protein

hydrolysis. This free ammonie increases steadily as the cell approaches

- disintegration but itself fells as the cells die and allow it &6 escape
into the medium. A lerge percentage of the insoluble protein remains
in the cell efter death since most of the protein loss of the cells is
from the soluble protein but this too declines slightly in the final
stages of cell disintegration probably as a result of the unregulated
activity of the less lebile proteolytic ensymes.

Most of the points raised above have been esteblished as
oocuéing in other ageing systems, especially in detached leaves which
have been frequently used to study changés in senescent plant cells.

The genersal changes almost universally observed are:-

1. Decline in protein content supported by the results of
Yemn (1950, 1956); Chibnall (1954); Chibnell and Wiltshire (1954);
Sacher (1965) and Shaw (1965).

2, Sustained rate of protein synthesis noted by Chibnall
(1954).

3; Utilisation of amino acids for respiretion with resultant
increases in free emides (Yemm 1950, 1956).

c) Chenges in enszyme activity in the basal segment

The changes in enaymé activities and respiration

are summarised in Figures 22c¢ and 4. It must be emphasised that the
changes presented in these figures refer to changes in activity only.
The increases in activity do not necessarily imply that a greater or
smaller quantity of ensyme is present, although the rate of Clh incorpora-
tion into protein and the change in the electrophoretic pattern of the
soluble proteins of the cell make it likely thet there is in fact some
change in the quantities of enzymes present at different stages of ageing.

The enszyme activities and O2 uptaeke were determined for use as

"markers” of the physiological state of the root. There was no intention
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of extrapolating from an observed ensyme activity to its function.

in the basal segment. The engymes investigated were selected es
has already been described in the introduction because they were
thought likely to show changes during the ageing of the root tissue.
In the discussion which follows some surmises ere made about the
possible reasons for the observed changes in ensyme activity end
Ozluptake but the primary use of the ensyme activities was to confirm
that the patterns of change shawn in other parameters and by the root
segment anatomy were aécompanied by changes in the activities of some
of the enzymes present.

The enzyme.activity changep observed were adequate to provide
this confirmation. Each enszyme activity shows e pattern of change
which in timing fits in well with'one or other of the other parameters.
Engymes of a similar function such as protease and dipeptidase show
very similar patterns of gotivity. If a rapid change in enzyme activity
is considered &s indicative of a change in the metabolic state of the
root segments then the results of the enayme activities taken as a
whole show that there must be two periods of change within the basal
segments. The first at the end of Stage 1 between 6 end 9 days and the
second from the end of Stage 2 to the beginning of Stage 4, between 13
end 21 days. The engyme activities thus indicate times of change in
the metabolliem of the basal segment which agree with the observed changes
in other paremeters.

Engyme actiQities are expressed throughout as activity per
segment and although there ié no change in the number of cells during
culture, the nuﬁber of live cells decreases steadily. Clearly certain
enzymes‘or enzgyme systems will heve little activity in dead cells and
it is of interest to discuss some of the observed changes in the light
of the progressive death of cells in the basal segments.

1) Protease and alanylglycine -dipeptidass.



186,

These were both proteolytic enzymes in the sense that
alenylglycine dipeptidase is a member of the protease group of enzymes
wﬁich were measured coilectively. The activity change of the dipeptidase
was of the same form as that of the protease enzymes generally. The
protease activity inéreases with the rise in soluble protein nitrogen
an& falls with the soluble protein nitrogen. If we thén express the
ppoteasé activity as:é.function of the protein content of the cell to
got a measure of the specific activity this value would be constant for
Stages 1 to 3. If expressed on a live cell basis the results show that
ovér this period the activity per live cell would rise with the rise in
protein nitrogen per'éell and stay constant during the fall of protein
nitrogen during Stage 3 and sarly Stage 4 since the protein nitrogen loss
at this time is due-tp e loss of cells. Hdwever, in the last half of
Stage 4 the brotease‘activity stops falling at a time when the protein
nitrogen and cell nuﬁber are still falling, This means that there is
"a rise in the specific activity and the activity per live cell of the
protease ensymes. At this time the protein synthesis activity as showm
by Cli leucine incorporation has begun to fall which makes it improbable
that this rise in specific abtivity is due to increased synthesis of
proteolytic enzymes. Electrophoresisvaf the soluble proteins shows thet
ther§ was no change in the pattern of soluble protein after electrophoresis
from this age of segment which is slightly in favour of there being no
synthesis of new proteol&tic engymes at this time. Since the cells of
the root were dying ,nd atill iosing protein at this time the best
interpretation of this result would seem to be that the proteolytic engyme s
were more resistent fo degredation then the other cell proteins and hence
survived in an active form right to the end of the senescence process.

