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SUMMARY

This thesis describes an investigation into the role of abscisic

acid (ABA) in the regulation of foliar senescence in radish and bean.

The effect of ABA on the decline of protein and RNA pre-labelled
with radicactive precursors, and on the loss of chlorophyll during the

senescence of leaf discs of radish (Raphanus sativus L.) were studied.

ABA stimulated the decline of chlorophyll during the early period of
incubation, but subseguent loss of chlorophyll was retarded by ABA.
ABA also enhanced the loss of protein and RNA from the leaf discs.
Moreover, since the level of radioactive protein or RNA was normally
lower in ABA-treated discs than in water-treated discs, it is possible
that ABA was acting to stimulate protein and RNA degradation. On the
other hand, the data indicate that ABA might act by limiting synthesis
of radioactive protein or RNA in the post-labelling period. Thus,
protein and RNA synthesis inhibitors were used in order to limit this
period of incorporation. The limitations and possible disadvantages

of the use of such inhibitors are discussed.

The uptake of 14C—ABA by radish leaf discs was highest 1 to 2
days after excision and then declined to 6 days. This pattern of
uptake was not mirrored by uptake of 14C—sucrose. The uptake of

14C—ABA and l4C--sucrose was substantially reduced by anaerocbic

conditions.

Radioactive ABA is metabolised to 2 other major radiocactive products
by radish leaf discs, even after 6 days of pre-ageing in water. A
similar pattern of metaboligm for 14C—ABA was observed in whole leaves
of radish. Metabolism of l4C—ABA in leaf discs was largely dependent
on aerobic metabolism and was not affected by the addition of antibiotics
to control any microbial contamination. Studies were also made on the
pattern of metabolism during a 24 hour time~course and on the fate of
partially purified metabolites re-supplied to radish leaf discs. The

extraction and identification of the metabolic products of ABA has been

attempted.

The presence of endogenous ABA in primary leaves of bean (Phaseolus
vulgaris I..) has been demonstrated. Using circular dichroism procedures,
quantitative determinations of ABA in bean leaves at various stages of
development indicated little consistent change in the amount of ABA with
the onset and progress of senescence. ABA levels in extracts of wilted

and non-wilted leaves of bean were compared in a preliminary experiment.



In ultrastructural studies of radish leaf tissue, differences
in the pattern of senescence-associated changes in cellular organelles
were noted hetween leaf tissue aged in water, tissue aged in ABA and
naturally senescent leaf material. The problems resulting from the
possible variation in leaf maﬁerial and to the asynchronous nature of

senescence are discussed.

The benefits and disadvantages associated with the use of leaf

discs as an assay system for leaf senescence are also discussed.



INTRODUCTTION

It is a generally accepted tenet that all living organisms eventually
die,. The social and economic implications underlying the limited mortal-—
ity of man and that of his crops and livestock have rvesulted in consider-
able attention belng focused on the possible blological mechanlsms control-
ling agelng processes. In recent years, ageing reseavch has centred on
the possible involvement of the genome in the control of ageing and on the
expregssion of the genome as enzymic and structural proteins. Consequently,
a number of theories for the control of ageing have evolved, mainly from

research with animals, e.g.:-

{1) The error catastrophe theory proposes that ageing may be due to
the accunulation of ervors in proteln synthesls leading to a gradual,
but irreversible breakdown in the accuracy of the proteln synthesizing

‘machinery and finally to a lethal “"errov-catastrophe" (Oxgel, 1963).

(2) A zelationship has been suggested between the rate of somatic

mutation and the rate of ageing (Szilard, 1959).

(3) The xelationship between the phyleogenetic "“load" of detexior-
ative mutations and the life-span of different specles may be important

in determining longevity.

(4) A genetlc programme of ageing has been proposed, perhaps involving
changes in the expression of certain genes or the loss of specific amino~
acylated transfer RNA (t~RNA) specles (Strehler, 1969). Alternatively,
there may be a genetlc control system for the rate of repair (cited by
Medvedev, 1972).

(5) The repetition of genetic information in DNA may have lmportance
for determining the ageing rate of dififerentiated cells (Medvedev, 1972).

Several of these possible mechanisms for the control of ageing appear
unsatisfactory for explaining the processes of ageing observed in plant
tissues. In particular, the importance of random changes, implicit in some
of the above theories, does not accord with the apparently precise mechanisms
underlying the ageing of leaves of deciduous trees or annual plants. These
discrepancies may perhaps be attributable to the presence of the chlovoplast
in plant tilssues, as the means by which plants can exist autotrophically, as
opposed to the heterotrophlc existence of most animals and fungi. Further-
more, differences between animals and plants regarding the relationship be-

tween the coxrelative processes of growth and ageing may be of significance.

Ageing studies in plants have concentrated on the processes of senescence

as the orderly and apparently programmed sequence of events leading to the



death of particular organs or of the whole plant, in contrast to the gradual
decline in vigour of woody perennials, as indicated by a gradual decline in
growth rate and a geneval debilitation (Woolhouse, 1967). The term "seneg~
cence"” has been varlously defined (see Leopold, 1963; Addicott, 1969;
Sacher, 1973), but is generally accepted as the Ffinal stage of ontogeny when
" a series of normally lrreversible events is initlated, leading to cellular
breakdown and hence death of the organ or organism. Senescence of higher
plants may be classified into 4 major types (Leopold, 1961; Simon, 1967),
although any one organism may exhibit more than one type of senescence during
its life cyclei-

(1) overall or population senescence, a characteristic of monccarpile
plants, in which flowering is followed by the death of the organlsm, the
seeds being the only part of the plant to remain alive.

{2) Selective or partial senescence, in which the plant typlcally dies

back, except for a perennating organ, which may remain viable for many vears.
(3) Synchronous senescence, exhibited by the leaves of declduocus trees.

(4) Sequential or progressive senescence; the condition in a vegetative
plant in which the older, lower leaves senesce first, more leaves entering

senescence as fresh leaves expand nearer the shoot apex.

It is important to bear in mind the distinctions between the different
types of plant senescence, outlined above. In particular, the differences
in timing and control for synchronous senescence may be so distinct from
those involved in sequential senescence as to suggest some baslic differences
in mechaniem (Simon, 19€7). Furthex, many studles, including this one,
have made use of isolated leaf tissue and the senescence processes cbserved

therein may differ in some respecta from the situation in the intact plant.

Various aspects of leaf senescence have been reviewed by Varner (1961),
Sax (1962), Butler and Simon (1971), Sacher (1973) and Woolhouse (1974).

Certain corfelative processes, especially the divexsion of nutrients,
may aﬁf@ct plant senescence, Johnson (1862; clted by Sax, 1962) noted that
the longevity of annuals can be increased by vemoval of the inflorescences
and he attributed thiz to a reduction in the normal nutrient exﬁaustion
processes. Similarly Stahl (19209) noted that leaf discs of Philadelphus

remainediéreen while the leaves, from which the dises had been derived,

vellowed and died. Stahl thus proposed that leaf senescence is a functien
controlled by physiologlcal events occurring in other parts of the plant.
Molisch (1928) showed that if flowering and frulting were prevented by

excision, senescence was delayed:; he suggested that the flowers and fruit



act as a metabolic sink, diverting both organic and inorganic nutrlents from
the leaf and thereby induecing 1eaf'yellowinq, Similar studies have largely
substantiated the conclusion that senescence of older leaves is stimulated
by the presence of developing leaves, flowers and fruit (Murneek, 1932;
Crowther, 1934; Michael, 1936; Hopkinson, 1966; Cockshull and Hughes,
1967; Syivastava and Atkin , 1968). The presence of relatively high hor~
mone concentrations in the vounger, developing oxgans may play a role in
creating a sink for nutvient diversion (Locmis, 1953; Wareing and Seth,
1967; Herner et al,, 1967). At the cellular level, Fletcher (1969)
described a rapid decline in the incorporation of RNA and protein precursors
in pyrimary leaves of bean at the onset of flowéxinqa Similarly, Gupta

and Chatterjee (1971) observed an increase in total chlorophyll, RNA and

protein in leaves of deflowered and defruited plants of Nicotiana plumbag-

inifolia; furthermore, the subsequent decline of RVA and protein was slower

in deflovered plants.

In detached leaves, the presence of the petiole can stimulate senescence
of the lamina (MBthes and Engelbreeht, 1959; Mizhra and Gaw:, 1970) and
this has been attributed to mobllization of assimilates from the leaf into
the petiole (Chibnall, 1954; Leonard and Glenn, 1968).

Garner and Allard (1923) in thelxr classical studies on photoperiodism
pointed to the relationship between daylength and senescence. In annuals,
for instance, the photoperiod favourable for flowering leads to rapld
senescence of the whole plant; conversely, non-inductive condltions may

indefinitely delay death.

It is clear from all these studies that the presence and development
of flowers and fruit can hasten the senescence of individual leaves and
the death of the whole plant. Leaf and shoot senescence may not, however,
be solely a consequence of nutrient diverslion to developing tissues,
Petrie et al. (1939), for instance, suggested that breakdown of leaf compon-
ents occurred independently of flower and fruit development and thug that
mobilization to developing organs occurxrred as a vesult of leal senescence,
not as a cause of it. Similarly, Leopold et al. (1959) showed that delaying
defloration or defruiting of spinach and soyvabean plants shortened the life
of the plant. They inﬁerpreted this as supporting the concept of a grad-.
ually intensifying signal in reproductive plants, rather than to a depletion
of food resexves through mobllization into developing frult. This was
substantiated by the observaltion that even the removal of very small staminate
flowers of spinach could delay senescence. Moreover, the artificlal pro-

duction of a sink by inducing stem growth did not produce the stimulus for



whole plant senescence in Spinach, noxmally resulting from bolting and
flowering (Janlck and Leopold, 1961). Thaese observatlons wevre lntexrpreted
as further evidence that mobilization alone could not cause plant death.

In a study of apical senescence in peas, Lockhart and Gottschall (1261)
pointed to the lupoxtance of the seeds within the fruit in hastening sen-
escence, but, in generval, they concluded that aplcal senescence, which
ocgurred even in the absence of flowering, was due Lo scome degenerative
change taking place within the apex) They do, however, point out that
sequential leaf senescence may be totally unrelated to apical senescence.
Other studieé also guestlon the role of mobillization influences in overall
senescence (Krizek et al., 1966; Marx, 1968; Trippl and Brulfert, 1973).
Moreover, prevention of pollinatlon or removal of the ears in maize caused
premature senescence in leaves above the wzar (Alllson and Welnmann, 1970);
this may be due to increased carbohydrate‘concentration in these leaves.
Senescence of leaves below the ear was not affected. - The time of senescence
of individual leaves may be determined prior to floral in@uction. Schwabe
(1970) , for instance, demonstrated that the rate of senescence of Kleinia
leaves was partlally deterxmined by the daylenghh‘during leaf empansion.
Moreover, in red clover sceedlings, there 18 no senescence of leaf tissue
prior to the third leaf stage; the onset of senasdence in the oldegst leaf
colnoides with the attainmeni of sensitiviiy to floral induction (Jones and
Stoddart, 1973).

Thus, although the presence of developing organs ils sertainly of sig-
nificance in hastening leaf and overall senescence, other processes also
appeaxr to be involved and mobilization effects alone are unlikely to be

causal in senescence,

The most easily detectable, and hence the most widely used parametexr of
leaf senescence Lls the progressive loss of chlorophyll and the conseguent
development of yellowing due to the increased prominence of the various

garotenoid plgments,

- Wolf (1956), from examination of changes in chlorophyll a and b in the
autumn leaves of 25 plant specles, concluded that, in general, destruction of
"éhloxophyll a 1ls faster than that of chlorephyll b. In oat leaves,; however,
there was little change in the chlorxophyll a:b ratio during autumnal senescence.
Chichester and Nakayama (1965) attributed the faster loss of chlorophvll a to
a higher degree of shbmical reactivity relative to chlorophyll b, rather than
to diffaréntial physiological selection for degradation of the chlorophyll
within the chloroplast. They further showed that both chlorophylls are
initially converted to their respective phaeophyting, the ultimate fate for
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the chlorophyll wmlecule agpparently bolng oxnidation. Similariy, Songer
{1871) demonpibrated a faster loss of chlorophyll a than of b in several woody
‘ByEGiQS and Jdetected only traces of phacvophorbide snd chlorophyllide, in
addition to phaeophviin as the mein chlorophyll degradatlon preduct.,

In detached leawes of herbaceous spocies, chlerophyll a and b may
decline at simdlar wates (Treffry ot al., 19673 Laetsch, 19675 Goldthwaite,
and Lactsch, 1968; Holden, 18972) or chlorophyll a may decline more zapldly
than ¢hlerophyll b (Sestak, 1972). These differences wnay bae dus to envivon-
mental conditions, leaf age ov plant specien (Bestak, 1973; Whitfield and
Rowan, 1974). The nechanism by which ehlorophyli is releaged prier to
oxidation ia uncleny, but breakdown is clearly linked with the degradation
of protein and probhably alse of lipids (Bolden, 1972). <Chlorophyllasc has
been inplicated in chlorophyll breakdown (Holden, 1965).

Gooduin (1858) dlstinguished batween 3 patterns of total carotenold
changes in waody epecies based on the speed of decline iﬁ relation to chloxo-
phyll. Considerable disagreement still exists, however, as to tha nature
of ¢arctenoid changes during senascencea. Tnportant &ifferences, in this
ragpeet, way exdist hetveen plants of the weondy and horbacaous habits.

Grob (1962) could find no detectable amounts of fi-carotene in yallow autumn
loaves and detected no new carotencids duving vellowing: all xantﬁophylla
becane estorified. The xanthophylls may increase in relative shundance

go that in autumn leaves the carctenolds consist chiefly of esters of
violaxanthin and lutein (Chichester and Hakayama, 1965). In contrast,
Sangear (1971) found that f-carotene and lutein were the nost stshle of the
carotencids in autumn leaves and that violoxmanthin and neoxanthin disappeared
rapidly. Again, Goodwin (1965) considered zeaxanthin to he tho predominant
carotenoid in yellow leaves and attributed this to greatey stability rather
than 0 synthosls fvom other carcotencide. In herbaceows spacies, leaf
position and age appear to be ilmportant, hut Whitfilield and Rowan (13874)
dotected no asterification of the zenthophylis in tebacceo leaves; lntein
and f-carctena were relatively stable, Lichtenthaler (196%b} demonstrated
that plastogquinone 45 18 synthesized in mature and senescent leaves of Picus
and is deposited, together with increased carctenoids dexrived mainly from
lutein synthesis, in the plastoglobulite of the plastid stroma,

Anthoevanin synthesis may also ogouy in autumn leaver, concuxrent with
plastid pignent degradation; thoese anthocyanins may be associated with
sugar metabolism in dying leaves (Hoarhorne, 1965; Sanger, 1971).

An important aspect of plant development concerxns the role cg\prateins
as ongymic and structural compenents in the cell.,  Althongh loss of protein



through proteolysis occurs duxing leaf senescence (Yemm, 1937, 1949;

Wood et al., 1943), Walkley (1940) was able to prove that the detiline of
protein is a net effect and that as lowy as chlorophyll is present, protein
synthesls can occur in senescent leaves. Accordingly, Chibnall and Wilt-
shire (1954), on the basis of experiments using heavy niltrogen as a tracer
 for protein synthesis, proposed that a protein cycle ocvcurred in leaves;
thus, protein synthesis would continue, albeit at a reduced rate, in spite
of condltions which enhance the rate of protein decomposition (see also
Racusen and Foote, 1962). Subsequently, the decline 1ln protein levels in
senescence and the concomitant decreased incorporation of amino acids into
protein has been observed in a wide range of leaf tissues (see, for instance,
Racusen and Avanoff, 1954; Osborne, 1962; Simon, 1967; Wollgiehn, 1967);
these changes have been used as indlces for the progress of senescence.

The desrease in protein synthesis may be due to a reduction in the supply
of amino aclds as a result of transleocation from the leaf to other parts of
the plant ox through a reduction in the efficlency of protein synthesis
(Simon, 1967). These points will be discussed later in greater detail.

The investlgations described above were mainly concerned with changes
in gross proteln levels., Some studies, however, have examined changes in
particular protein fractions from specific organelles or other sub-cellular
systems. Wood et al. (1943) noted that chlorcplast protein was degraded
more rapldly thon cytoplasmie protein in detached Sudan grass tissue. In
tobacco chloroplasts Fraction I protein was degraded more rapldly than Prac-
tion IT starting from the time of completion of leaf expansion (Dorner et
al., 1957). These results have been generally substantiated in several
other senescing systems . (Kannangara and Woolhouse, 1968; Treherne et al.,
1870; ‘Tung and Brady, 1970). Brady et al. further showed that the rate
of turnover of the polypeptides of Fraction I cocourred at a very slow rate
in wheat leaves. The pattern of decline of Fraction I, consisting largely
‘of ribulese diphosphate carboxylase and accounting foxr about 40-45% of the
chloroplastic soluble proteins was similar in detached and attached wheat
leaves after the completion of expansion. Callow {1974) found that incor-
poration of radlo-activity into Fractlon I declined several days before the
completion of leaf expansion in cucumber and before the decline in Fraction
I levels. Ribuloge diphosphate carboxylase activity mirrored the changes
in Fraction I during leaf development but as the leaves senesced, thé
enzymatic activity declined at a faster rate than the level of Fraction I.
These changes were apparently specific to Fraction I. Callow suggested
that since the large sub-unit of Fraction I is synthesized on chloroplastic

ribogomes, a decline in polysome content of the chloroplasts may repress



Fraction I synthesis. Further woxk is, however, necessary to determine
the specificity of control of Fraction I synthesis by 908 ribozomz activity
as compared to other protelns synthesized in the chloroplast.

The proportion of chloroplast protein synthesis, in general, may decline
relative to cyﬁoplasmic protein, during apple leaf senescence (Spencer, 1973).
In addition, the relative protein content of wibogsomes in senescing barley .
leaves may be weduced(Srivastava and Arglebe, 1967). On the othex hand,
from chserved changes in the specific activity of the proteins of various
sub-c¢ellular fractlions, Parthier (1964) concluded that mltochondrlal proteins.
were move influenced by senescence than were the proteins of other fractlons,
although the specific activity‘of all fractions declined with senescence.
Alternatively, histone proteins may be relatively labile (Gupta and Chatter-
jee, 1971). Senescence of leaves and petals may also be associated with an

increase in relatively small protein units (Parups, 1971).