This is a reasonable hypothesis in view of their function and the knowledge
that proteolytic ensymes from other systems have proved reletively resistant

to degradetionjand denaturation,



2) Succinic dehydrogenase
Interpretetion of activity of this engyme must be

made with care since,fhe method used needs careful evaluation. To
begin with the low values for the succinic dehydrogenase activity in
Stage 1 are probably not due to a lack of activity in the tissue but
dué to the ability of the tissues at this time to reduce the triphenyl
tetrazolium chloride in the ebsence of added succinate. This was
probably a éonsequence of an adequate supply of succinate in the younger
tissues. Apart from this, which if true, indicates e drestic drop in
thé succinate levels in the root tissue during Stage 2, the specific
activity &ould be expected to show liftle bhange in Steges l.to 4 since
the cheﬁge in activity parallels the change in the protein nitrogen
content. In Stage 2 there is e rise in the activity per live cell
which was paralleled by a rise in thev02 upteke over this period. This
would seem to indicafe that the rise in Stage 2 was not entirely due to
the changing succinafé 60ncentration at this time but was in part
connected with a period of increased resplratory activity.
3) Polxgﬁenol‘oxidase

The rises ahd falls in the polyphenol oxidase activity
show 1little relationship to the changes in protein nitrogen content and
&8 a result of tﬁis there are large ohanges>in both the specific ectivity
and activify.per liv; cell during the first threes stages. In the 4th
Stege the activity declines with the number of living cells showing thet
this ensyme like the succinic dehydrogenase ié destroyed during the
earlier stages of cell senescence and does not persist during the finsl
sfages of cell autoiysis. The change in the polyphenol oxidese activity
was remarkebly similér to tﬁose of the 02 upteke and the DNA content/
segment. This similarity could be related to the 02 uptake in some
way since the ensyme is & terminal oxidase but probebly bears no relation-

4Bhip to the DNA content beyond the fact that 02 uptake seems to be
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stimulated during DNA synthesis and so may indirectly stimulete polyphenol
~oxidase activity, However, the relationship of the polyphenol oxidase
activity to 02 uptake and respiration is by no means certain.
4) Invertase
The most important fact for this ensyme activity is the
inérease in both specific activity and activity per live cell in Steges
3 end 4. If the possibility of increased or preferential synthesis of
this enzyme was ruled out, the high level of specific activity can only
be explsined on the Baaia of 8 very high activity per live cell in the
celis still living or a resistance to degredation and denaturstion of
the type proposed for the protease enzymes. Of these two alternatives
 the latter appears the most likely in view of the "tough" nature of
invertase engymes isolated from other systems and the observation by
Dixon (1963) that invertase appears to be concentrated.in cell wells,
where cell "death" on loss of organisation may not affect its activity.
5) Phosghatase |
. At first sight the results from this e#periment seem
to parallel those of;the iﬁvertase activity in that there is an increasing
specific activity in the final two steges of the senescence of the segment.
The phosphatese histochemistry, however, shows that in this case there is
a vastly increas;d pﬁosphatase activity in the dying cells which must more
than off'set the loss'of activity due to the loss of cells by death. In
the‘case of this enzyme therefore, the continued high specific activity
ﬁas due to a real increase in enzyme activity (due to breakdown of
lysosomes) in the still "living" cells rather than any undue resistence
to denaturation of the enzymes involved.
6) 02 Upteke