The size of the alechol-soluble nitrogen fraction (amino acids, amides)
normally increases with senescence in detached leaves (Wood et al, 1943;
Yemm, 1949; Anderscon and Rowan, 1968; Martin and Thimann, 1972). The
changes occurring in herbacecous specles during natural sequential senescence,
however, are less clear. In leaves of woody species, there is a gradual
decline in the alcochol-goluble fraction due to translocation during the
summey, with a large rise in soluble nitrogen aa abscisslon is approached
(Thomas, 1927:; Plaisted, 1956; Spencer and Titus, 1972, 1973). It has
been suggested that translocation also occurs from the older leaves of
herbaceous species (Simon, 1967), vossibly limiting synthesis of new protein.
Protein lavels; however, deciine faster in detached leaves vhere amino acids,
released from protein, are presumably still available for protein asynthesis,
Analysis of the situation is further confounded by the presence of several
amnino acid pools within the éenescing leaf (Tavares and Kende, 1970), and by
the observed de novo synthesis of hydrolytic and othex enzymes during
sSenescence (see Dove, 1973). Thus, differential decreases in protein
synthesis effi&iency may be involved, in addition to the limitation of
amine acid supply resulting from increased translocation. The decline in
protein may also result from a reduced availability of protein assembly
sites (Oshorne, 1962).

Modern views of development and differentiation place heavy emphasls
on the importance of the genetic code and its expression. Accordingly,
many studies in leaf senescence have looked for changes in levels, activity
and synthesis of DNA and of the various RNA fractions. It has been genex-
ally noted that DNMA levels change little after the early stages of leaf



development and that DNA is}mcre stable than RNA during senescence, both

in the intact leaf (Smillie and Krotkov, 1961; Phillips and Fiatchar,
1969) and in excised leaf tissues (Osborme, 1962; Shaw et al., 1965;
Srivastava, 1967a). Some disagreement is evident (see Srivastava and
Ware, 1965; Garg and Kapoor, 1972) but in no case was DNA less stable

than RNA; discrepancies may perhaps be attxibutable to species diffevences
{Dyer and Osborne, 1971) or to examination of nuclelc acld changes in tissues
at different stages of senescence, particularxly in exeised tlssues (Callow
and Woolhouse, 1973). Srivastava and Ware (1965) noted some incorporation
of precursors imto DNA of matuvre 1eaves, but generally lititle DNA synthesdis
was detected {e.g. Osborne, 1967). Furthermore, little change was noted in
histone levels, ox chromatin or in the raido of histone:DNA (Srivastava,
1967a, 1968}, although leaves of differont ages had different histone types
vredominating (Srivastava, 1971}, DNA synthesis was not detected in mature
leaves or in old rooted cuttings of Nicotiana rnstica (Wallgiehn and M8thes,

1964) . In view of recent work on Fraction I synthesis (Callow, 1974),
re-exanination of the termination of the synthesis of chloroplast DNA might
prove of interest. in this connection, Osborne (1967) suggested that the
decline in RNA synthesis during senescence was not due to loss of total DNA
but rather to a fallure of DNA to provide an effective tecmplate for RNA
synthesis.

A decline in RNA levels during leaf senescence wag first noted by
B&ttger and Wollglehn (1958). Thig has subsequently been conflimed Fox
both excised tissues (Smillie and Krotkov, 1961; Osborne, 1962; Cherry
et al, 1965; Xnight and Quick, 1969) and attached leaves (Hardwick and
Woolhouse, 1967; Syrivastava and Atkin, 1968; Lynn and Pillay, 1971). As
for protein metabolism, the incorporatlon of precurgors into RNA declines
progressively during senescence, particularly in excised leaves (Osborne,-
1962) . The leaves do, howaver, retain considerable capacliy For RNA
synthaesis (Wollglehn, 1967) and the length of llfe of the leaf may depend
on lts ability to conserve RNA synthesis capabllity (Xrul and Leopold, 1965).
The capacity foxr RNA degradatinn by enzymes also increases in senescence
(see Dove, 1973). In addition, the specific activity of the RNA fraction
may increase with senescence (Cherxy et al, 19265; Beevers, 1968; Srivastava
and Atkin, 1968) i.e. during a phase of net decline in RNA levels,

as fractlonation procedures for nuclelc acids have improved, qualitative
and guantitative changes in the synthesis and levels of ﬁhe different RNA
fractions have been studied. Qota (1964) suggested that ribosomal RNA
(r-RA) was preferentislly degraded. Krul and Leopold (1965) detected
little synthesis of new RNA in various fractions after completion of growth



of soyabean cotyledons. in peanut cotyledons, on the other hand, Cherxy
‘gg_géf (1965) suggested that the decline in KA was mainly due to loss of
r~RNA and messenger RNA (m~RNA) and demonstrated an increase ln soluble

RNA (s~RNA). Again, Shaw et al. (1965) detected a vapld loss of nmucleaw
and chloroplastlc RNA - : hloroplastie RIA
zelative to the loss of nucleax protein and DNA, Other veports lndlcate

that there may be little diffevence in the rates of the vaxious RNA fractlions
(Millikan and Ghosh, 1971; Svivastava, 1972). This has been lnterpreted by
Srivagtava as Indicating control of senescence at the translational rathexr

than at the transeriptional level.

various messenger—-like RWA fractions have been shown to vary with
SENEECeNCR. Wollgichn (1967) noted a velatively fast decline in the synthesis
of a rapldly labelled RNA fraction, tentatively chavactexrised as having
nessenger-like activity. Svivastava and Atkin (1967) demonstrated that
while there was a continuous decline in the amounts of 45, 16S and 238, a peak
of synthesis of rapidly labelled RNA occurred in the early stages of senesw
conce; this may be associated with a reguirement for new protelin species at
tha Bﬁaft of senescenca., Simllarly, there is an increase in rapidly labelled
"RNA following oat leaf excision (Udvaxdy ot al., 1969). In contrast, the
amount of a tenaglously bound RNA fractlon, probably consisting mainly of a
messenger-like fractlon, declined with age in wheat leaves (Hadzlyev et al.,
1969). DNA-RNA, another messenger-like fractlon, was relatively stable in
genesclng soyobean leaves (Lynn and Pillay, 1971). Thera is an cbvious need
for improved characterisation of these messenger-like fractions before the
role of m~RNA in senescence can be ordtlically evaluated. The presence of
oligonucleotide degradation producta may add further confusion in the vrasent
situatlon (Knight and Quick, 1969).

Wollgichn (1967) reported that in vellow leaves of Nicotiana rustlca,

there is an increased incoxporatlon of 32P into a low molecular welght RNA,

prohably coxresponding o s=-RNA. Similarly, Lynn and Plllay (1971) found
that the specific activity of a-RVA Iin vellowing leaves increased to a
greatey extent than did the speclfic activity of other Ffractions. Bick
and co-workers (1970, 1971) have detected differential senescence~ and age-
related changes of the vaxious lsoaccepting species of transfér RNA (t-RNA

~ probably the major component of s~RVA) of leucine and tyrosine in soyabean
ooty ledons., Thay conelider that their data are consistent with Strehlex's
hypothesis of ageing (1962) in which the initiating events in senescence
would consilst of the loss of certaln tranzlational capacities in the post-~
mitotle mature phase. These conclusions ave genevally substantiated by

pyer and Osborne (1971) and also by Venkatarxaman and De Lec (1972) who



suggest that changes in relative levels of iscaccepting species could occur
either by modiflication of pre-existing t-RNA molecules (see also Shugart,

1972) or by selective degradation of certaln types. Further investigation
of changes in isocaccepting specles of t~RNA in the chlorcplast might prove

valuable,

Ribosomal RNA has been shown to be more lablle than other RNA fractions
in some systems (Srivastava and Atkin, 1968; Dyer and Osborne, 1971).
Thus in yellow leaves, there may only be about 5% of the »-RNA present in
green leaves (Srivastava, 1971) with a consequent low level of ribosomes
(BEilem et al., 1971). The correlation between loss of r-RNA and loss of
ribosomes may indicate that RNA released during ribosome breakdown is
degraded (Srivastava and Argleive, 1967). Ribosome loss has also been
linked with a progressive decline in the percentage of ribosomes present as
polysomes (Srivastava and Arglebe{ 1967; Lin et al., 1973).  Eilem et al.
(1971) , however, demonstrated that the polysome content of cucumber leaves
declined inltially but did not vary further during senescence. Thay
digtinguished between free and membrane-bound populations of xibosomes and
noted that there was a preferentlal loss of the foxmer during agelng.
Both decreased synthesls and increased breakdown of ribosomes probably

contribute to the loss of ¥-RNA and riboscomes.

Chloroplast r—-RNA appears to be synthesized only during a limited phase
of leaf development, perhaps while the chloreoplasts are being formed (Ingle,
1968; Tyeharne et al., 1970; Paranjothy and Wareing, 1971; Detchon and
Pogsingham, 1972). Moreover, the amount of turnover of plastid x-RNA is
much less than that of cytoplasmic r-RNA (Ingle, 1268), although Callow
et al. (1972) could detect some turnover of the smaller chloroplastic r-RNA
molecule. Preferential reduction in incorxporation of precursor into plastid
r~RNA (Callow, 1974} could be correlated with a degline in plastid polysome
content (Eilam et al., 1971; Callow et al., 1972). The ability of yellowed
leaves to ragreen may depend on the presence of either an active chloroplastic
genome (Dyer and Osborne, 1971) or intact x-RNA in plastid ribosomes or on
the ability of these to be re-gynthesized by nuclear control (Callow and
Woolhousa, 1973).

Enzymes, as vital components in plant growth and development, have been
examined in relation to the onset and progress of leaf senescence. Changes
in the activities of many enzymes will, of course, merely reflect changes in
protein metabolism as a whole. Moreover, activitlies of enzymes In vitro
do not necessarlly correspond to activities in vivo; rather, compartment-

alisation and other factors may be of importance in detexrmining actual activity.
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Among the best documented groups of plant ensymes are the nueleases,
DN ases oand RN ases which are theought o be wesponsible for the degradation
in vivo of nuclelc aclds. The role of BN agses in plant development hag
reoently been comprehensively reviewad (Dove, 1973). Increases ln RN ase
activity have been detected in emcised leaf tissue from a wide range of plant
species (see, for exemple, Udvardy et al., 1964; Srivastava, 1968a; McHale
and Dove, 1969; Sodek and Wright, 1969).  Dove (1873} has dlvided these
ingreases inte 2 phases (a) a rapid rise in RY ase shortly after excision -
. %his is relatively purine specific; and (b) a longer texm increase in RN agae
which probably contributes to the death in isolated plant tissue,. The
short term increase im activity appeaxs to be due to a burst of de nove
enzyme synthesis which ceases aftey a few hours; this may be initlated by
ozmotic stress, resulting from detachment or as a diyvect wounding response,
The longer term increase in RN age which may be assoclated wlth the de nove
syathesis of new RN ase types (Wyem et al., 1971) appears to be more clogely

related to senescence Progasses.

Attachad, senescing leaves tend to have highexr RN ase agtivities than
vounger leaves (Reddl, 1959; Meiale and Dove, 1966; Lazar and Parxkas,
18903 . Thé RN ase actlvity is progressively highew in leaves furthexr from
the apex with a plateau of activity in the oldest leavez (Yatsu and Jacks,
1872} . RN ase activity asscelated with apple leaf senescence appears in
the autumn when the photopericd is less than 12 hours (Spencer and Titus,
1972} . XKessler and Engelberg (1962) showed an inverse relationship between
cytoplasmlic RY ase and RNA during apple leaf senescence, whereas particle~
bound RN ase increased as RNA level increased. The soluble RNV ase of bean
leaves declines in parallel with the loss of chlorophyll and RNA (Phillips
and Pletchev, 1969). A similar correlation was demonstrated for RN ase and
RiA in barley leaves {(Lagay and Parkas, 1970). Phogphononoesterase and
phosphodlesterase nay alse have RNA degrading propextles in Avena leaf
tlasue (Udvardy et al., 1969). In addition some enwymes may be capable of
hydrolyzing both RNA and DNA {see Dove, 1973). Other DN ases active in
senescence have nobt been widely racorded, Srivagtava (1968b) noted an
increage in the activities of chromatin-assoclated R ase and DN ase of
excised barley leaves, but it is not cléar to what extent thene inoreases
are attributable to excision effects.

Changes in proteolytic enzyme activity have also been recorded during
HSENABCenca. Balz (1966) noted an increase in sadimentabloe protease activity
due to de nove synthesis in excised tobacce leaves. Similarly, Martin and
Thimonn (1272) have reporxted increases in 2 proteinases in detached senescing

oat leaves. In attached leaves of Porilla, however, there wag no change in



proteagse actlvity with leaf age (Kannangara and Woolhouse, 1968). The
possibie importance to senescence of changes in specific proteaces remains

apparently uninvestigated.

Peptidase increases in excised leaf tissue (Anderson and Rowan, 1968;
Atkin and Syivastava, 1969). Hochkeppel (1973) has isolated an endopep-
tidase from yellowing tobacco leaves; no activity was detectable in green
leaves, The eonzyme was capable of hydrolyzing 30% of the protein of the

lanellar system and thus could accelerate chlorophyll degradation.

Peroxidase has been shown to increase during the senescence of
attached cucumber cotyledons (Simon, 1267) and attached and detached leaves
of tobacco and barley (Kawashima et al., 1967; Lazar and Farkas, 1970).
Acld phosphatase activity showed some gualitative, but little guantitative
change, during tea leaf senescence (Bakey and Takeo, 1973), but the enzyme
increased in Rhoeo leaf tissue (De Leo and Sacher, 1970). An increase in
acld pyrophosphatase was noted in the later stages of ageing in excised rice
leaves {(Mishra et al., 1973). In contrast, acid phosphatase in Perilla
leaves declined progressively with leaf age (Kannangara and Woolhouse, 1968),
Senescence~related changes have also been noted in the following hydrolytic
enzymes: - esterase activity (Balz, 1966), chlorophyllase (Phillips et al.,
1969) , f~1,3~glucan hydrolase {Moore and Stone, 1972) and, in abscission
zZones, pectin methyesterase and celinlase (Osboxne 1958, 1968a). Changes
in the enzymes of carbohydrate metabolism have been followed by Simon (19267) .,
Kannangara and Woolhouse (1968), Lezar and Farkas (1970), Spencer and Titus
(1972) and Falr et al. (1973). Similarly, studies of changes in activities
of enzymes involved in nitrogen metabolism have been made by Simon (1967),
Kannangara and Woolhouse (1968), Hedley and Stoddaxt (1971, 1972) and Spencer
and Titus (1972).

The most widely used paremetersof leaf senescence are thus the loss of
RNA protelin and c¢hlorxophyll. The degree of correlation between the decline
of these fractions, however, is far from cleax. Further, analysis is likely
to begenfounded by leaf excision, age and zpecles, as well as by the possible
differential loss of RNA and protein from different cellulaxr sites. Chloro-
phyll and protein may decline at the same rate (Michael, 1936; Smillie and
Krotkov, 1961; Martin and Thimann, 1970; Back and Richmond, 1971). Altez-
natively, chlorophyll may be lost faster than protein (Knight and Quicky 1969)
or vice versa (Simon, 1964; Havdwlck and Woolhouse, 1967; Spencer and Titus,
1972). Contrasting repoxrits have also been presented by Osborne (1962) and
Smillie and Krotkov (1961) in regard to the rate of loss of RNA relative to
the decline in protein and chlorophyll.



The vesplration vate of attached leaves and cotyledons tends to decline
gradually during senescence (Lelnweber and Hall, 1959; VYenm, 1965; Draper
and Simon, 1971), although scme veports suggest that resplration rate may
incxease (Arney, 1947} or remain more or less constant (Kannangara and
Woolhouse, 1967) as leaves senesc. Some leaves may exhibit a respiratory
climacteric peak in acrobic conditions (Wood et al., 1943) and this peak may
he associated with biochemical events occuxring immediately prior to leaf
fall (Katterman and Hall, 1961). MacNicol and co~workers (1973a,b) have
suggested that the climacteric rise in senescent leaves is maintained by a
large increase in aexobic glycolysis; this ls subatantiated by & xise In
respiratoxry quotlent and in citrate level during the climacteric. The
climacteric is then followed by a general collapse of cell organization.
Detached leaves also show a rise in respiratlon rate shortly after exclsion,
with a subsequent decline (Yemm, 1965; Udvardy et al. (1964); MacNicol, 1973).
It is not clear whether this rise is of a climacteric nature, although Udvardy
et al. suggest that significant changes in biochemical pathways may be

involved,

Photogynthetic rate is thought to decline with leaf age from the time of
completion of leaf expansion (Kannangara and Weoolhouse, 1968; Hevnande®-Gil
and Schaedle, 1973). Vaclavik (1973), on the other hand; showed that 002 _
abgorption began to decline before the completion of expansion; he attributed
the decline in photosynthesis with leaf age to Increased internal resilstance.
Faix gt al. (1973) noted a decline in ribulose diphosphate carboxylase activity
with leaf age and thus they generally substantiate the findings of Woolhouse
and co-workevs (loc. cit.) for changes in Fraction I. Back and Richmond
(1971) cbserved a correlation between chlorophyll and total protein levels
and the amount of CO2 fixation during leaf senescence, whereas Harris and
Arxrnott (1973) could find no such correlation ~ indeed, chlorophyll declipa
here preceded a reduction in the rate of oxygen evolution by at least a week.
Hernandez=-GLl and Schaedle (1973) noted a correlation between the decline of
CO2 fixation in isolated chlovoplasts and the rate of ATP synthesis and thus
concluded that the decline in photosynthesis resulted from changes in the
soluble enzyme fraction and in the synthetic performance of the membrane-

bound ATP synthesizing system.

Grob and Csupar (1967) suggested that lipid changes in auntumn leaves of
Acer occcurred in 3 phases (1) lipld degradation, (2) foxmation of esters
(e.g. phytyl linclenate) and (3) the accumulation of lipid intermediates.
Drapex (19692) noted an eaxrly loss of galactoliplid dexrived from the chloro-
plasts of senescing cucumber cotyledons. This correlated with an increase

in linolenic acid in the free Ffatty acid fraction, loss of chlorophyll and



ultrastructural changes in the chloroplast as early features of senescence,
Later in senescence, a decrease in sulpholipid and an increase in sterol
glycoside occurred; there was little change in phosphatidyl-choline and
=gthanolamine, A decrease in lipid biosynthesis also occurred during sen-
escence, the xeduction in l4c—acetate incorporation into various lipid
fractions coinciding with a decline in photosynthesis (Draper and Simon,
1970). 7The changes in the free fatty acid fraction ~ also cbserved by
Newman et al. (1973) - did not occur early enough in senescence to account
for an obsexved decline in resplration assoclated with senescénce (Draper
and Simon, 1971). Ferguson and Simon (1973) showed that, at a late stage
in senescence (after the disappearance of the chlovoplastic glycolipids)
the phospholipilds are lost from cell membraneg, probably resulting in a
reduction in membrane integrity, disyuption of the vacuoles and increase in

apparent free space.

S8imilar changes in cellular free space and membrane integrity have
baen cbsexved by Sacher (1957, 1959) in senescing bean endocaxp and Rhoeo
leaf tigsue. These changes were accompanled in endocarp segments by rapid
plasmolysis, consplcuous exudation on the segment surface and leakage of
cellular components. The loss of resplratory activity of the segments may
be assoglated with the breakdown of membrane systems, although Eilam (1965)
indicated that changes in pexmeability occurring carxly in senescence were
independent of the later pattern of respiratoxy declina. Increased leakage
of electrolytes, and a rise in free space and sodium export ﬁave been noted
in senescent bean leaves (Das, 1968; Jacoby et al., 1973). Pooviah and
Leopold (1973) wexre able to delay the senescence-associated increases in
apparvent free space and hydraulic permeability by the application of calcium;
they suggest that calcium may act by maintaining cell membrane integrity.

Direct observations of changes in cell membranes and of other organclles
during leaf senescence have become possible using electron microscopy.
Ultra-structural changes in plant senescence have recently been comprehens-
ively reviewed by Butler and Simon (1971). Molisch (19238) ocobsexrved the
appearance of fat droplets during the disorganisation of the chloroplast in
vellowing leaves, More recent work has examined these changes in more detail
and has trled to relate temporal changes in the chloroplast to those in-
other parts of the c¢ell, It is a matter of some controversy as to where in
the cell the earliest ultra-gtructural events during senescence ogcur.

Early changes were noted in the integrity of the endoplasmic rxeticulum in
detached senescing wheat leaves (Shaw and Manocha, 1965). Similarly, in
detached tomato leaves, changes in the endoplasmic reticulum, tonoplast and
plasmalemma occurred before abnormalities in the chloroplast were detect-

able (Roux and McHale, 1968), Moxe generally, however, the ecarliest changes



have been noted in chloroplasts (Barton, 1966; Dennisg et al., 194%;

Stetler and Laetsch, 1968; Dodge, 1970; Mleodzlanowski and Ponitka, 1973).
These changes may be associated with swellings and distortions of the thyla-
kolda (RBarton, 1966; Harwis and Arnott; 1973); in particular stromal
lamellae may be preferentially affected (Ljuvbesic, 1968; Yoshida, 1970).

In addition, vhytoferxitin particles are laid down at an early stage of
senescence in bean leaves (Barton, 1970). @Eploroplasts may also shrink
during senescence (Srivastava, 1867; Lijubesic » 1968; Dodge, 1970;

Mlodzlanowskl and Kwintkiewicz, 1973) and become more sphexical (Barton, 1266),.

Mittelheuser and Van Steveninck (1270) detected an early loss off chloro-
plastic wibosomes in detached and attached senescing wheat leaves, Markedly
reduced numbers of chloroplastic ribosomes in senescent tilssues were also
noted by De Greef et al. (1971 and Mlodzianowski and Kwintkiewlcz (1973).
Riboscomes in general werxe found to be guickly lest durxing senescence (Butler,
1967) although Ragetli et al. (1970) noted the persistence of both free and

bound ribosomes in tobacco tissue.

A characteristic featurs of chloroplast senescence ig the increased
prominence of the plastoglobuli (osmophilic, lipid~containing glebules),
first observed by Molisch (19238). Such globules are an apparently noxmal
feature of the chloroplast stroma (Granick, 1961) and they inorease in nunber
and/or size (possibly through fusion) during senescence (Lichtenthaler, 1969a).
The plastoglobuli may result from the byreakdown of plastid membranes (Ikeda
and Ueda, 1964; Barxton, 1966); their lipld contents are similar to those
ocourring in the thylakoids, although plastogloibull from senescent plastids
may contain a higher proportion of carotenolds than those from fully funo-

. tional plastids (Lichtenthaler, 1969b). A role for the globules in thyl~
akoid decay is also suggested by thelr observed proximity to degenerating
thylakoids (Barton, 1966; Demnis et al., 1967). Logs of chloroplast
integrity has bheen correlated with the loss of chlorophyll and protein
(Shaw and Manocha, 1965; Butlew, 1967), although no such coxrelatlion could
be detected by Roux and McHale (1968).

The nucleus has been reported to be wvelatively stable (Mittelheuser and
van Steveninck, 1970), although abnorxmalities of the nuclsus and its envelope
have been noted (Srivastava, 1967a; Ragetlld et al., 1870) . The presence
of the nucleus may speed chloroplast senescence (Yoshida, 1961):; the signlf-

icance of thls cbservation regquirves further Investigation.

The mitochondria are relatively perxsistent (Butler, 1967; Dennis et al.,
1967; Mittelheuser and Van Steveninck, 1970), although some shrinkage may
occur (Butler, 1967) as well as alterations in cristae structure (Ragetli
et al., 1970; De Vecchi, 1971). '



Persigtence of the tonoplast and plasmalemma in relatlon to othex
cellular structures (Butler, 1967; Dodge, 1970} suggests that the role of
lysogomal~type hydrolytic enzymes may be restricted to a "mopping up" late
in senescenge (Barton, 1966). Shaw and Manocha (1965), howevey, point out
that leakage of enzymes through the tonoplast could occur while this men-
brane iz atill apparently intact.

Light (irradiation in the visible part of the electromagnetlic spectrum)
has been shown to delay changes in cellular ultra-structure (Mittelheuser
and Van Steveninck, 1970) and this may be assoclated with photosynthesis
since a more rapid depletion of chloroplastic starch occurs during senescence

in the daxrk.

It is not clear to what extent ultra-structural events in detached tissues
differ from those in naturally senescent leaves, although some dlfferences

have been detected (Butler, 1967; Ragetll et al, 1970). ,

Related studles have sxamined ultra-structural changes in ageing plant
embryos (Berjak and Villiewxs, 1972), flowers (Matile and Winkenback, 1974)
and fruits (Harris and Spury, 1966).

Senescence of leaves 1s also associated with changes in mineral content
{(Leinweber and Hall, 1959; Oland, 1963), a decrease in sugars and shikimle
acid (Moove, 1965; Spencer and Titus, 1972) and an increase in total
acldity (Facey, 1950) and urea content (Parups, 1971). In addition,
stomatal resistance appearxs to increase with leaf age (Gee and Federer, 1972;
Solareva, 1973). Senescent leaves may also become more susceptible to

microbial attack (e.g. Balazs et al., 1973).

The symptoms of senescence described above can be stimulated oy delayed
by environmental conditions and exogenous hormonal and chemical factors.
The effect of envirvonmental conditions on leaf longevity has long been
appreclated (Theophrastus, 285 B.C.) and, notably, variation in light quallty
and quantity may greatly modify senescence. As discussed above, photopericdic
conditions can alter leaf longevity in herbaceous plants both dlrectly
(8chwabe, 1970) and indirectly through induction of the reproductive phase
(Garner and Allard, 1923). In woody species, the shortening daylength in
autumn may be a crucial factor in detexmining the time of leaf fall (Olmeted,
1951): artificial illumination is capable of delaying normal leaf fall,
pethaps by supplementing the natural photoperiod (Matzke, 1936). The
shading of old basal leaves by yvounger leaves can stimulate the senescence of
the forxmer, perhaps by reducing the effective photoperiod or by reducing their
photosynthetic rate (Hopkinson, 1966). The importance of photosynthesis in

delaying senescence of detalled organs has been demonstratadipﬁ(goldthwaite



and Laetsch, 1967; Lewington and Simon, 1969; Mittelheuser and Van
Steveninck, 1970), Light may also, however, have another role in retarding
senescence (Basler, 1966; Haber et al., 1962b). The senescence of tobacco
leaf discs can be delayed by red light and this effect is reversible by Ffar-
red light. Similar cbservations, apparently involving phytochsome, have

been made using intact Marxchantia thalli (De Greef et al., 1971) and detached
rice leaves (Mishra and Kax, 1973). In addition, the capacity for phyto-
chrome-nediated development of chloroplasts declines with leaf age in eticlated

barley seedlings (Stobart et al., 1972),

Sucrose can retayd senescence of detached leaf tissue in the dark
{Goldthwalte and Laetsch, 1967; De Veochl, 1971). Similar effects may be
obtained using other sugaxrs (Lewington and Simon, 1969; XKhudaixl, 1970)
and thewse are probably due to the sugar partially substitutling for light in
the provision of regpiratory substrate. Sucrose may stimulate senescence
in the light (Moore et al., 1972).

Senencence can be artificially stimulated by the addition of NAD and
nicotinic acid (Waygood et al., 1968) ascorbic aclid (Garg and Kapoor, 1972)
or anino acids (Shiboaka and Thimann, 1970) and delaved by caleciom (Poovalah
and Lecpeld, 1973) or nlckel ions (Mishré and Kax, 1973).

Envirommental stresses can apparently induce o stimulate senescence e
(Shah and tLoomis, 1965; Prisco and O'Leary, 1972; Ital et al., 1973),
Ben~Zionl et al. (1967) suggest that this effect may be due to a reduced
supply of root cytokinins. In addition, senescence can be delayed by

anaercblc conditions (Weod et al., 1943; Thiwmann et al., 1970).

Flowers and fruilts, like leaves, are detexminate organs. Moraover ,
in the pattern of events preceding thelir death, there are similarities to the
processes of leaf senescence. Although the importance of the climactexlc
in leaves is uncertain, there are obvious parallels betwean fruits and leaves
im the selective degradation and/or synthesls of certain plgments (Katayama et
al., 1971; Eilatl et al., 1972), and enzymes (Dilley, 1970). Similar-to
leaf senescence, fruit ripening is also associated with changes in membrane
integrity (Sacher, 1957), fine structure {(Baln and Mercex, 1964) and hormone
activity (Steward and Mohan-Ram, 1961; Maxie and Crane, 1967; Goldschmidt,
1973). Similar parallels exist botween leaf and flower senescence {see,
for instance, Matile and Winkenback, 1971; Mayak and Halevy, 1972; Breder-
meljer, 1973).

At a later stage in the senegcence of leaves ~ and also of fruits and
flowers - abgcission normally occurs at a discrete zone at the base of the

oxrgan, Under natural conditions, senescence 18 a pre-reguisite for the
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initiation of the enzymic and other changes inveolved in abscission {(Osborne,
1968a); indeed, genescent leaf tissue may produce a factor vesponsible for
triggering these changes (Osborne, 1955; Osborne et al., 1972). Abscisslon
can also bae modifled by addition of plant growth substances; in vivo, these
may affect abscilssion through modulation of leaf and petiole senescence

Processes,

The possible Ilnvolvement of hoxmenes in the regulation of leaf senes-
cence was flrst suggested by the work of Chibnall (1939, 1954) who noted
that the development of adventitious roots on the petioles of detached leaves
delayed the loss of chlorophyll and protein from the leaf, He postulated the
existence of a "root factor”™ which could delay senescence. Iin recent years,
many studies have been made concerning the possible hormonal modification of
leaf senescence and although species differences exlst for the responses to,
different hormones (Fletcher and Oshborne, 1965; Phlllips, 1971), various
mechanisms have been suggested as a basis for hoxmonal control of senescence
(Osborne, 1967; Srivastava, 1967b; Paranjothy and Wareing, 1971). Hoxw
mones have also been impiicated in the control of ageing processes in animals
{see, for instance, Bellamy, 1967; Finch, 1972). Detailed correlatlions be-
tween critically identified endogenous plant hormones and senescence are still
reguired, however. In addition, in interpreting thsz effects of applications
of excgenous hoxmones, the uptake; metabolism and distribution of the hormone

nteads to be consideved.

The possible vole of cytokinins in modifying leaf senescence was first
demonstrated by Richmond and Lang (1957) who noted that the artificial cyto-
kinin, kinetin, could delay proteln and chlorophyll loss from detached
Xanthium leaves. This was substantlated In an independent investigation
(Pexson et al., 1957) in vhich benzimidazole delayed the loss of chlorophyll

and the increase in amino aclids 1ln detached wheat leaves,

Mbihes and co~workers (1961la, b; 1963) suggested that cytokinins delayved
senescence by moblilization of nutrients to cytokinin-vich (or cytokinin~treated)
areas of the leaf from other parts of thae leaf or plant. Accumulation of
radloactive amino acids could occur agalnst a concentratlion gradient and this
was not directly dependent on the creation of a metabolic sink, Mbthes there-
fore suggested that the effect of kinetin in maintaining protein gynthesis was
an indirect one. Simllarly, Gunning and Barkley (1963) demonstrated thait
kinetin applled as drops to oat leaves caused the acgcumulation of 32P and 140—
glycine in the treated area. This accumulation was not observed in 6lder
leaves and only ocourred in a bagipetal directlon. Furthemmore, accumulation
appeaved to be accompanied by an inhibitilon of growth and a stimulation of

senescencae in untreated parts of the leaf and in other leaves (Leopold, 1963;



Leopold and Kawase, 1964), Leopold suggested that the moblllzation effects
due to natural eytokinins could provide endogencus stimuli for leaf senes-
cence by restricting accessibility of mutrients. Natural cytokinins are
present: in root exudates (Kende, 1964) and thus a reduction in their supply
to the sheoot may be important in inducing senescence (Sitton et al., 1967).
Alternatively, the supply of cyvtokining from the voots may be diverted from
the mature leaves o the growlng regions, thus inducing senescence of the
former (Wareing and Seth, 1967). Different types of cytokinins may diffexr
in their mobilization effects (Van Staden, 1973).

Investigations using excised leaf tissue suggest, however, that the
senegcence-delaying effects of cytokinins cannot be attributed entirely to
mobilizatlion effects. in particular, kinetin can delay senascence and promote
RNA and protein synthesis in leaf dises of Xanthium, l.e., tissue in which
mobilization from other parts of the plant eould not occur (Usborne, 1962).,
Furthermore, applicatien of kinetin to one half of dumb-bell-shaped leaf dlscs
indicated that the effects in the tyeated half were not dependent on mobll-
ization from the untreated half, These resulis vere generally substantiated
by Buguira gt al. (1962) and Wollgichn and Parthier (1964).

Oota (1964), attempting to meconclle the apparently conflicting views
of Osborne and Mbthes and co-workers, suggested that both concepts of kinetin
actlon could be correct if kinetin had 2 independent cellular loci. Thus ,
accumulation in response to kinetin treatment could be coupled wlth a stlm-

ulation or malntenance of proteln and RNA synthesis.

It was suggested that cytokinins had little effect In delaying senescence
in intact plants (Engelbrecht, 1964; Muller and Leopold, 1966; Atkin and
Srivastava, 1968). Kulaeva (1962) attributed thils to the presence of high
loavels of endogencus cytokining derived From the roots. Flet:cher and co-workers
howevar, were able to rebtard senescence ln primaxy leaves of intact bean plants
by treatment with benzyladenine (BA), which delayed chlcrophyll loss, prevented
the decline in photosynthesis and malntalned leaf growth (Adepipe et al.,
1971y, In partlculax, BA treatment was assoclated with an ilncreased retentlon
off photosynthate (Fletcher et al., 1970), accompanled by an increased turnover
{hdepipe and Fletchex, 1970) and utilization of metabolites for bhlosynthetle
processaes (Fletcher, 1969). These effacts, moreover, were apparently indep-
endent of the mobilization of metabolites from the uwnitreated parts of the
plant (Adeplpe and Pletchexr, 1970, 1971}). Repeated applications of BA could,
howeveyr, delay senescence of wntveated trifoliate leaves (Adepipe and Fletcher,
1970); thus the possibility vemaing that the lack of dirvected transport may

ba due to translocation of BA away from the treated leaf.
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Following the eaxlier repoxts of cytokinin effects on RNA gynthesls
(Oskorne, 1962) the effects of cytokinin of specific RNA Ffractions have
besn examined. Caxpenter and Cherxy (1966) could find no effect of BA on
gpecifilc RNA fractions and suggested that the effect of BA in maintaining
RNA synthesis may be at the nucleotide precursor level. Simllarly, Burdett
and Wareing (1968) noted an increased incorporation into varlious RNA fractlouns
followlng cytolinin treatment. Wollgiehn (1967) suggested that the lmpori~—
ant effect of cytokinin may be to maintain the noxrmal spectrum of RNA syn-
thesis, Osborne (1965), however, suggested that the action of kinetin could
be directed through an effect on DNA~-controlled RNA synthesis (possibly m—RNA).
Thug the effect of kinetin may be to delay the progressive repression of
genes thought teo be associated with senescence. Alternatively, cytokining
may repress the synthesis of degradative engymes (Srivagtava, 1967a,b).
Srivastava {1967a) also noted that kinetin delayed the loss of yibosomal
conponents ., Paranjothy and Waveing (1971), on the other hand, considered
that the primaxry effect of kinetin was not en r-RNA, but rather on polydis-—
rerse RVA and s-RWA, in addition, cytokinin may act to delay RNA degrad-
atlon. This would be in general agreement with the observation that BA can
stimulate both RNA synthesis and degradation in Lemna i.e., RNA turnover is
inereased (Trewva:as, 1970). 0f unresolved significance is the obsexrvation
that eertain ¢~RNA species contain adenine derivatives with oytokinin-like
propexties (Jachau et al., 1966). Chexry and Anderson (1970) have postul-
ated that free cytokinins may delay senescence by acting as competitive inhib-
itors of nucleases binding to cytokinin-like moleties in ©~RNA molecules
containing cytokinins.