As hes elready been mentioned the results follow those

of the DNA content and polyphenol oxidase activity. The relationship
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of the 02 uptakg to these is tenuous_but the result needs discussion
for the following reasons. A Firstly, the increase in the rate of

02 upteke in Stage 3 is in no way a "climacteric" rise in the sense

that this word is usﬁally used in connection with senescence. = The

rise in O2 uptake occurs at a time when the system is undergoing a
pe'riod of activity involving DNA synthesis, when the protein levels

are high and the cells are showing no signs of seneacent disorganisation
(6. no increased phosphatese activity). During the subsequent decline
and eutolysis of the root tissue the 02 upteke per unit protein nitrogen
falls steadily as the number of living cells falls. The results
obtained thus rule out any burst of respiratory activity of the type

associated with the ripening of fruit. The 0, uptake rise that does

2
occur seems much more likely to be associated with the increased
synthetic activity of the cells. As far as this system is concerned
senescence proper is.associated with e slowly declining O2 uptake.
High respiration rates have Been reported in starving leef tissues but
doubt must be cast on these since in many cases the leaves concerncd
were yellowed and no precaution was taken against bacterial attack.
| Charles (1954 ) repeated many of the starving leaf experiments and found
that both yellowing ;nd death burst "respiration" were very much reduced
by the addition of antibiotics to the leaves. The basal segment of the
cultured pea root system was sterile and did not show any large rise in

0, upteke. Some of this later rise in 02 upteke may be due to the

2
increased use of amino acids from protein hydrolysis as respiratory
"substrates,

The most sﬁriking changes in specific activity and activity per
cell occur in Stages 1 and 2 at a time when the processes occurring in
the basal segment.tissues are not primerily those of senescent change.
These changes indicate a considerable activity in the basal segment at

- this time and give indications thet the processes occurring in the
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presenescent mature tissue are complex. Most of the changes in the
later ﬁalf of Stage 2 seem to be associated with the preparation for
tﬂe limited synthesis of DNA in the middle end inner cortex cells.
Apart from this the only two other Qbaerved anatomicel changes in the
basal segment in Stages 1 and 2 were the loss of the meristem in the
first three days of culture which produces a decline in many of the
perameters which was‘dﬁe to the reduction in the cell number of the
basal segment and the expansion and necrosis of the root heirs and the
piliferous layer. Some of the changes noted around nine days such as
increased amino acid and free ammonia contents in the ségment and some
of the changes in engyme activities, notabiy in the protease and
phosphetase ensymes, show similarities to the changes ocourring during
the later senescent decline of the middle and inner cortex tissue.
There is some justification then in assigning the changes observed from
later Stage.l to the'ﬁiddle‘of Stage 2 to the process of piliferous layer
necrosis. However, since most of the root tisaue'is not involved in this
process it is not possible to say unequivocally that these changes are
definitely associated with the death of the pilifercus leyer since it is
probable that other processes ere occurring at the seme time.

The ensyme activities end 02 uptake during senescence can be
divided into groups éccording to their behaviour during senescence.

' a) Those such as succinic dehydrogenase and polyphenol
oxidase which show no change of specific activity and activity per live
cell during senescence and whose activity thus remeins proportional to
the number of live cells present in the segment. The O2 upteke changes
in senescence were of this type slthough the specific 02 uptake may not
fell as fast as the live cell number due to the change of respiratory
substrate to amino acids from carbéhyﬂrate.

b) Those such as the protease and invertase ensymes

which show an increase in specific activity with senescence which wes
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probebly due to the greater resistance to denaturation and degradation
during cell asutolysis which these enzymes possess.
¢) Those such as phosphatase which show an increase
in specific activity during senescence which was associated with a very
large increése in the engyme activity of dying cells. The phosphatase
histochemistry resui%s show that this was a consequence of a release of
presynthesised engymes ?rom particles in the coytoplasm rather than new
enzyme synthesis.
5) 'Relationship between the ageing processes in the basal
1l cm segment of the root and the growth processes in
the rest of the root.

Since different techniques were used to study various
aspects of the dependence of senescence upon the remainder of the réot;
the results will be discussed separately.

a); Cultufa of the basal segment in isolation

The most important differences observed in this
isoléted basel segment from the "normal" ageing changes in the basal
segment were the sbsence of any period of DNA synthesis in the segment
ef ter amputation and the large increases in emide nitrogen and ethanol
soluble nitrogen in the isolated segment. These last two parameters both
indicate that the sizé of the amino acid pool showed e large increase in
the isolated segment. Also the form of the DNA change in the isolated
segment shows that there was & much reduced rate of loss in Stages 2 end
3 in the isolated basal segment. That this wes due to a reduced rate of
outer cortex necrosis was confirmed by a compérison of phosphatase-steined
TS of the same age from isolated and control segments. The results show
that in the 1solated:basal segment no net DNA synthesis occurs. The
second rise in total nitrogen and the rise in protein nitrogen were
deleyed, and there wes no real change in the activities of the enzymes

‘mdasured, nemely phoéphatase, invertase eand succinic ecid dehydrogenase.
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The most important result produced by this isolated segment culture
experiment was to show that the synthetic ectivity in Stages 2 and 3
which results in DNA synthesis is dependent on the presence of an
intact root attached to ths basal segment. The method by which the

root as & whole.contypls the ageing procesé in the basal segment must
| be e chemical one}ofjsome kind and the simplest type of system which
‘could achieve control is one of the sink/gradient type postulated in

the discussion of the DNA synthesis end the nitrogen fraction changes.
There are enough facts available to show that some sort of control exists
and that it is depen@ent on the rate of growth of the root as a whole.
There is no real evidence to suppose that the control is exerted by a
gredient of metabolifes passing from the older root cortex to the root
growing points via tge vascular system; but the cli leucine translocation
experiments show that there is a movement of amino acids from the basal
éegment to.the rest of the root end a good case can be made out for the
retention of this sou:ce/sink metabolite gradient hypothesis et least as
a basis for‘the discussion of the results.

Chenges in the basal segment in isolated culture fit well with
the hypothe;is used in the discussion of the previous results. On
eamputation, the emino ‘acid pool and presumably the other metavolite pools
in the tissue are being fed from two sources, the synthesis of these
compounds in the living regions of the cortex, and the liberation of these

'compounds from autolysing cells of the dying piliferous layer. In the
"normel" basal segment this rise is off'set by transport from the segment
to the rest of the root and by the subsequent utilisation of thése
compounds in the synthetlic processes which are triggered in the basal
segment by the source/sink gradient. In the isolated bassl segment the
sink has been removed so there is no gradient set up across the cortex
and so no synthetic activity occurs. With both types of sink removed

the amino acid content of the tissue rises. The relative importance of
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the two types of sink cennot be determined from the results available,
although the resu1t§ of labelling with Cl4 leucine seem to indicate
that the rate of transport out of the basal segment to the rest of
the root is low but too much relianée should not be placed on thié
since the proportion of the protein labelled during the short (3 hours)
exposure to the Cli leucine must be e;tremely small, and may not be
representative, |

The increase in the size of the amino acid pool and the loss
competition between fhe cells of the besal segment and the cells of the
rest of the root for available metaboiites, mekes the cell environment
less austere end thus increases the survival rate of the corticel cells.
Hence the slower rate of cortex necrosis observed in the cortex of the
isolated segment. The total nitrogen end protein nitrogen of the
isolated segment do rise but at a later time then in the control "normel"
segment. This syntﬂesis may be e response to the high level of the
amino acid pool or may be.a belated start of the "division" process of
the control root. The first possibility seems the most likely since the
protein and other nitrogen fractions follow a pettern of change not
paralleled in the "control®™ segments.

b) - Trensfer of whole root to fresh medium
The results of this experiment were indecisive

but it was included to show that chenges in the medium hed very little
effect on the pattern of ageing in the basal root segment unless the
rate of growth of the~root-was effected. The growth rate, as shown by
" the fresh weight increase with time, was not significantly altered by
the transfer to fresh medium, The‘resulta of the analyses of the basal
segments from transferred and the control roots are very similar except
for the totel nitrogen results but in this case the pattern of change
-was nearer to the general pattern shown by other experiments on the

"control" segments.
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¢) Sucrose supplementation
The results of this experiment showed that the
sucrose supplementation had a large effect on the rate of growth of the
roots treated. The addition of sucrose fo the medium increases both the
fresh weight and the length of the mein axis of the roots. It seems to
have no effect on the number or growth of the lateral roots.