Pre-labelling studies, in which the loss of radioactivity from labelled
proteln is studied in the presence or absence of cytokinin, appear to indicate
that the primavy effect of the hor¥mone is to delay protein degradation
rather than to maintain proteln synthesis (Kuraishi, 1968; Tavares and Kende,
1970).  This conclusion hasz been substantiated using other methods (Atkin
and Syivastava, 1969; Trewavas, 1972; Martin and Thimann, 1972).

Cytokining can apparently modify the activities of vaxious enzymes thought
to be associated with senescence. in partilcular, Srivastava (1968) showed
that kinetin could reduce the senescence-linked increases in chromatin-
agsociated mucleases in exclised barley leaves, simllaxly, BA delayed the
increase in RN ase in excised tomato leaflets (McHale and Dove, 1969) and this
was appavently assoclated with changes In specific nucleases in exclsed Avena
leaves (Wyen et al., 1972). The short term increases in RN ase level,
indicated earliex, may be of significance here (bove, 1971). In contrast,

Iin intact bean plants, cytokinin d elaved the senescence~linked decreases in
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both RN ase and chlorophyllase activity, as well as of their respective sub-
strates.

Anderson and Rowan (1968) noted that cytokinin delayed the decrease in
aminoacyl-t~RNA synthetase and the increase in peptidase assoclated with
senaescence, but these changes did not ocour early enocugh to accounit for the
inhibition by cytokinin of changes in chlorophyll and alcohol-soluble nitrogen,
Cytokinins also delayed senescence~linked changes in f1,3~glucan hydrolaée
(Moore and Stone, 1972) and glucose~6-phosphate dehydrogenase (Udvardy et al.,
1964). Cytokinins have also been reported to competitively inhibit glycolytic
kinases (Tull et al., 1964) and to depress respiratlon rate (Dedolph et al.,
1961; Shaw et al., 1965).

Cytokining may act preferentially on the chloroplast to delay degener-
ative processes (Shaw and Manocha, 1965; Hawvdlng et al., 1968; vYoxlida,
1970; Mlodzianowskil and Ponitka, 1973), In addition, Mittelheouser and
Van Steveninck (1970) found that kinetin can delay the loss of 708 ribosomes
and stayxch grains. Thus the primary of cytokinins may be to maintain or
stimulate protein synthesis on 7058 ribosomes (Dennis et al., 1967; Brady
et al., 1971). Richmond et al. (1971), on the other hand, suggest that the
major effect of cviokinins on the chloroplast is on hydration and membrane
permeabllity. Conflicting results have been obtalned from studies with
albino mutant plants; Shaw and Srivastava (1964)found kinetin to be ineffective
in albino barley, whereas cytokinins could defer senescence in albino soya-
bean plants (XKxul and Leopold, 1965) but they were ineffeciive on isolated

chloxoplasts uwless a cytoplasmic factor were also present,

Reports of the effects of natural cytokinins in regulating senescence
and of changes in cytokinin levels during senescence are limited. In
addition, there may be gignificant differences in response of plant tlssue
to applications of synthetic and natuval cytekinins (Varga and Bruinsma, 1973).
vVan Staden (1973) observed changes in butanol-soluble cytokinins prlor to sen-

escence of Streptocarpus leaves and also suggested a causal relationship

between the loss of chlorophyli and the decline in cytokining resulting from
short~day txeatment of Xanthium plants (Van Staden and Wareing, 1972). in

addition, epplications of cytokinins may influence the levels of other endo-
genous growth regulators (Convad, 1965 - cited by Sheldrake, 1973; Chin and

Beavers, 1970).

8hoji et al. (1951) tested auxin levels in bean leaves of different ages
and found an initial sharp decline in auxin in the leaves to a plateau, which
persistad untll abscission. Moreoveyr, the level of diffusible auxin from a

leaf correlated with the longevity of the leaf (Wetmore and Jacobs, 1953}.
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It thus appears that senescence ia assoclated with a decline in diffusible
auzin levels (gee alzo Bbtiger, 1970) and a reduction in the polarity of
auxin transport thxough petloles of diffewrent ages (Jacobs et al., 1966).

In contraslt, however, Wheeler (1968) drtected more auxin in senescent than

in non~senescent bean leaves and Sheldrake and Northeote claimed that auxin
levels increased after leaf detachment, poasipvly dexlved from trypiophan rele-
aszed on proteolysis (Sheldrake, 1973).

The abiliity of auxin to delay leaf senescence méy be largely restricted
to woody species; this may be associated with differences batween the con-
trol mechanisms for sequestral and synchronous senescence (Phillips, 1971),
although Sachexr (1959) was able to delay the senescence of Rhoeo leaf tissue
uaing auxin, In addition, IAA delayed the increases in cell pemmeability
and tissue free space, as well ag other changes, in bean endocarp. Similax
to early woxrk with cytokinins, application of auxins as discrete spots to

leaf tlssue of Euonymusg and Prunus serrulata-senriko could cause accumul-

atlon of radloactive mutrxients and increased nitrogen levels in the treated -
areas as well as stimulation of senescence in adjacent untreated aveas
(Osborne, 195%9; Osborne and Hallaway, 1959). Similar results were reporited
by Booth et al. (1962). Possibly, auxin acts to malntain incorporation of
amino acids into protein and that senescence proceeds when auxin is limiting
(Osborne and Hallaway, 1960, 1964). Auxin also maintalns the incorporation
of RNA precursors (Sacher, 1967; Osborne, 1967) and this effect did not appear
to be dependent on mobllizatlon from other parts of the leaf (Osborne, 1967).
Auxin may also delay the rise in BN ase in excised leaf tilssue (Sacher, 1969)
and ls apparently effective in delayving both short and long-term increases

in enzyme activity (Dove, 1971).

Brlan et al. (1959) demonstrated that senescence could be delayed in
some woody plants by glbberellin spraved onto the leaves; 1Ln other specles,
however, gibberellin was apparently without effect. s delayed the loss of
chlorophyll, protein and RNA in dandelion leaves and the action of the hormone
may be to maintain the DNA Fraction as a functional template for DNA-depend-
ent RNA synthesils (Pletcher and Osborme, 1965). These findings have been
largely substantiated by Beevers (1966, 1968) in studies using Nasturtlum
leaves; GA could alsc delay the loss of carbohydrate. The GA-induced
delay of senescence has been used as the basis for bloassays of endogenous
GA using Rumex species (Whyte and Luckwlll, 1966; TFletcher and Osborne,
1966) . The effects of gibberellin inhibitors (e.g. CCC, B-995 and AMO-1618)
on sspescence progesses appear to depend on inhibitor concentration and plant

species {(Ruddat and Pharls, 1966; Beevers and Guernsey, 1967).
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Definitive studies of changes in the levels of specifilc gibberellins
in relation te senescence are lacking, although there ig evidence to
suggest thal gibberellin levels fall in 0ld or detached leaves (Fletcher
et al,, 1969; Chin and Beevers, 1970). Goldthwalte (1970) has expressed
doubt as to whether or not the appavent endogenous concentrations of glbb-
erellins in mature Rumex leaves are sufficient to prevent the cnset of

senaescence.

The effects of leaf senescence on ethylene (02H4) profduction are uncleax
from the literature. Zimmerman et al. (1931) and Hall (1951) suggest that
CZH4 production by senescent leaves is reduced welative to mature oy green
leaves, Howevey, more recenit data of Moxgan and McAfee (1970Q), Beyver and
Morgan (1971), and Jackson et al. (1972) indlcate that preduction of CZH4
by senescent leaves is several fold higher than by green leaves. It is

evident, however, thait exogenous C H, can stimulate the pipening of frult and

2
the senescence of some leaves and flowers (Maxie and Crane, 1967; Parups,
1971; Mayak and Halevy, 1972). Moxeover, stimulation of senescence in
certain olrcumstances by auxin may be mediated through increased C,H

274
production (Maxie and Crane, 1967; Csborne, 1968b).

Tha plant growth hormone, absclsic aclid (APA), has been shown to occur
in a wide range of species and plant tissues and has been implicated in the
regulation of leaf senescence. The physlology and biochemlstiy of ABA,
together with the histoxy of its isolation have been the subject of reviews
by Addicott and Lyon (l969) and Warelng and fyback (1970).

Absecisic acid is the accepted trivial name (Addicott gt al., 1968) for
3-methyl-5- (1'hydroxy~4’ ~oxo~2",6" ,6' ~tximethyl-2*~cyclohexen~1"~yl)~cis,
trans~2,d-pentadiencic acld. The natural compound hag one c¢entre of
asymmetxy, melts at 1600C and is designated {+}~ABA due to the dextro~
rotatory properties of lts solution at the D-line of sodium (Cornforxth 53‘3&.,
1966) . Its absolute configuration has now been designated as (8) (Oritani
and Yamashita, 1972; Ryback, 1972). Most investlgations, however, have
ugsed the gynthetic acid, which, in contrast to the natural compound is a
racemate RS~(+")OABA,-with a higheid melting-poing, lgoac, and a lower
solublility than the natural form, The (+)~ and (~)- enantiomers, as com~
ponents of the racemic mixture differ chemleally only in thelr effect on
polarvized Light. In addition, ABA can exist as 2 geometrlcal lsomers,
cig, trans (2,e) and trans, trang (e,e) dependent on the configuration

around the 2-double bond in the side chailn (Addicott and ILyon, 1969).

The natural existence of the 2-trans isomer has been demonstrated conclusively

(MilboXrow, 1970a) although other reports of its exmlstence may vesult firom
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photolytic isomerisation of the cis, trang isomer which can occur as a result
of exposure In vitro to ultra-violet radlation or to sunlight (Mousseron-
Canet et al., 1966).

Several methods ave now avalilable for critically identifying ABA in
purlfled extracts by chemical assay. (+)~ABA has a unilque optical rotatory
dispersion (O.R.D.), exhibiting a very intense cotton effect with a large,
positive extremum at 289 nm, passing through zayo at 262 nm and swinglng to a
very large negative extremum at 247 nm (Cornforth et al., 1966). The Cotton
effect is so large that in a well purified solutidon, in which intexference
from othexr substances is negligible, 0.R.D. can be used as a quantitative
estimate for vory small guantities of (+)-ABA (0.2 uwg in 0.7 ml of solvent)
by calculation from the measured amplitude (Mllborrow, 1967, 1968). A
similar assay technique, cilrcular dichroism (C.D.), dependent on the speclfic
absorption properties of optically active molecules, hags also been used for
detexmination of ABA levels and has been xeported to gilve improved resol-
ution relative to 0.R.D. (Milhorrow, 1967). Differential absorption of the
2 circular polarised beams of opposite chiralities, which compose a plane-
polarised beam, results in a yotated elliptical polarised beam: C.D. is
thus measured, in texms, elthex of the difference Iln absgsoxption between
the clrcular polarised beams oxr of the ellipticlty to which it gives one,
From the amplitude of the curve constructed by measuring one of these
parametexs as a function of wavelength, the guantity of non-racemic ABA

Present in the solution can be estimated.

Using the 0.R.D. and UsV chavacteristics of ABA, Milborrow {1967) has
devaloped a technigque for assessing the high losses of ABA which noxmally
oceur during extractilon and purilficabion. Based on isotopic dilution methods,
Milborrow's "wacemate dilution" techalgque involves the additlon of racemic
(i)uABA to the crude extract which can be measured by U~V absoxrption.aftex
purl flcation. {++}-ABA remalning in tha extract can be determined by 0.R.D.
and hence the loss of endogenous ABA fyom the oviginal exbtvact can be

determined,

Addicoti and Lyon (1969) have dywawn attention, however, to the strin-
gent: purlty regquirements as a disadvantage assoclated with spectropolari-

metrlc methods of determining ABA,

Davis et al. (1968) wexe able to detect 0,025 ug of trimethylsilyl
devrivatives of ABA using gas-lligquid chromatography (G.L.C.) as a chemical
assay for ABA after prior parxtlal purifilcation of the acidic ether extract
on a2 carbon:celite column. More recently, however, the use of tiimethyl~
gilyl derivatives has been critlclsed (Most et al., 1970). Alternatively,

methyl estexs of ABA resulting from diazomethane treatment of extracts can



be used in G.L.C. (Lenton et al., 1968). The ability of G.L.C. to separ~
ate 2~cls and 2-trans isomers of ABA allowed the use of 2-trans ABA as a
means of internal standarxrdisation, both for losses of ABA during extract-
ion and for determination of relative retention times on G,L.C. colums
(Lenton et al., 1971). Development of electron capture technigues for
gas chromatography of ABA has both reduced the need for such high degrees
of purification and lowered the limits of detection (Seeley and Powell,
1970) . Unequivocal demonstration of the presence of ABA has algo been
rosgible using mass spectrometry linked to G.L.C. {(Gaskin and MacMillan,
l968).

ABA can also sometimes be identified by its U-V absorption properties,
but this is dependent on a high degree of purification {Milborrow, 1967).
In addition, Martin and Nishijima (1972) have used the bathochromic shift
in the U+V absorption spectrum of ABA, resulting from a change in pH of
the solution, as a means of ldentifying ABA. Mallaby and Ryback (1972)
have devised a qualitative colour test for ABA, based on the intense trans-
ient violet colour produced when ABA is heated for a few minutes with a
formic acid-hydrochloric acid mixture and then treated with sodium hydroxide.

Improvements to ABA extraction and determination procedures have also
been suggested by Antoszewskl and Rudnicki (1969). Asmundson et al. (1969),
Browning et al. (1970) and Little et al. (1972).

The presence of ABA in various higher plant speclies and organs has
been summarised by Milborrow (1967, 1968) and Wareing and Ryback (1970).
More recent demongtrations of the presence of ABA, based on chemlical
agssay (s) , include flower buds of coffee (Browning et al, 1970), young
stems of Pinug radiata (Jenkins and Shepherd, 1972), immature frult and

syrup of carob (Most et al., 1970), leaves of Bryophyllum daigremontianum

{Gaskin et al., 1973) and of vine (Loveys and Kriedemann, 1973) and hyacinth
bulbs (Nowak et al., 1973).

Many other reports of the presence and measurement of ABA have been
based on biloagsay techniques. In particular, bioassays involving the
acceleration of abscission (Addicott et al., 1949), inhibition of the growth
of coleoptile segments (Nitsch and Nitsch, 1956) and inhibition of seed
gemination (Gabr and Guttridge, 1968) hawe been most widely used, Although
Milborrow (1967) was able to attribute all of the inhibiting activity in

his extracts to ABA, the possgibility remains, however, that other components
may contzdbute to or mask the inhibiting effects of ABA in these biocassays.

An interesting addition to the range of available biloassay techniques

has been reported by Fuchs et al.(1972), based on immunological assay.



Bbscisic acld was originally isolated from cotton fruits as an absciss—
ion acceleratoxr (Okhuma et al., 1963). Indeed, in some explants, ABA 1s
effective in promoting the formation of apparently normal petiolar absciss-
ion (Pleniazek, 1971) and it was thus thought that ABA might have commercial
potential as a regulator for defoliation and fruit drop. It is now evident,
however, that ABA is not effective in explants of all species and, moreover,
is freguently ineffective when used as a spray for whole plants (El-Antably
et al., 1967). High and repeated doses of ABA may be needed to get con-
stant effects i{m~intact plants (Smith et al., 1968); positional effects of
applications in xelation to the abscisgion zone may also be important
(Leopold, 1967). Nevertheless, changes in ABA levelg have been corselated
with the onset of frult and leaf abscission (Smith, 1969; Davis and Addi-
cot’, 1972; Davison and Young, 1974). In addition, ABA can induce the
rises in cellulase and 02H4 agssociated with abscission in explants (Crackexr
and Abeles, 1969). Bbtiger (1970) suggested that the relationship between
IAA and ABA flux through the petiole may be important in requlating absciss-
ion. Furthermore, Ingersoll and Smith (1970) noted close agreement between
the rate of movement of an abscission stimulus and that of ABA, Similarly,
Chang: and Jaccbs (1973) have pointed out .certain similarities between
senescence factoxr (Osborne, 1955) and ABA. Oshoxne et al.(1972), however,
havae produced good evidence to indicate that senescence factor is not ABA,
Osborne (196B8b) suggested that the effect of exogenous ABA on abscission
is probably mediated@ through a stimulation of the senescence of leaf oxr
pulvinar tlssue, perhaps with a consequent increase in ethylene production
(Tackson and Osborne, 1972).

ABA is claimed to be capable of simulating the effects of short days
in inducing the cessation of extension growth and the formation of resting
buds in Betula pubescens, Acer and Ribeg nigrum (El-Antably et al, 1967 .

Stewart (1969) was able to induce the formation of turions in Lemna poly-
rhiza by ABA treatment. The inhibitor content of buds, now attributed to
ABA (Cornforth et al., 1966; Milborrow, 1967), increased in short days
(Phillips and Wareing, 1958). Move recently, however, Lenton et al. (1972)
were unable to observe an Iincrease in ABA levels, detected by GLC, when
plants of several woody species were transferred to short days. Similarly,
Hillman et al. (in press) werec unable to induce bud doxrmancy by application
of exogenous ABA. Again, Browning (1973) could detect no changes in ABA-
like activity when coffee flower buds were released from dormancy by irrig-
ation. In contrast, Davison and Young {(1974) have recently shown decreases

in ABA levels of xylem sap of peach at the time of bud swelling.

ABA inhibits the germination of a wide range of geeds (see Addicott



and Lyon, 1969). Some seeds (e.g. Fraxinus) require a period of stratif-
ication before germination will occur. ABA levels have been shown Lo
decline during stratification (Sondheimer et al., 1968). Application of
exogenous ABA after stratification inhibits germination (Sondheilmer and
Galson, 1966). ABA is also present in a varviety of other seeds, suggest-
ing that it may be the main hormonal agent directly controlling the dorm-
ancy of seeds (Milborrow, 1967). ABA may also be present in the flesh of
some frults and the level of the inhiblitor has been correlated with the
inhibition of germination in those species (Jackson, 1968). The inhibi-
tory influence of ABA on seed germination is frequently transient and

reversible (see e.g. McWha and Hillman, 1973), but appears to be more pex-

sistent in Chenopodium album (Wareing and Saunders, 1971). Williams et
al. (1973) distinguished betweén the maintenance of seed dormancy, in which
ABA was actlve, and the contrxol of cubryo dormancy in which ABA appeared
to be inactive.

Inhibitor £ was originally observed as a result of the inhibition of
coleoptile extension in bioagssays of certein regions of chromatogyrams
(Bennet~Clark and Kefford, 1953). Subsequent studles using pure ABA
indicated its effectiveness in the inhibitilon of elongation in a nuwber
of excised tissues (Addicott et al., 1964; Cornforth et al., 1966;
Milboxrrow, 1966; Wareing et al., 1968b; Pilet, 1970). In addition, ABA
can inhibit the growth of Lemna (van Ovexrbeek ggfg;:, 1967; Stewart, 19269)
and Wolffia (see Addicott and Lyon, 1969). Reports of the effectiveness
of ABA in retarding the growth and development of whole plants are more
limited; this may be due to penetration difficulties (Blumenfeld and
Bukovac, 1972} or to the need for repeated applications of the hoxmone to
overcome its endogenous inactivation (Herner et al., 1967; ‘¥an Staden amd
Bornman, 1969)., ABA 'is apparently capable of inhibiting both cell exten—
sion and cell division (Wareing and Ryback, 1970; Pilet, 1971; de la
Torve et al., 1972). There is a lag of about 5 minutes before ABA is
effective in inhibiting elongation of sectlions of pea and Avena shoots
(Waxrner and Leopold, 1971; Rehm and Cline, 1973a, b). Undexr c¢ertain cir-
cumgtances, howeveyr, ABA can stlmnlate growth (Van Staden and Bornman, 1969;
Takahashi, 1273) and may promote cell division (Schier, 1973; Minocha and
Balperin, 1974). In addition, Mullins and Oshorne (1870) demonstrated
that ABA treatment could increase the number of inflorescences of vine

cuttings showing continued growth and development,

ABA~like activity and the vigour of apple rootstocks are apparently
inversely related (Yadava and Dayton, 1972). Sinilarly, increased inhib-

itoxr levels in tobacco are associated with decreased internode elongation



{Steadman and Seqgueira, 1270). Oon the other hand, no differences in ABA
level wera detected between light- and dark-grown Iwarf peas (Kende and
Kays, 1971; Simpson and Saunders, 1972). On thils basis Simpson and
Saunders congider it unlikely that differences in the height of pea

plants are assoclated with diffexent ABA levels,

ABA may, howvever, be assoclated with other light-controllied processes
in which phytochrome has been implicated. Pearson and Wareing (1969)
noted that the pro-~treatment of dark-grown radish hypocotyls with ABA
reduces their capaclty for extension growth, DErffling (1973) demonstrated
that growth reduction in pea shoots by red light was not, however, the
result of xed~light induced increase in ABA lovels. ABA can also lnhibit
the red-light induced unrelling of etiolated cereal leaves (Poulson and
Beevers, 1969, 1970) and counteracts the stimulation of wnrelling in the

daxk resulting from GA and kinetin treatment (Beevers et al., 1970).

ABA can inhibit the induction of flowering in several long day plants
including Lolium temulentum and Spinacia oleracea, growing under inductive
conditions (Evans, 1966; El-Antably et al., 1§67; Cathey, 1968). Thug
ABA may be produced in the leaves of long day plants kept under shoxit day

conditions and act as an inhibitor of flower inductlion (Addicott and Lyvon,
1969) ., However, contrary to a report by Wareing and BEl-Antably (1970).
Zeevaart (1971) was unable to detect any lovering of ABA levels as a result
of the transfer of spinach plants from short to long days; thus ABA may

not act as a natural Inhibitox of Fflowering in these species.

ARA promoted the flowering of the short day plants, Pharbitis nil,

Ribes nigrum and strawberry, held uwdey long day conditions but was in-

effective in certain othex typical short day plants (El-Antably et al.,
1267). Plant age, specles and growth and photoperiodic conditions may all
affect the ability of ABA to substitute for inductive conditions in short
day plants (see e.g., Addicott and Lyon, 1969; Nakayama and Haghimoto,
1973). Rrekule and Horavka (1972), from work on Chenopodiwm, suggest that
ABA certainly does not vepresent the only hormenal £actor regulating flowexr
induction in shorxt day plants and further conclude that the effect of ABA
may be restricted to the post-inductive period of flowering. Furthexmore,
Addicott and Lyon (19692) consider that the competition existing between
vegetative and rseproductive development in many species may be important

in determining response to ARPA ~ ABA effects on flowering may perhaps be
attributable to growth retardation processes. In squash plants, ABA
preferentially stimulated the initiation of female flowers (Abdel-Gawad and
Ketellaper, 1969).

Fractions inhibiting the outgrowth of lateral buds have been extracted
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from Vicia seedlings (Reffoxd, 1955) ond pea stems (DOrffling, 1965, 1966).
The latter fractlon has bean shown to contaln ABA (DBrffling, 1967).
Hlgher levels of inhibltoxr have been detocted in anlllaxy buds, subjected
to coxrelative inhibltion, thaix in those released Ffrom such inhibition
(DBxffling, 1966). Thus Arney and Mitchell. (1269) , having demonstrated
the inhibition of laterxal bud outgrowth by ABA in decapitated pea plants,
suggested that ABA could act as the endogenous corralative inhibitor of
axillary bud outgrowth, In contrast, Hillman (1970) noted no inhibitoxry
effect of ABA on the outgrowth of lateral buds of Phaseolus although ABA
did add to the inhibiltory effect of IAA snd Gh,. Tucker and Mansfleld
(1971), noting a corvelation bhetween ABA lavels and apical dominance,
suggested that a hormonal balance, perhaps involving cytokinin and ABA,
may control bud outgrowth.

ABA appears to be impoxtant in enabling the plant to adapt to envir-
onmental stress. Pustovoitova (1967) noted an increase in inhibitory
activiﬁy in wilted apﬁicot leaves, ABA can reduce the transplration rate
in some woody species (Llttle and Eidt, 1968) and, in herxbaceous specles,
this has been shown to be due o inductlon of stomatal closure by the
hormone (Mittelheuser and V n Stevenlnck, 1969). subsequently, manifold
increases in the concentration of APA or ABA-like inhibitors have been
ocbserved as a resuli of water stress (see; Iln particular, Wright, 1969;
Wright and Hiron, 1969; SZeevaart, 1971; Mosi, 1971). The Iincreases in
ABA levels are malinly detectable in leaf tissues (Milboxrow and Robinson,
1973); increases in ABA in other varts of the plant paobably originate
from changes in the hormone level in the leaves (Hoad, 1973), especially
gince ABA levels in detached leaves can rise as a resulet of wateyr stress
{Most, 1971). The magnitude of the increase in ABA levels due to watex
gtress are related to the degree of wilting (Wright, 1969) and these increses
probably result from rapid synthesis of ABA since 3Hmmevalonic agid is rap-
idly converted teo BH—ABA in wilted wheat leaves (Milborrow and Noddle,
1970}). The site of regulation of ABA biosynthesis iﬁ_x&gg=unddr conditions
of watex stxéss may be between its presumed precursor and ABA. Mllborrow
{1974) has recently demonstrated the synthesis of ABA in isolated chloro-
plasts; it may thus be of significance that the guard cells axre the only
cells In the leaf epldermis to possess chloroplasts. Zabadal (1974)
has suggested that there may be a threshold watex potentlal for the increased

synthesis of ABA in leaves under watexr stress.

Mansfleld and Jones (1970} demonstrated that ABA acts preferentially
on the guard cells, rather than on the rest of the leaf, to effect stomatal

closurea. ABA effects may be linked with a lowey potassium (K+) ¢oncen-
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tration and vreduced starch hydrolysis in the guard cells. ABA can reduce
the influx of K into the guard cells of expanding leaf tissue of Vicia
faba (Horten and Moran, 1972; Hoxrton and Bruce, 1972). Kriedemann et al.
(1972) consider that the ABA effect is unlikely to be due to a general

change in membrane permeability; a selective effect on permesbility would
be substantiated by the data of Van Steveninck (1972). Tho onset of closure
off stomata induced by ABA is apparently very rapid, occurring in scme species
within 3 minutes (Cumming et al., 1971; Kriedemann et al., 1972). Any
speclies differences with regard to rate of response o ABA may be attyrib-

utable to different endogenous ABA concentrations.

Jones and Mansifleld (1970) noted that stomata dld not reopen for a
considerable time after the cessation of ABA treatment. Cumming et al.
(lQ?l)/ﬁ%iademann et al. (1272) however, detected & more rapid recovexy
and suggested that ABA may be raplidly sequestered oy inactivaied, although
recent evidence suggests that the reversal of ABA-induced c¢losure could not
apparently be attributed to catabolism (Cumming, 1973). Toveys and
Kriedemann (1973) ohserved a rapid decline in endogencus ABA levels after
rewatering stressed vine leaves, although Hiron and Wright (1973) noted '

a much slower rate of recovery to pre-styess levels of ABA.

ABA levels can also apparently increase in vesponse to other types of
envivonmental stress (see, for instance, Wright and Hiron, 1970; Mizrahi
et al., 1972; Mizrah and Richmond, 1972; Ital et al., 1973). Moreovex,
ABA applicatlon can reduce the effect of stress (e.g. Fletcher et al.,
1972; Mizxahi et al., 1972). In addition, 1links have been indicated .
between ABA responses and pathogenic effects (Steadman and Sequaira, 1970;
Squire and Mansfield, 1972), and between a mutant of tomato, flacca,
axhibiting low resistance to wlilting and low levels of endogenous ABA

(Imber and Tal, 1970; Nevo and Tal, 1973).

The rapld responses of coleopitile and stem sectlons (Warner and Leo-
pold, 1971; Philipson et al., 1973) and stomat: (Cwmins et al., 1971) to
ABA tyeatment might be interpreted as indicating an effect of ABA on mem«
brane pexmmeabllity. Reed and Bognex {1974) showed that ABRA reduged the
uptake rate of k" and c1” by Avena coleoptile sections, but there was no
simple guantitative correspondence between the inhibition by ABA of col-
eoptile elongation and inhibition of K+ uptake. ABA appavently acted on
specific lon uptake mechanisms in this system, These results disagree
with those of Van Steveninck (1972) ., who found that ABA delaved development
of ion uvptake capaclty, but stimulated net uptake once the tissue had
developed that capacity. Foy carrot root tissue, ABA increased the

hydraulic conductivity of cell membranes and increased flux, in and out;
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these effects were apparently metabolically dependent (Glinka and Rein-
hold, 1971, 1972). Similarly, observations that ABA increased the exud-
ation rate from decapitated roots was attributed to an increase in perm-
eability of the root to water (Tal and Imbex, 1971; Glinka, 1973;
Collins and Keriigan, 1974) although Cram and Pitman (1972) interpret
thelr data in another way.

ABA can modify the phytochrome-mediated attachment of mung bean and
barley root-tips to glass plates (Tanada, 1973a, b). This could bo inter~
preted as an effect of the hormone on systems controlling the electric

surface potentials of plant cell membranes.

ABA can apparently inhibit the development of plastid membranes and
of isolated etioplasts in greening cereals (Wellburn et al., 1973). The
development of chlorophyll and carotenolds and of other chloroplastic
conmpenents is also delayed by ABA treatment (Sondheimer and Galson, 1966;
Lichtenthaler and Becker, 1969; Beevers et al., 1970; Tietz, 1972).
Similarly, Mercexr and Pughe (1969) suggested that the effect of ABA is
specifically inhibitory for chloroplast formation - the synthesis of plas-
tid quinones was inhibited whereas mitochondrial ublguinone was unaffected.
Lichtenthaler and Becker (1970) suggest that these effects of ABA are
achleved through a reduction in the development of thylakeids by an inhib-
ition of protein synthesis. At the ultra-structural level, ABA has been
observed to reduce the starch content and the density of the stroma in

amyloplasts of Rubus hispidus tissue cultures (Pilet, 1971; Pilet and

Roland, 1971}). The treated cells were generally smaller, had a reduced

numbey of ribosomes and produced abundant mucilage from the cell walls.

ABA appears to be transported through peticlar segments at a velocity
of about 20~30 mm pexr hour (DBrf£fling and BSttger, 1968; Ingersoll and
Smith, 1970); it is not clear wvhether this transport is of a polar
nature, but it is apparently metabolically dependent. Little ABA is
catabolised during transport through the segments (Ingersecll and Smith,
1971). Diffusible ABA from senescent leaves ig considerably higher than
from young or mature leaves (BBttger, 1970b). For Leng stem sections, ABA
¥educed the uptake and movement of 14C~IAA and may also reduce lits trans-
port velocity (Pilet, 19271). Studies of ABA movement in intact plants
are more limited., Hocking et al. (1972) found that 24 hours after applic-
ation of 14C-ABA to the primary leaf of a bean plant, radloactivity was
detectable in mosgt parts of the plant, but particularly in the growing
zones and root nodules. Transpoxt of radioactivity apparently occurred

in the phloem. Shindy et al. (1973) also detected radioactivity in all
parts of cotton seedlings 4 days after application of 14C-ABA to coty-
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ledons or the first leaf. Digtribution and movement of radiocactivity did
not depend on leaf type or age.

A number of investigations have made use of analogues of ABA in order
to elucidate the relationship between the structure of the hormone mol-
ecule and its bhiological activity (see, for‘instance, Tamura and Nagao,
196%a, b; Sonahéimer and Walton, 1970; McWha et al., 1973). Different
assay systems for the blolegical activity of the analogues may yield con-
flicting results (McWha et al., 1973). In addition, differential rates
of uptake and penetration of the analogues {Popoff ot al., 1972) and of
possible conversion to ABA (Milborrow and Noddle, 1970) may &onfound com=-
parisons between the various analogues; for instance, the methyl ester of
ABA may be as active as ABR (Koshimizu et al., 1966; Acmundson et al.,
1968) or totally inactive (Milborrow, 1966). The ring double bond is
probably necessary for biologlical activity while the importance of the ring
carbonyl and hydroxyl groups is less clear (McWha et al., 1973).

The 2~cis double bond of the side chain may exert a major effect on.
the biclogical activity of ABA (Milborrow and Garmston, 1973). The
2“552&5 isomer is reported to be active in scme physiological processes
(see Addicott and Lyon, 1969), although more recent reports suggest that
2~trans ABA is certainly not active in a wide range of tests (see, for
instance, Milborrow, 1970a: Bex, 1972b; Xriedemann et al., 1972).
Sondheimer et al., (1971) consider that possession of the 2-trang side
c¢hain is more deactivating in physiological tests than is.a change in
absolute configuration from (S) to (R). Firn et al. (1972) also found
that the inhibitory activity of the natural ABA analogue, xanthoxin, was

raduced in the 2-trans isomer.

Indirect comparisons of the physiologlcal activities of $-(+)- and R-
(=)- ABA using racemic mixtures suggested that only the natural form,
g(+), was active (Cornforth et al., 1965; Smith et al., 1968). Prepar-
ation of R-(-)=- ABA by Cornforth et al. (1967), however, has enabled
dlrect comgarisons of the enantiomers to be made., These indicate that
S=(+)~, R=(-)- and RS~(+—)« RBA are equally active in the inhibition of
growth (Milborrow, 1968). Results may, however, depend on the bioassay
systen emploved and on the differential uptake rates for the 2 entlomers
(Sondheimer et al., 1971; Xriedemann et al., 1972).

ABA appears to be capable, in many systems, of modifiying or antagon-
ising the activity of other hormones. Conversely, the physiological
effects of ABA may be affected by the presence or addition of the other -«
growth regulators (see, for instance, Aspinall et al., 1967; Wareing et

al, 1968a). From such studies, models for the competitive or non-com-
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petitive "interaction” between ABA and other hormones have been proposed
(e.g. Wareing et al., 1968a). The use of the texm "interaction",

however, has often been imprecise (Drury, 1969, 1970) and, moreover, the
Qalidity of such studles, based on kinetlc analysis is questlonable in
systems as complex as developing plant tissue (Addicott and Lyon, 1969).
Nevertheless, the mutual modification of activity by ABA and other hormones

remaing of interest.

GA~induced synthesis of hydrolytic enzymes in cerxeal aleurone layers
may be antagonised by addition of ABA (Chrispeels and Varner, 1967).
Jacobsen (1973) has cautioned againsi using this type of system as a
basis for studies of competitive interaction. In barley half-grains,
ABA enhanced the uptake and metabolism of 3H~GA (Stolp et al., 1973).
Investigations using other sys?ems suggest that, under certain conditions,
ABA may lower GA levels (Wareing et al., 1968a; Beevers et al., 1970;
Rudnicki et al., 1973), perhaps through an inhibition of GA hiosynthesis.
In contrast, Railton and Wareing (1973) noted that ABR increased the

level of GA-~like components in Solanum andigena leaves. The effect of

ABA may be to control the supply of gibberellins, perhaps by regulating
the equilibrium between free and bound forms of GA (Browning, 1973).
Conversely, GA can prevent or inhibit the rise in levels of ABA or ABA-
like inhibitors in some systems (Chin and Beevexrs, 1970; Kopecewicz and
Rogozinska, 1972), and may influence the distribution of ABA within the
plant (Tietz and DBrffling, 1969). The degree of antagonism between ABA
and GA in physiological responses may be nil, complate or partial; altex-
natively, the 2 compounds may interact synergistically (El-Antably et al.,
Addicott and Lyon, 1969; Tietz, 1972; Schiex, 1973).

Simllaxr controversies and contyvadictions exlst for the relationship
between ABA and cytokininge or auxins where the intevaction may be appar-
ently competitive ox non-competltive and where antagonism may be absent,
partial or total (Aspinall et al., 1967; Wareing et al., 1968a; Addi-
cott and Lyon, 1969).

Iin senescing and abscinding leaf tissue, addition of ABA can stimulate
the production of ethylene (Abeles, 1968; Cooper et al., 1968; Lieber-
man and Kunishi, 1971; Jackson and Osborne, 1972). On the other hand,
in tissue from ripening fruit, ABA may elther stimulate ethvlene production
(Gertman and Fuchs, 1972) or have no effect (Cooper et al., 1968). More-
over, in ageing flower and fruit tissue, CZH4 may apparently promote an
increase in ABA levels (Mayak et al., 1972; Goldschmidt, 1973); ABA and
C,H, levels may be inter-related through feedback mechanlsms (Mayak et al.,

274

1972). In growing tlssue, ABA may either stimulate or inhibit CQH4 syn-
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thesig (Gawborg and La Rue, 1971; Ketring and Morgan, 1971; Loveys
and Wareing, 197); Goto and Esashi, 1974) but, in genexral, ABA inhib-

ition of growth camnot be attributed to effects on C production.