The general effect on the other parameters seems to be & delaying
of the changes shown by the bas;l segment of control roots for up to nine
days. This delay is most marked for the DNA per segment, the mmide
nitrogen per segment &nd the total'nitrogen per segment. This is difficult
to explain since all previous disoussions ebout the ageing of the basal
segment have assumed that the ageing process was related to the rate of
growth of the root apd the set of results discussed in the next section
show thaﬁ this is substantielly corr;ct. If sucrose increases the rate
of growth of the root thé addition of sucrose would be expected to accele-
rate the ageing changes in the bésal segment, not postpone them. A study
of the fresh weight 6hanges (Figure 23) showg that the first effect of the
eddition to the culture medium was a reducfion in the rate of growth of
the roots lasting about six days, followed by e rapid increase in growth
rete until the treated roots showed a significantly higher fresh weight
than the control roots. This lag in growth rate due to the addition of
sucrose sterts at 12 days which is just at the time that the "synthetic"
"activity is induced in the basal segment. The addition of sucrose thus
produces & check in growth at this crucial period and it is this which
slows up the whole s;ries of changes in the segment.

| d) Study of changes in the basal segment on the basis

of whole root growth
Up to this-timé it has been tecitly assumed in

the discussion that the control of the ageing process was dependent on the
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growth of the root rather than the time the root was grown in culture.
This type of experiment was designed to test this assumption without
altering the medium or interfering with the roots themselves during
culture. The roots from a whole experiment were poocled and divided
into groups according to fresh weight rather then time in culture.

By this technique, roots of the same "chronologicel sge" could be spread
over several of the “"physiclogical age" weight groups. If the changes
cbserved were independent of root growth rate and dependent on time only
this treatment would tend to destroy the patterns of change observed or
et least to obscure them. No sttempt was mede to discard roots unless
they hed callbused or were infeocted. This was done so as to ensure that
the experiment was a real test of the hypothesis that timing and speed of
passage through the ageing changes in the basel segment were determined
by the rste of growth of the root. If the basie pattern of ageing
change shown in the analysis of the basal segments obteined by a "normal®
type of selection according to chronological age was reproduced in the
énalysis of the basal segments sel:cted on the basis of fresh weight
then there is a strong case for regarding the control of ageing by the
rate of growth of the root as a whole as established. A comparison of
the protein nitrogen end protesse sctivity of the two types of experiment
(Pigure 2.) shows that the pattern in both are remerksbly similer thus
substentiating the hypothesis given sbove. The division according to
fresh weight of the whole root seems to possess greater precision than
the "normal" method since it is able to resolve the "shoulder" of protease
ectivity(in the time selected roots) into a third peak of activity.

Teken together, the results of these experiments show that the
start of division activity (DNA synthesis) was initiated by some sort of
signal for which the presdence of the whole root was necessary. The ageing
processes in the basel segment were controlled by the rete of growth of the

whole root. The medium affected the sgeing processes only in so far as it






was able to affect the growth of the root.

The conclusions arising out of the whole discussion can be
summarised as follows.

In the d1scussion of the ageing changes in the root it is-
necessary to have a firm idea of the regions of the root primarily
involved in each séa;é of ageing - senescence and death, Phosphatase
histoohemistry and careful anatomical investigation allows the regions
of dead, dying and liyé tissue to be determined. From this it is
possible to correlate the changes occurring in the metabolic parameters
of the root segments with the senescent changes in perticuler regions of
the root. The pattern of change recorded during cell senescence is very
similar to that foun& in other senescing systems. The complexity of the
metabolic changes.in the basal segment is due entirely to the heterogeneity
of the experimentel system. The basal root‘segment consists of several
fypes of fissue whicﬁ exhibit different patterns and rates of ageing. It
is the 1nteraction'bétween these which produces the complex patterns . |
observed experimentaily.