H
In barley aleurone layers, C2H4 canaantagonize the iﬁhibitory aeffect of
ABA on o—-amylase synthesis (Jagobsen, 1973).

The structure of ABA, as a sesqulterpene resemnbles the end portions
of some xanthophyll nolecules, Thus, ABA may possibly be derlived from
the ogxidation of xanthophylls; indeed, Taylowr and co-workexs (1967,
1968, 1970) showed that photoxidation in vitro of neoxanthin and, more
poarticularly, of violaxanthin produced a neutral inhibitor, manthoxin,
vhich has an aldehyde group in place of the carboxylic aclid group of ABA.
Moreover, the presence of natural xanthoxin has been shown (Firn et al.,
1972) and this apparently exists in only one enantiomeric form.  Moxe
recently, Taylox and Burden (1973} were able to cbtailn léc—ABA from tissue
labelled with l4C~xanthoxim phaseic acid, an apparent metabolite of ABA
was also present. Isoe gt al. (1969) also favour photo-oxidation of

carvotenold pigments as the means of synthesis of ABA.

In contrast, good evidence 1s now avallable to suggest that ABA,
synthesized in vivo, is derived from mevalonic acid (Wright, 1968;
Noddle and Robinson, 1969). The incorporation of radiocactivity from
mevalonic acid increased sharply in wilted tissue; Sfurthermore, incoxr-
poration from a 1',2' epoxide was also increased by wilting, suggesting
that it could act as a precursor for ABA biosynthesis. The oxygen of
the 1', 2' epoxy group became the tertiary hydroxyvl of ABA (Mlilborrow
and Noddle, 1970b). By contrast, the 1;4'—g£g and 1',4'-trans dlols of
ABA were converted to ABA egually in wilted and turgld wheat leaf tissue.
(Milborrow, 1970b). There was sone evidence for a feedback inhibition
by ABA of its biosynthesis. The 2-cls double bond of ABA may be oxiginally
formed in the trans configuration (Robinson and Ryback, 1969). Milborxow
(1270a) showed that the isomerisation necessary to produce 2-cils-ABR does
not oeccur directly from 2~trans—ABA, but must occur at an earlier stage in
bilosynthesis, More recently, Milborrow and co-workers (1973b; 1974)
indicated that more ARBA bilosynthesls appeared to occur in leaf and fruit
tissue than in roots and that biosynthesls was at least partially located
in the chloroplast, a view supported by Railton et al. (1970).

The proposed synthesis of ABA from xanthoxin appears to requlre a
configurational change (Milborrow and Garmston, 1973). Moraeover, the
use of carotenols blosynthesis inhibitors had no effect on ABA syntheslis
in isolated chloroplasts (Milboxrrow, 1974). Thae observation that phytoene,

a precursor of carotenoids was converted only to carotenoids in avocado
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fruit; and that mevalonic acid can be converted to ABA in the dark also
argue against the importance of the xanthophyll photo-oxidation pathway

{(Milborrow, 1970b). Furthexmore, 1400 can be incorporatad lnto ABA

in unripe strawberry fruit, i.e., at a iime when significant degradation
of carotenolds is unlikely to occur (Rudnlicki and Antoszewski, 1968).
It thus appears that the blosynthesis of ABA as a degradation product of
xanthophylls is unlikely to be of general importance. Nevertheless, the
breakdown of some carotenold pigments during leaf senescence may possibly
be of significance in relation to ABA levels.

Milborrow (1968) detected the presence of 3 labelled products
resulting from the treatment of bean and Beer petiole sections with lécﬂ
ABA; these products were designated as “"Metabolites A, B and C" and

accounted for more than 50% of the total radioactivity in hean extracts.

"Metabolite A" has been shown to correspond to methyl abscisate and
is probably an artefact (Milborrow, 1970b).

"Metabolite B" has been identified, by feeding léC—ABA to tomato
shoots, as abscisyl-g~-D~glucopyranoside (Milborrow, 1970a), the natural

occurrence of which in Iuplnus luteus fruit was already known (Koshimizu

et al., 1968). This compound, a glucosyl ester of ABA, has more recently
also been shown to occur naturally in rose pseudocarp (Milborrew, 1970a)

and citrus fruit peel (Goldschmidt et al., 1973). In addition, reports

of "bound" oxr hydrolysable" fractions of inhibitors derived from ox related
to ABA may coxrespond to this glucosyl ester (Gil et al., 1972; Cummins,
1973; During and Alleweldt, 1973; Hiron and Wright, 1973). A "conjugate
form" of ABA, tentatively identified as the glucosyl ester, may be involved
in the adaptation of plants to water stress, acting perhaps as a “metabelic
backstop” enabling the free ABA level to remain high for a period even when
the leaves have regalned turgor(Hiron and Wright, 1973). The levels of
the glucosyl ester demenstrated in unstressed tigsue are apparently insuff-
iclent to account for the manifold rise in ABA levels during stress |
(Milborrow and Robinson, 1973). Conversely, the rate of metabolism of

ABA to the “hydrolysate" fraction or to other metabolites of ABA was also
insufficient to account for the rapld recovery of barley leaf stomata after.

the removal of exogenous ABA (Cumming, 1973).

“Metabolite C" has been identified as 6f~hydroxy~methyl ABA from '
tomato shoots treated with 1AC—ABA (Milborrow, 1969). Fractions with
properties similar to 6'-hydroxy-methyl ABA have been detected by Hocking
et al. (1972) and Cummins (1973). Metabolite C has also been shown to
re—aryvange to phaseic aclid (Milborryow, 1269, 1970b), a compound originally

extracted and characterised by MacMillan and Pryce (1968, 1969a, b) from
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Phaseolus multiflorus seeds. A structure proposed for phaseic acld

(Milborxow, 1969) has been generally accepted (Durley et al., 1971).
Plasele acid has also been shown to occur in cotton fruit (Davis et al.,
1972). Bryophyllum shoots and leaves (Gaskin et al., 1973) and Phag-
eolus vulgaris seeds (Tinelll et al., 1973). In addition, Most (1971)

has isolated a fraction with a similar GLC retention time to phaseic acid.

Phaselc acld exhibits a plain negative 0.R.D., curve, in contrast to ABA
(MacMillan and Pryce, 1969a) and possesses weak growth inhibitory activity
(MacMillan and Pryce, 1968; Davis et al., 1972). Fractions extxacted'
from enbryonic bean axes treated with 14CmABA and designated as Ml and

M, (Sondheimer et al., 1971; Walton and Sondheimex, 1972) have now been
identified as phaselc acid and 4'-dihydrophaseic acld respectively (Tinelli
et al., 1973). These fractions also possessed low growth activity and
were not xe-converted to ABA when re-applied to plant tissue (Walton and
Sondheimexr, 1972). 4'-dihydrophaseie acid has been shown to occur nat-

urally in Phaseolus vulgaris seeds and several pathways for its production

from ABA have been postulated (Walton et al., 1873). If of widespread
occurrence, this metabolite may represent a major inactivation or storage
produeé'for ABA. Milborrow (1969, 1970b), however, has questioned whether
phaselc acid is a natural degradation product of ABA ox vhether, perhaps,
it merely represents an extraction artefact.

14Cw(:l-')--?.«ABA is supplied to encised tomato shoots the unnatural

When
R- (-} enantiomer is converted to the glucose ester of ARA faster than the
natural 8= (+) form. 6'~hydroxy methyl ABA, on the other hand, is dexived
excluslively from the S(+) enantiomer (Milborrow, 19268, 1870a, b). A
faster rate of metabolism for the natural enantiomer has also been noted

by Sondheimer et al. (1971) and Cummins and Sondheimex (1973).

Studies, attempting to determine the mode of actlon of ABA, have mainly
focuged on the effects of the hormone on nucleic acld and protein metabolism,
ABA reduced the growth of Lemna minor and inhibited 32 incorporation into
both DNA and RNA fractions; however, since the DNA fraction was affected
fivst, Van Overbeek et al. (1967) suggested that the physiological effects
of the hormone werxe explainable on the basis of selective inhibition of
DNA synthesils. Similarly, Stewart and Smith (1972) showed that ABA inhib-
ition of incoxporation of 3H~thymidine into DNA preceded effects on incoxr-
Lncorperation-into.

QRA and suggested that the primary role of ABA in this system was to inhibit

poration of 3H—thymidine into RNA proceded-off

cell division and thereby to reduce first DNA and then RNA synthesis. In
non-dividing systems (e.g. mature leaf tissue, barley aleurone layers),

however, the effects of ABA ave not easily explainable on the basis of
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inhibition of DNA synthesis (Wareing et al., 1968a). Haber et al.
{1969b) showed that inhibition by ABA of lettuce frult germinatlon occury-
ed in the absence of DNA synthesis. Similarly, Walton et al. (1970}
noted a reduction in DNA synthesis in the presence of ABA, but considered
that this could not account for the imhibition of growth of embryonic

bean axes also resulting from ABA treatment.

ABA may reduce DMA levels (Benhanafi and Collet, 1970; Leshem and
Schwarz, 1972) ox may interact wilth DNA to reduce template activity,
possibly by causing cross-linking of the DNA strands (Mondal and Biswas,
1972) . Similarly, Pearson and Warelng (1969) showed that ABA added
prior to extraction reduced the ip vitro capaclty of chromatin to support
RNA gynthesils. Spang and Platt (1972) suggested thai ABA may decrease
DNA hyperchromicity. Sxivastava (1968a), however, could detect no
significant changes in barley leaf chromatin as a result of ABA treatment;
furthermore, there was little alteration in the histone:DNA ratio.
Similarly, ABA had no direct effect on histone synthesls and did not
affect binding between DNA and protein (Bex, 1972d). ’

Early reports suggested that ABA reduced the levels of all RNA
fractions and inhibited the incorporation of precursors into these
fractions (Wareing et al., 1968a, b; Van Overbeek, 1968; also Stewart
and Smith, 1972). It is apparent that quantitative difforences exist
between these fractions within the general depression of RNA wmetabollsm
resulting from ABA treatment. In particular, ABA appears to have a
speclflec effect on r-RNA fractions and on polysome content in some
systemns. Wareing et al. (1968b) suggested that an eaxrly effect of ABA
might: be on ¥-RNA incorporation; Ffurther, ABA may reduce riboscme level
in general, and polysome content in particular. Apparently specific
effects of ABA on »-RNA levels and synthesis have been noted by Bex
(1972a) and L.eshem and Schwarz (1972). In addition, Khan and Heit
(1969) , Walton et al (1970) and Paranjothy and Wareing (1971) have
observed effects of ABA on r-RNA fractions as well as on other specific
RNA fractions. ABA may also decrease the percentage of ribosomas
existing as polysomes duwe—te-ABM—(Poulson and Beevers, 1970; Evins and
Varnexr, 1972; Brown and Sun, 1973). A decrease in polysome content
may not necessarily be linked, however, to hoxmonal effects on r-RNA ox
ribogomal protein; supply of m~RNA molecules may also limit polysome
formation (Poulson and Beevers, 1970). ABA can also reduce total
ribosome content under certain conditions (Pllei and Roland, 1971;
Evins and Varner, 1972). Bonnafois et al. (1973), on the other hand,

suggested that ABA did not affect the assocliation of ribosomes into



polysomes; rather, the hormone gtrongly inhibited the ability of poly-
somes to lncorporate amino aclds into protein. Alternatively, ABA may
control riboscmal levels by limiting phosphorylation of ribosomal,

proteins (Trewaras, 1973).

Inhibitory effecis of ABA on ¢-RNA ave apparently confined to a
general oxr partially selective inhibition of RNA metabolism (Khan and
Helt, 1969; Paranjothy and Wareing, 1971), although Leshem and Schwarz
(1972) suggest that ABA increases the specific activity of s~RNA, while
inhibiting r-RNA metabolism.

ABA may inhibit protein synthesis, in cerxtain syétems, either by
limiting transcription or by inhibiting messenger translation (Villiers,
1968) . Studies on the effects of ABA on specific RNA polymerase enzymes
are lacking, but ABA can affect total RNA polymerase activity both in vivo
and in vitro (Pearson and Warelng, 1969; Khan, 1970; Mondal and Bilswas,
1970; Poulson and Beevers, 1970). Bex (1972b) also noted a reduction in
RNA polymerase activity due to ABA treatment of maize coleoptiles, but
considered that this effect was not rapid enough to account for the
obgerved reduction in RWA synthesis. Paranjothy and Wareing (1971)
showed that ABA could inhibit synthesis of polydisperse RNA, a messenger~
like fraction. Along similayr lines, ABA altered the base composition of

3 messenger-like fractions in pear embryos (Khan and Anojulu, 1970).

Evidence for the site for ABA actlon being subsequent to m~RNA synth-
esis has been pregsented by Oshorne (1967), Gayler and Glasziou (1969),
Chen and Osborne (1970), Walton et al. (1970) and Ihle and Dure (1270).
Bonnafois et al. (1973) suggest that an early effect of ABA is to limit
translation via polysome activity. However, as Bonnafols et al. péint
out, 1t is difficult to account for some of the observed xapld effects
of ABA (Warner and Leopold, 1971; Cummine et al., 1971) by either trans-
lational ox transcriptlional control. Thua effects of RNA metabolism
may in scme cages be of a secondary nature. Moreover, qualitative and
quantitative effects of ABA on RNA metabolism and on individual RNA
fractions may vary with tissue and species (Benhanafi and Collet, 1970;
Khan and Andexson, 1970).

Ag well as inhibiting synthesls of RNA, ABA may algo regulate the
catabolism of DNA and RNA, ABA has been shown to stimulate nuclease
activity in a variety of tissues (Srivastava, 1968a; De Leo and Sacher,
1970, 1971; Pilet, 1971; Leshem, 1971; Wyen §§.§;,,'1972)° Pearson
and Wareing (1969), however, were unable to detect any differences in
BN ase activity as a result of treating radish hypocotyl chromatin with

ABA. The effects of ABA on nuclease activity appear to be specific for



their substrates; they appear to depend on de novo synthesls of the
enzymes (Leshem, 1971; Bewx, 1972b; Udvardy et al., 1972). In water-
stressed barley leaves, the norxmal effect of ABA on nuclease activity la
reversed; perhaps, under conditlions of water deficit, cell water supev-

cedes hormonal xegulation in changing RN ase activity (Arad et al., 1973).

The level of protein in ABA~treated tissue is generally reduced vel~
ative to control tissue (Beevers, 1968; Pilet, 1971; Colguhoun and
Hillman, 1972). In addltion, ABA can inhibit the incorporation of amino-
aclds into protein {Osborne, 1967; Poulsgon and Beevers, 1970; Mullins
and Osboxne, 19270; Paranjothy and Wawveing, 1971). Villlers (1968), on
the othey hand, detected no inhibitlon of 3H~leucina incorporation, although
the Incoxporation of 3H~uridine and BH“thymiﬁina was Inhibited; the con-
dition of the plant tissué may be important In this connectién {(Pletro and
Sacher, 1970). It is likely, however, that ABA effects on protein syn-

thesis are of a secondary nature (Stevart andlsmith, 1972}.

The aeffects of ABA on a wide varielty of ensymes have been reviewed
by addicott and Lyon (19692) and Addlcott (1970)., As Addicott (1270) has
stated "where ABA iz retarding or inhiblting a process such as growth or
germlnation, its efifect is to retard or inhibit thé-da#elepmént of ensymes
requirgd for those processes. Conversely, when ABA is promoting a process,
such as senescence oy abscission, it promotes the development of the special
enaymes regquived for those processes. At the same time, it may inhibit '
enzyme development and relaéed events involved with the delay“of senescence
or abselssion.”"  The effects of ABA on individual enzymes may depend on
plant specles, tissue and state of development (compake, foxr instance,
Pillet, 1971; Sankhla and Huber, 1974).

ABA can reduce the photogynthetlic rate of leaf tissues (Mittelheuser
and Van Steveninck, 1969, 197lc; Most, 1971), The effect on photosyn~ -
thesis does not, however, appear o be controllad through ABRA-induced
stomatal closure (Cumming et al., 1971; Poskuta et al., 1972). Rathex
ABA may reduce ribulose diphosphate caxbexylase (Wellburn et al., 1973;
Loveys and Kriedemann, 1973) and thus inhibit coz vptake, © ABA inhibits
daxk respilration and, undeyr certaln conditions, can reduce the rate of

photorespiration (Poskuta et al., 1972).

one of the earliest recorded physiological effects of ABA is the
ablility to stimulate chlorophyll loss in detached leaves (Rothwell and
Wain, 1963; Addicott et al., 1965). More detailed studies indicated that
ABA could stimulate senescence in detached leaves or leaf discs of a variety
of species (El-Antably et al., 1967; Aspinall et al., 1967; Sankhla and’
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Sankhla, 1268). ABA ig apparently less effective, however, in stimal-
atlng senescence in attached leaves (El-Antably et al., 1967). This
mnay be due to penetratlon difficuliies in intact leaves or to inactiv-
“atlon of the ABA applied. Sloger and Caldwell (1970) could gtimulate
senescence by application of ABA to leaf discs of a number of varieties
of soyabean, but ABA was effective on less than half thiz number vhen
applied to intact leaves; thus varietal differences, as well as species
differences may ba of importance. In addition, vesponse to ABA may be
modiflied by leaf age = leaf tissue in which senescence had apparently
started showed a greater response to exogenous ABA than did tissue from
expanding leaves (Osborne, 1968a; Smlth et al., 1968).

Effects of ABA in stimulating senescence can be partially or totally
inhibited by GA or cytokinins {Aspinall et al., 1967; Beevers, 1968; BSan-
khla and Sankhla, 1968; DBack and Richmond, 1971).