The changeé-éharacteristic of senescence, namely fall in protein,
DNA, emino acid pools etc., together with transient increeses in amide and
free ammonia contenttare typical of changes found in other seneacent systems.
The continuation of ﬁigh rates of protein synthesis and the iﬂcreaaing
specific activity of‘enzﬁmes during senescence also have pearallels in other
work on senescent systems. The only point in which the observed results
‘differ from those generally accepted is the absence of any "climacteric"
rise in respiration,'ﬁut an explanation for this as a consequence of the
sterility of the expeiimental system can be put forward.

. DNA synthe;is with its associated protein synthesis is not a
phenomenon of senéscence but rather a consequence of the interaction
between the basel segment and the rest of the root. The evidence all

points to the fact that this is not a generalised phenomenon of ageing.
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The timing of the various processes of necrosis and synthesis
in the basel segment system is controlled by the rate of growth of the
root as a whole.

An hypothesis for the control of the ageiﬁg processes by means
of & eource/sink gradient between the dying basal segment tissue and the
'younger tissues of.tﬁe root is proposed and discussed in the light of the
various experimental results.

There is a.définite movement of the products of cell autolysis
to other regions of the root as shown by the evidence for the transport
of amino acids from the basal segment to the younger tissues. During
the leter stages of senescence the rise in amide indicates an increasing
use of amino acids as respiratory substrates and -the production of free

ammonia indicatee'a disruption of nitrogen metebolism just before death.
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Total Nitrogen / Segment

1 2 3 6 5 7 N

0 532 42.5  62.2 142.0

1

2 50.4

3 W40  33.2 5.9  69.6 65.0 116.7

b Whe22

5

6 66.5 36.6 76.2 63.9 96.9 106.6

7 50.22 | | |

8

9 48.30 62.6  37.9 68.6  82.1 117.7 123.8
10 .42.8,
12 565 5.9 78.6  88.0 158.0 104.0
13 |
15 50,0 86.8 50,5 152.0 102.5
16 38.56 _
18 52.58 75.6  48.6  100.7 534 3 153.0 119.1
21 52,9 86.3  46.9 3.6 107.7
22 86.06 | |
2, 46.3 50,5 68.6  60.0 98.2 107.3
26 4L6.48
27  20.5 NN, 45.1 86.5 88,2 104.6 113.8
30 433 52.6  77.6 - -
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Acid prec ipitated

Alcohol Soludle

nitrogen nitrogen
3 7, 1 b 5 6 7

0 26,9 | 22.3 5.9

3 22.6 ' 56.9. 37.4 o 53.2. 41.8 29.0
8 18.6 37,5 2.2 41.9 35.8 36.9 594
9 151 3.7  26.8 66.9 32.6 Wb 80.0
12 17.1 99.2 23.0 52.2 0.l 43 58.8
15 20.5 87.2 3.0 51.0 1.6 37.1 65.0
18 19.6 95.2 21.2 67.4 39.8 38.0 57.8
2 19.0 85.2 52.7 58.3 30.4 29.2 58.4
2 26.6 54.8 28.2 45.8 15.0 32.3 k3.4
34 2.5 80.2 3ok ~ 5L5 15.8 36.2 2.4
I | 26.6

16.6
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12
135
15
18

27

W N O F W N O

DNA / SEGMENT

7.65

8.88

11.75
7:42

9 3k
9.11

10.58

23

10.75

7.69

7.87

3.72

6.91
8.32
Lo 40
6.33
3.26

he2

55

5¢5

1.7
7.0
2.3
%0
9.0
7.6
6.8
1.4

7.0
.2
b9
k.0

2.0
1.4
0.8
1.4

Le7
2.0

3.1

3.9
4.9

2.5
2.2
2.1
5.2
4.6
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