ABA can also accelerate the decline in RNA and protein levels assoc—
lated with senescence (Beevers, 1968; Wareing et al., 1968a; Colquhoun
and Hillman, 1972) and can inhibit incorporation of RNA and protein
precursoxs (Osborne, 1267; DBeevers, 1968; Paranjothy and Wareing, 1971).
In addition, ABA may stimulate the rise in specific nucleases and in acild
rhosphatase associated with senescence of detached leaf tissues (Srivas-
tava, 1968a; Pletro and Sacher, 1970; Udvardy et al., 1972); analysis
of the rise In nuclease activity, however, may be confounded by leaf
excision. Pietro and ifachexr (1970), wmoreover, think it unlikely that
the stimulatlon of senescence by ABA c¢an be entirvely attributed to effects
on nuclease activity. Rather, ABA may also affect membrane permesbility
in senescent tissues and accelerate the senescence-associated increase in
free space (Pietro and Sachex, 1970; Brown and Sun, 1973). In addition,
ABA can enhance the normal pattern of lose of fatty acids from senescling
loafl tissue, with particulaxr effects on linolenic acid, 18:3 (Newmen et
al., 1973). ABA induced a rapid acceleration of cell degeneration in
detached wheat leaves, examined at the ultra-structural level. The
rattern of nenescence changes were reported to be similar to those occurr-
ing in watex-treated control tissue (Mittelheuser and Van Steveninck,
1971a,b) .

Wareing and Seth (1967) suggested that thesynchronous senescence of
leaves of woody speciles might be rogulated by the increased levels of ABA,
resulﬁing from the shortening photperiod in late sumer and sutumn.
However, as they point out, high ABA levels will not necessarily cause

genescence (e.q., Acer and Betula). Moreover, in herbaceous species,

the content of ABA~1lke inhibitors may remain high even in expanding



leaves (Goodwin and Gordon, 1972). The levels of ABA orx of ABA-like
inhibitors may be highex in old leaves than in younger leaves {(Rudnicki

et al., 1968) and in aged detached leaves than in freshly excised ones
{Chin and Baeevers, 1970)}. In addition, the amounts of diffusible ABA
cbtainable from senescent Coleus leaves are apparently higher than from
green leaves (Blttgex, 1970). Osborne et al. (1972), however, were
unsble to detect significant differences in ABA levels between bean leaves
at 2 stages of development, viz. young, expanding leaves and wholly yvellow,

senescont leaves.

APA can accelerate senescence~like changes in cltrus fruit (Cooper
et al., 1968); orchid flowers (Axditti et al., 1971) and rose petals
(Mayak and Halevy, 1972)., Moreover, ABA levels of these tissues may
inerease with the onset of senescence (Mayak and Halevy, 1972a;
Goldschmidt et al., 1973).

ABA can thus apparvently stimulate the physlological processes normally
agsocliated with leaf senescence in detached leaf tissue. It is unclear,
however, vhether the effects of ABA merely hasten those ocecurring in the
leaves of intact plants or whether the hoyxmene induces fundamental changes
in the pattern of senescence. Moreover much of the evidence relating to
changes in ABA levels during leaf senescence is based on the use of
bioassays, the speclficity of which is open to doubt. In addition, if
changes in the level of ABA during development are involved in the
regulation of natural senescence, then it 12 important to relate these

changes to alterations in leaf growth rate and to the onset of senescence.

The actlivity of ABA in any tismsue, howevgr,‘is not necessarily a
direct function of the gross levels of the hormone; xathex its rate of
turnover must also be considered, Thus, in senescent tissues, the rate
of de=nctivation of ABA may be important in detemmining the effoctive

concentration of the hormone.

The investigations reported in this thesis have made use of bean and
radish leaves, species which have been quite widely used in the study of

genescence and which cen be quickly and easily grown,

These studies have been concerned with 5 maln aspects of the possible

involvement of ABA in the senescence of leaf tissuva:-

(1) The effect of ABA and kinetin on chlorophyll loss and on the
decline of radloactive RNA and protein during leaf disc senescence.

{2) The wptake of 14C~ABA, and also of léc-suchSe, during leaf

disc senescence.



{3) The metabeolism of 14C~ABA in relation to senescence.

{4) The quantitative extraction of ABA from leaf tissue at various

gtages of development.

{(5) The ultra~-structural changes occurring during senescence in
water or ABA, and their relationship to the changes occurring during

natural senescence,

The signifiicance of the leaf disc, as an assay system for senescence

is alzo disoussed.



MATERIALS AND METHODS

1. PLANT MATERIALS

Leaf material was noxmally obtained from fully expanded, healthy

leaves of radish (Raphanus sativus L. vaz. "Cherry Belle") and from

primary leaves of bean (Phageolus vulgaris var. "Canadlan Wondexr"').

Plants were grown in 4" or 5" plastic pots containing John Innes No. 2
compost in a heated greenhouse with supplementary ilrradiation supplied

by Thorn 400 W MBFR/U high pressure mercury vapour lamps to give a photo-
period of 16 hours throughout the year. Radish plants were watered twlce

a week with Vitafeed 103 (Pisons Litd., Loughborough, Leics.).

2. PREPARATION OF RADISH LEAVES

In experiments using leaf discs, radish leaves were detached, washed
briefiy in tap-water and then dipped for 45 secondes in a solution of sodium
hypcchlorhte containing 5 to 10% available chlorine. The leaves were
then rinsed in 6 changes of sterile distilled watex, Leaf discs were
obtained using a flame-sterillged 1 om dlametexr cork-borer (No. 6) and °
immediately transferred to sterile dlstilled water prior to experimental

UsGc.

3. SOLUTION OF HORMONAL COMPOUNDS

Racemic abscisic acid (ABA), obtained from Hoffmann La Roche, Basle,
was made into aqueous solution by dissolving the solid compound in a small
volune of redistilled methanol and adding this methanolic solution, with
stirring, to warm sterile distilled water; this was then made up to the
required volume. 140~2~ABA, also obtalned from Hoffmann La Roche, at a

specific activity of 45 nci mqal, was made into solution in the same way.

Kinetin (6~furfurylaminopurine) was obtained from British Drug Houses,
Poole, Dorset, and was made into solution by dissolving the solid compound
in a small volume of dimethvlfoxrmamide; this was then added to a largex
volume of stexile distllled water and stirred overnight, before being made
up to the requlred volume, Adenine solutions were prepared in a similar

mannexr.

Hoxmonal solutions and soluiions of radloactlvely labelled compounds

wvere stored in the dark at loc.

4. RADTOACTIVE ANALYSIS

Radiocactive samples were assayed by one of the following methodsm:-

(1) Liquid scintillation spectrometry using a Packard Tricarh Spec-
trometer (model 3380) with automatle activity cnalyser (model 544) giving

an auntomatic conversion to absolute radloactivity by reference to an



axternal standard. This machine was used foxr all samples quenched by

colour or chemlcal agents.

(2) Liquid scintillation spectrometyy uesing a Packard Tricarb Spec-
trometer without automatic quench correction; this machine was thus

noxnally used for samples with low or nil quench.

Scintillation vials were obtained from Packard Ltd. and wexe of the
low potassium type. Radloactive samples in scintlillation vials were
normally stored at 2% prior to radloactive analyses. For both spea-
trometexs, the scintillation fluid was toluene-based {(Asschem Lid.,
Falkirk) with 4 gm. l-l of the scintillation chemical, 2,5-diphenyl
oxazole (P.P.0., obhtained from Iisons). In experiments involving the
incorporation of radiocactivity inte RNA and in some experiments involv-
ing incoxporation into protein, Triton X100 (Lennig Chemical Co.,
London) was added to toluene in the xatio (1:2 by volume), in oxder to

obtaln an emulgive mixture.

Prior to radicactive analysls of any set of vials, background
radloactivity was dotermined by assaying 4 clean vials containing only
10 mls of the scintillation fluid; the background values thus obtained
wvere then automatically subtracted by the spectrometer. Vials were

noxmally assaved for 5 mins. ox 10 mins.

{3) In certain experiments, radioactivity present on chromategrams
was analyzed using a Panax Radio-chromatogram Scannerx with 98% argon:
2% propane ag the carrier gas at 5 lbs. :Ln“z° Relaitlive amounts of
radioactivity were transformed into a trace produced on a Servoscribe
RE 511 20 flat-baed recorder.

5. PRE-~IABELLING EXPERIMENTS : DETERMINATION OF CHLOROPHYLI, PROTEIN
AND RNA, AND OF 'THE INCORPORATION OF RADIOACTIVITY INTO PROTEIN AND RNA

Extraction and assay procedures foxr chlorophyll, protein and RNA

fractione werc modified after Lowzy et al. (1951) and Osborne (1962).

Radish leaf disce dexlved fron surface-sterillised leaves were placed
in 10 mls of a radloactively labelled precursor of RNA or protein in a
5 an gterile plastic petri dish with 10 discs per dish. Leaf discs were
incubated, adaxial side uppermost in 0.5 uCl of radicactive precursor
(Radiochemical Centre, Amersham) for 4 hys in a temperature controlled
growth xroom at 25% with 65/80 watt warm white Atlas fluorescent tubes,
71 cm above the bench surface to give a rvaediant flux density of 5.3

. -2 v
Je MW sa0C. .

The discs were then removed fyrom the radiocactive solutlon and washed
3 times in sterile distilled water, prior to flotation, adaxial side



uppermost, in 10 mls of an Incubation solution, which was normally one
of the Ffollowing:-

(1) Sterile distilled water.
-4 -5
(2) 10  ABA or 2 x 10 "M kinetin.

(3) The appropriate non~radioactive precursor of RNA or protein at
a concentration approximately 100 times that of the radicactive precursor
used during the labelling perlod (l.e. ona of nen~radicactive adenine,

levcine or uracil),

(4) The non-radleactive precursor in (3) plus 10"4M ABA ox
2 x 10~5M kinetin.,

In addition in some experiments, RNA or proteln gynthesls inhibitors
wvere used; these were actinomycin D, cycloheximide (both from Sigma
Chemical Co., St. Louls, Missouri) and 2-(4-methyl~2,6-dinitreanllino)-
N-methyl propionamide (MDMP; a personal gift from Dr R, Baxter, Shell
Research Division, Sittingbourne). The inhibitors were normally added
to the post-labelling incubation sclutions, although, in cextain tests,
the inhibitors werxe added to the radioactive solution ltself.

(2) Chloxephyll and alecohol-soluble fractlon analysis

At various intervals (up to 3 or 6 days depending upon the partlcular
expeximent), leaf disgs were removed from the incubation solution, washed
briefly in distilled water, blotted dry and placed in 5 mls of 80%
aethancl in tapered 12.5 ml glass centyxifuge tubes with 10 leaf discs pex
tube. The alcoholic solution was bolled in a water bath for 6 mins. and
then decanted into a 50 ml volumetric flask. This procedure was repeated
twice with fresh volumes of ethanol, decanting the solutlion each time,

The discs were then homogenized in a small volume of 80% ethanol using a
ground-glass hand-grinder. The yesulting homogenate was bolled for 6
ming., centrifuged at 2000 = g for 4 mins. in a Gallenkamp bench centrifuge
and the supernatant added to the bulk alcohollc solution. The pellet was
resuspended in 80% ethanol and the procedure xepeated twice, decanting the
alcoholic supernatant each time. The bulked alcoholic solution was

made up to 50 mls and its sbsorbance at 665 nm determined using either a

SP 500 ultra-violet and visible spectrophotometer or a SP 8000 ultra-

violet recording spectrophotometer (both from Pye Unlcam Litd., Cambridge).

In addition, 1.0 ml samples were taken in triplicate, placed in scin-
tillation and dried under vacuum for radloassay of the alcohol-soluble

£raction.

The pellets remaining in the centylfuge tubes were washed twlce each



with 5 mls of lce-cold 200 trichloracetlc aclid; ice~cold ethanol and ether:
ethanol:chloroform (2:2:1) at room temperature. . Between each waﬁhing,
the ﬁqlutions were centrifuged as before and the gsupernatant discarded.

The pellets were then allowed to dry in the centrifuge tubes overnight
at room temperature.

(b) Protein analysis

In experiments involving the use of protein precursoxs, the dried
pellets were subjected to assay of the T.C.A.~ingsoluble protein by sug-
pending in 5 mis of IN sodium hydroxide solution and boiling in a watexr
bath for 10 mins., taking care to avoid excessive foaming or evaporation.
After centrifugation to precipitate the regidue, aligquots of 0.5 nl or 1.0
ml-were taken and placed in scintillation vials for radiomssay. Fox
determination of proteln levels, a colorimetxle mixture was prepared con-
taining 100 parts by volume of 2% sodium carbonate in 0.1N NaOh solution:
1 part of tartrate. One ml of this mizture was added to tubes to which
0.1 ml or 0.2 ml of the extract supernatant was then also added. After
incubation at 3500 for 15 mins,, 0.1 ml of Folln and Clocalteu's reagent
(6. 5N; B.D.H.) was added and the solutions immediately mixed, After
allowing the solutions to stand foxr 30 minutes at room tanperature, the
colorimetric mixture was diluted to 5 ml o¥ o 10‘m1 and the absorbance

at 660 nm detexrmined by spectrophotometyy.

{c} RNA analyals

In thoseexpeviments involving the use of RNA precursors, the RNA
levels in the discs were determined by suspending the T.C.A.~insoluble
pelleés in 5 mla of 0,3M KOH solution and incubating overnight ai 35°¢,
Thg solution was then centrifuged and the supernatant decanted into a
fresh fuben The pellelt was washed twice with 1.0 ml of distilled watex,
the waghings belng added after centrifugacion to the bulk supernatant.

The pH was adjusted o 4.0 with 10% perchloxic aclid and the volume made
up to 10 mis with distilled water. Aliguots of 1.0 ml were taken in
triplicate and placed in seintiliation vials for radlioassay. The absorb-~
ance at 260 mm was determined using an SP 8000 ultra-violet spectrophoto-

neter,

The varlous steps in the extraction and assay procedurs for chloro-
phyll, proteln and RNA are summarised in the accompanyiﬁg #low-sheet
(Pable 1).
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6., UPTAKE AND INCORPORATION PATTERNS OF RADISH LEAF DISCS

In thoge experiments involving the examination of uptake and incor-
roration patterns across the leaf disc, I em discs were treated with
14C—l-nleucine for 4 hours as described above, washed 3 times in distilled
water and then divided into 3 concentric rings of tigsue by means of 0.7
ci and 0.5 om coxk borers (Nos. 4 and 2 respectively). The disec segments
were then extracted either in methanol or as desecribed above, before being
analysed for radioactivity.

7. THE UPTAKE OF 14C*2~ABA AND 14CMSUCROSE BY RADISH LPEAF DISCS

(a) Uptake of 140»2»ABA

Discs freshly excised from surface-gsterilised radish leaves were
incubated in the dark at 25°C in 10 mls of sterile distilled water with
5 discs pexr dish for periods up to 6 days. At daily inteyrvals, discs
were transferred to 10 mls of l.4 x lOuGM lécnz—ABA flor periods up to 12
hours, (Preliminéry chromatographlc checks on the purity of the
140«2~ABA stock indicated the presence of at least one other radioactive
compound; subseguently, therefore, 14C—EwABA stock solutlons were routinely
re-purlfied by chromatography prioyr to experimental uze.) Infrequently,
dishes of discs in water exhibited signs of microbial contamination and
these were dlscaxded. After completion of the incubation period, the
discs were washed 6 times in 10 mls of distilled water and transferred
individually to 2 mls of 80% redistilled methanol in scintillation vials.,
After extractlon in the daxk for 2 days at room temperature, the methanoliec

solutlions were dried under vacuum, priox to radioassay.

Samples were taken Ffrom 14C~2wABA golutiong after incubation in ovdex
to check whether ox not there was any breakdown of the labelled hormone
in soluiion. These samples were dried under vacuum, dissolved in a small
volume of redistllled methanol, loaded onto 5 om Whatman Mo. 1 paper
chromatography strips and developed in iscpropancl:amnoniaswater (8:1:1)
by descending chromatography. After drying, the chromatograms were
divlided into 20 equal =zones and subjected to radioassay together with
authentic samples of 14C~2—AEA chromatographed in the same way.

{) Uptake of 14C—2-—ABA by xadish leaf discs incubated in a N2 or

alr atrecom

Surface sterllised leaf discs, derived and incuvbated for periods of
0 to 6 d-ays as described above, were transferred at delly intervals to
10 mls of stoexile distilled water in 5 om plastic petxl dishes in glass

deslocators prevlously flushed through with N, ox alr (Brltish Oxygen

2
Company , London) for several minutas. The discs wexe then incubated



in the desiceators in a stream of N, or aixr for 1 hour. Bach gas stream

2

“

was molstened, prior to passage over the discs, by bubbling through dis-
tilled water contained in a Dreschel botitle, situated between the gas cyl-
inder and desiccator. Any possible backflow of aly into the desiccators
wag prevented by connecting anothexr Dreschel bottle, containing water,

to the outlet tubes of the desiccator. In experiments in which tests
were nade for the production of 14002 in the cxperimental syaﬁemp ihis
gsecond Draeschel bottle (and sometimes also a third bottle) contained 40 mls
of hyamine lOX-hydroxide (1O% %-in methanol; RB.D.H.), from which 1.0 ml
aliquots were taken in triplicate for radiocassay. After incubation in

the gas stream foxr 1 hour, the discs were gquickly transferred (in less than
1 minute) to 10 mls of 14C--2-ABA golution. 'The deslceators were then
sealed with masking tape and the discs incubated for 8 hours. Gas flow
rates vere adjusted to attain an approximate rate of 1 bubble per 2 seconds
in the second breschel bottle. Actual flow rates were determined using a
Pye bubble flowmeter assambly and for different experiments varled betweaen
130 and 220 mis. min"l. Aftexr completion of the incubation peried in
léCnABA, the discs were quickly washed 3 times in distilled water and trans-
ferred immediately to 2 mls of B80% methanol in scintillation vials (3 discs

per vial). The discs wexe extracted and dried as before prioxr to

radloassay.

{¢) Uptake of l4c—sucrose by radish leaf discs

Surface~gterilised radish leaf discs, lncubated as above foxr O to 6

days and pre-tyveated for 1 hour in N, or alr, were transferred at dally

intervals to 0.5 uCi per 10 mls of uziformly labelled l4c=sucrose {speclfic
activity 9.6 mCi.mM"l; Radiochemical Cehtre. Amersham) , The arrangement
of Dreschel bottles containing hyamine hydroxide and subscquent: radloassay
of the latter was as described above. After 8 hours incubation in 146-
sucrose underx N2 oy alr stream, the leaf discs were washed, cextracted in
80% methanol, dried and subjected to radlioassay.

{d) Release of radiocactivity as 1400q from incubation solutions

1

A
4C~2~ABA and l'C-

sucroge, but without any leaf tissue in the incubation solution.

The above procedures waere repeated in turn fox

Aliquots of hyamine hydroxide were taken as bhefore in order to check
whether or not there was any release of rvadioactivity as léco? from the
solutions during the incubation periocd.

8., EXTRACTION OF ENDOGENOUS ABA FROM LEAF MATERIAL

Primary leaves of bean were harvested at various stages of development

by excising with a razox blade at the junction of the distal pulvinus and
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the lamina. Leaves were normally harvested 4 to 5 hours after watering,
at which stage the leaves wexre still apparently turgid and showed no signs
of wilting. Batches of leaves were welghed and stored in o deep~freeze

at -20%¢ prlior o extraction,

From batches of plants extracted by the second procedure described
below, six plants were selected al random priox to harvest, the leaves of
which were weighed and then extracted in ethanol, in oxder to detexmine

their chlorophyll content.,

All solvents used in the extraction procedures outlined below were
routinely redistilled. All glass apparatus was specially cleaned with
acidified methanol and then rinsed in 6 changes of distilled water.

During partition procedures, the apparatus wags also ringsed with the solvent
off the fraction to be retalned. Extracts were shielded from light az

far as possible and direct exposure to sunlight was avoided.

(2) Extractlion method 1

The first method adopted for the extraction of endogenous ABA Ffrom
primary leaves of bean was adapted after Lonton et al. (1971) . The
leaves were immersed in 80% methanol and allowed to extract in the dark.
The methanolic solution was decanted and replaced by fresh 80% methanol.
This was repeated at intervals until most of the chlorophyll had been
extracted. The leaf material was then homogenised in a Waring blender
and allowed to extract in 80% methanol for two hours more., After filtration
through Whatman No. 1 fllter paper, the filtrate was added to the total
methanolic solution which was then reduced to an agueous solutlon on a
Buchld rvotaxy evaporator under vacuum at 35°c. The aqueous extract vas
ro~f£iltered under vacuum through a sintered glass Buchner fillier funnel
and the pH adjusted to 3.5 with 2N hydrochloric acid. The acidifled
agueous extract was partitioned 3 times with equal volumes of dlethyl ether
and the resulting agueocus fraction discaxded, The ether phase was par-
titioned 5 times each agalnst one-tenth of its volume of 5% sodlium
bicarxbonate solution and distilled water alternately. The ether fraction
was discarded and the bulked scodium bicarbonate-agqueous Ffraction was
readjusted to pH 3.5 with concentrated HCl and partitioned 3 times with
equal volumes of diethyl ether. Any yemaining water in the ethexr fraction
wags frozen out cvernight at ~2o°c, the resulting ice being filtered off
and washed 3 times with 50 ml volumes of chilled diethyl ether in order to

remova any remaining ABA,

The combined ether or ethyl acetate fractions were reduced to dryness

under vacuum at 25°C by rotaxy evaporation and then redissolved in a small
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volume of methanol for loading on 1 mm thin-layer plates of silica gel

GF 254 (8. Mexck, Darmstadt, Geymany). All plates were pre-eluted in
methanol foxr at lecast 2 days. Extracts were developed alongside maxker
spots of synthetic ABA and also with ABA mixed with a little of the esttract
itself. Plates were developed succesgegively in a golvent system of hexane:
ethyl acetate (L:1) until examination of the marker spots of synthetic ABA,
by their fluorescence properties under ultra-violet irradiation at 254 nm,
indicated that the hormone had moved clear of the majority of the impurities,
remaining at the oxlgin. The corresponding zones of the plates containing
the extract were eluted in methanol in 12.5 om glass centrifuge tubes,
centrifuging the eilica gel 4 iimas and decaniing the supernatant each
tinea. The bulked supesrnatants were reduced Lo dryness by rotary

evaporation.

Diazomethane was prepaved by a procedure adapted aftexr Schlenk and
Gellexrman (1960) in which 20 gy of NaOH pellets were disgolved in 50 mils
of distilled water and 100 mls of ethylene glycol carefully added to form
a layer above the NaOH solution. 25 ml of diethyl ethexr wexe then
sinilaxly added as a layer above the ethylene glycol and 3 to 4 gm of
MNitvosan (Hopkin and Williams) added. The diazomethane gas produced was
bubbled through a delivery tube into a volume of chilled diethyl ethex.
The diazomethane solution was normally used ilmmediately but was nevex
uged afteyr more than 24 hours storage, even if kept at 1%. Bxtracts
were methylated by dissolving in a small volume of dlethyl ether, to
which 4 to 5 mls of diazomethane solution was then added, After standing
for several minutes at room temperature, the ether was removed by rotary
evaporation or under nitrogen; the methylation process repeated 3 times-

more.

The final methylated extract was re-dimsolved in a small volume of
methanol and reloaded on 0.25 mm silica gel GF 254 plates (Merck) with
maxker spots of methylated synthetlic ABA. The plates were developed
once in hexane:ethyl acetate (1:1) and the wmarkexr spots located by
ultra~violet fluorescence. Corresponding zones on the extract plates
were eluted in methanol as befoxe. Dried extracis were taken up in 3 ml of
methanol and subjected to analysis by circular dichrolom procedures on a
Caxy Model 6003 Spectropolarimeter with clroulayr dichroism attachment,
vhere the characteyistic properties of ABA served as a gulde to its
presence (Mllborrow, 1967)). According to this authoxr, ABA has a positive
peak at 262 nm, a negative peak at 230 nm and a further small negative peak
at 320 nm, A further characteristic is that the ratio of the ellipticity
at 262 nm (P 262) to the ellipticity at 230 nm (§ 230) is 1.2, Milboryrow
also quotes the differential molax absorptivity (A B) at 262 nm as + 39,5
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degrees. cmz. 4. mol“l and fxom this the concentrxation of non-racemic ABA
in a solution can he calculated using the determined ellipticity values

as showns~

Bllipticity ¢ = 3,300 A A
where A A is the differentlal absorbance of the sample

Molar ellipticity [¢] = 3,300 A E
vhere A B is the differential molar absorptlvity
[} = __y
l=xe
where 1 = path length in cm

. -3
¢ = goncentration in d.mol cm

-

The procedures described above ave summariged in fhe accompanying
flow-sheet (Table 2).

(b} IExtraction method 2

The second procedure used for the detexmination of ABA levels in
Primaxry bean leaves was adepted after Browning §§;§£q (1970) , and J.

Good {pexrs. comm.).

The frozen leaves were freeze-dried in an Rdwavds High Vacuum centril-
fugnl Freeze~drler (Model 30-P2) at 0.12 torr, weighed and then milled
to a powder. This powder was saturated with 0.1M sodlum dihydrogen
oxthophosphate solution (pH 4.2) with 2 ml of solution pex gm dvy weight
of tissue and then extracted overnlght at 1°¢c in nethylene dichloxride
with 10 ml of solvent per gm dvy welght., The residue was £lltered undexr
vacuum through Whatman No. 1 fillter paper and then resuspended In the same
volume of the phosphate-methylene dichloride mixtuire. The f£filtration
process was repeated twice move after allowing the extract to stand over-
night each time. The bulked filtrates were allowed to geparate and the
lowver methylene dichloride layer was vemoved and reduced to dryness by
rotaxy evaporatlon at 25°C¢ The residue was redissolved in 100 ml of
methylene dichloride and then pavtitioned 3 times against half its volume
of 0.1M sodium phosphate buffer at pH 8.0. The combined agueous phases
were paxrtitioned against 2 cqual volumes of petroleum ethey (60--80° boiling
¥ange) , followed by half volumes of ethyl acetate. The agueous fraction
was adjusted to pH 3.0 with BCl and pavtitioned a furtheyr 5 times against
half volumes of ethyl acetate. The combined ethyl acetate fractions wafe
kept at -20% overnight and any lce crystals filtered ofif and washed as
described above. The ethyl acetate fraction was then reduced to dryness
by votary evaporation at 30°Cp taken up in a small volume of methanol and

subjectad to chromategraphic purification, methylation and civeular



4

dichroism determinations as described abova,

The procedures involved 1ln this method of extraction are summarised
in the accompanying flow-sheet (Table 3).

o) Recoverv officiency of lacﬂABA

The efficiency of recovery of endogenous ABA from leaf extrxacts was
assessed by adding a small quantity of 14C~ABA to the tissue at the beg-
inning of the extraction procedure. The levels of the radioactive com-
round could be nonitored at various stages by removing a small aliquot
and subjecting it to radioactive analysis. Thus comparison could be
nade between the different techniques adopted and a degree of correction
made to the final concentrations (demonstrated by cilrcular dichoism) for

the loss of endogenous ABA duyving extraction,

8, ASSESSMENT OF BEAN LEAF DEVELOPMENT

From batches of 500 bean plants, grown in the dgreenhouse, 20 were
selectad at random 10 days aftexr planiting and the growth of thelr primary
leaves was assessed dally by measuvement of the length and avea of each
leaf, Arvea determinations were perfoxmed using a pevspex spot chart
divided into squares of 0.25 mmzu In addition, plants were also selected
at random on alternate days for fresh welght and chloyophyll detexrminations,
Az hefore, care was taken to ensure that plants were only harvested in a

nop-~wilted conditlon.

10, THE METABOLISM OF ARBA

In non-preparvative experiments, suxface-sterilised radish leaf disce
were incubated for 0 to 6 days in 10 ml of sterile water in the dark at:
25°%, Discs were then transferred either to 9 om petyl dishes contalning
20 ml of 10"6M léc~ABA or o 5 om dishesg containing 10 ml of 140»ABA.

Discs were then incubated in the dark at 25°C for periods up to 24 hours,
washod 3 times in distilled water and extracted in 3 ml of 80% methanol for
2 days in the davk at room temperature (3 discg per wvial). After drying
under vacuum, extracts were re-dissolved in 0.5 ml of 80% methanol (0.2 ml
4 0.1 ml) and loaded onto elther 5 ¢m strips of Whatman No. 1 chromato-
grapny papex ox 5 c¢m Camlab gilica gel G thin layer plates (Machereyf
Nagel, Germany) . Papeyr chyomatograms wore loaded at a pogitlon 11 cm from
the top of the paper and werce developed by descendlng chromatography in

one of the followlng solvent systems:-

{a) Butancl:isopropanol:ammoniaiwater (2:6:1:2)
{(b) Butanol:acetic acld:wataexr (5:L:2:2)

Solvent was not added to the chromatograms until an eguilibration



period of at least 30 minutes had elapsed.

Thin-layer chromatograms were loaded 3.5 om from the base of the

_plate and were developed in one of the following solvent systemss-—

() Benzeneiacetic acld (50:20)

{b) Benzenae:ethyl acetatesacetic acid (50:5:2)
(¢) Chloroform:methanolswater (75:22:3)

(d) Di-isopropyl ether:acetic acld (19:1)

0f these 4 thin-layer solvent systems, only (a) and {¢) wexre Found
to engure adequate movemeni: of 140~ABA from the origin; thus, these
Systeomg ore the only ones which have been routinely used in experiments.
After developing the chromatograms, the distribution of radicactivity

along the chromatograms was determined by 2 methods:~

(a) By Panax radlochromatogram scanning of the intact chromatograms.
{(b) By lviding the chromatograms luto 10 or 20 equal gtyips (*RE‘or
Y REY zones respectively) and placing each styip in scintillation
vials and subjecting to rvadioassay by liquid seintillation spectro-
metry. A

Due to a loweyr efficlency of the Panax gscanner and to self—absorppion
of vadloagtivity by the sillca gel ox papev of the chromatogram itself,
liquid scintillatlion spectrometry was found to be the more sensitive method
for determining the dimtribution of radicactivity along the chromatogram
and thug, has been voutinely used. Some data are presented, however,

for both nethods of wadicassay.

In those experiments involving the examination of the effect of
antibiotics, on chlorophyll loss and ABA catabolism, either 50 ug m1ml of
chloramphenicol (éigma Chemical Co.) or 0.5 ug m.',l.“l of mycostatin
{Calblochem, San Diego,‘California) weré added to incubation solutions of
water and of 140mABA at 0, 1 and 6 days for 24 houxs. Othey samples were
taken at these times for chlovophyil analysis by ethanol extyraction.
Incubaticn-aolukians vware chacked for microbial contamination by streaking
2 loopfuls of the solution acrosg 9 om plates of 4% tryptieése soybean
'agax (Bloguest, Cockeysville, Maryland), autoclaved at 118w121°c foxr 15
minutes, Plates were examined for mlerobial contamination afier 24 and
48~hours. After extraction of the discs in methanol, the extracts were
gpotted onto sllica gel thin-layer plates and developed in chloroform:
methanol:watexr (75:22:3) for radioassay.

Tn those cxperiments examining the effect of anacrobiosis on 14C«ABA

metabolism,_the procadure adopted was similay to that used for examining

the uptoke of 14CWABA under & N, stream, axcept that after estraction in

2
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80% methanol, samples were loaded onto silica-gel thin-layer plates and
developed in chloroform;methanol:water (75:22:3) for radicassay.

1l. EXTRACTION OF THE PRODUCTS OF ABA METABOLISM

Surface~sterilised radish leaf discs were incubated, with about
100 discs per 9 cm dish, in 20 ml of 14C—ABA for 24 hours. The discs
were then extracted in 80% methanol for 24 hours in the dark at room
tenperature, after which time the methanol was decanted and veplaced by
fresh solvent., This procedure was repeated once more and the discs were
then macerated in an M.5.E. top-drive blender and filtered under vacuum,
The bulked methanelic fliltrate was reduced to an agqueous volume by rotary
evaporation and the pH adjusted to 8.0, 7.0 and 3.0 in turn, with 5% sodium
bicarbonate solution and 2N HC) as regulred, partitioning each time with
3 egual volumes of diethyl ether. Aliquots were taken at each stage for
radioactive analysis and fractilons found to contain radioactivity were
chromategraphed by one or more of the solvent systems described above, in order
to determine the chromatographic properties of the radicactive component.
The final agueous fraction was partiticned with 2 equal volumes of petroleun
ethex (60°~SO°) and the pH was then readjusted to neutrality with sodivm
bicarbonate prior to reduction to dryness by rotary evaporation, The use
of butanol for portition against the agueous fraction was also tested but
did not give complete separation ond afforded no appareni advantages in terms

of purification,

In later trials of this nature, the Ffinal dried agueous £raction was
radissolved in 2 to 3 ml of 30% agetone and was then added to the top of
a 12,5 x 2.5 om charcoal:celite column (3:2%), contained in a Fisong
chromatography column with a sintered glass fllter overlaid by a ring of
Whatman No. 1 filter paper and a laver of celite. Both the charcoal
("Norit OL", Hopkin and Willioms) and the celite (“Celite 505", Hopkin
and Willliams) were washed for several days in methanol, dried and then
intimately mixed in a coffee blenderx. The honogencus powdor was suspended
in 30% acetone, vhich was then evacuated to remove aily bubbles, poured into

the column and allowed to settle under ilts own welght.

After allowing the metabolltc extiract, in 38% acetone, to be absorbed,
the column was eluted successively with 50 ml of 30%, 50%, 70% and 100%
acetone, the eluted fractlens belng collected using an LKB 7000 Ultrorac
fractlon collector, then dried and analysed for radlioactivity.

The steps outlined above are summarised in the accompanving f£lowsheet
(Table 4).

In an attempt to identify the products of ABA metabolism, about 50CO
surface~sterllised leaf discs were incubated for 24 hours, at 25°% in the

Yo
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dark, in 50 mls of 10“5M ABA in stexile 15 cm glass petri dishes. The
discs were then harvested, treated with methanol and partitioned as des-
cribed above, At the same time, a number of discs were incubated in
14C~ABA and then extracted in oxder to act as a marker for the non-
radicactive metabolites, In 2 out of 3 trials of this type, thé charcoal-
celite column was of the type described above; in the third trial, however,
the column was increased to 63.0 x 3.2 om in oxder to increase the adsorp-
tlon power of the system. Every tenth fraction collected in the large-
scale experiments was dried and assessed for radioactivity. Fractions
close to those found to contain radioactivity were dried and subjected

to chromatography, £lrst on thin-layer plates (GPF } in chloroform:

methanol:water (75:22:3), and then, after elutionzig radiocactive zones in
methanol, on Whatmanp 3MM 5 om paper chromatography strips developed in
butanol:lsopropanol:ammonia:water (2:6:1:2). Eluates from radlioactive
zones were dried and attempts made to derivatise them for gas-liquid
chromatography and mass spectrometry. Diazomethane was prepared and
applied to half the extracts in the manner described above. To the
other extracts, 0.2 ml of a mixture of pyridine:acetlc anhydride (l:l) was
added and heated for 1 hour on a hot plate at about loooé. The extracts
Were allowed to stand overnight at room temperature, after which time the
extracts were dried under Nz. This procedure should allow the formatilon
of tetra~acetate dexivatives of any glycosides present (Koshimizu et al.,
1968) . Together with samples of synthetic BBA, treated with diazomethane
or with pyridine:acetic anhydride, the extracts were then analysed by
gas—~liquid chromatography using a Pye Serles 104 gas chromatograph with

hydrogen £lame ionlsation detection and with W, as the carylier gas; the

gas chromatograph was fitted with a 9' 1% ox 3§ OvV-17 column.

Purified samples were analysed using an AEL MS 12 mass spectrometer
(A.B.I. Scientlific Appavatus Litd., Manchester). Samples were elther
Introduced using a dlrect probe or were injected onto an OV-1l7 column at
19500 to 210°C in a Pye 104 gas chromatograph with an outlet to the mass
gpectrometer equipped with a membrane separator, The samples were
carried in a flow of heliwm gas. Chosen peaks of activity observed by
gas—ligquid chromatography were introduced into the mass spectrometer and
scanned.,

12. METABOLISM OF 14C~ABA IN WHOLE LEAVES OF RADISH

The third leaves of radish plants were excised at weekly intervals,
midway along the petiole, using a razor blade and the cut ends placed
immediately in 2 ml of léc-ABA in small trident bottles, the necks of
vhich were then loosely plugged wlith cotton wool. After 8 hours incub-
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ation In a light vroom at 2500, the petioles were cut off at the base of
the leaf. The laminas werxe then extracted in 80% methanol and the
methanollc extracts developed on thin-layver plates in chloroform:methanol:

water for analysis of the distribuiiion of radiocactivity.

Leaf samples were also taken at the same time for fresh welght and

chloxophyll determination.

13. BLECTRON MICROSCOPY

Segments of leaf tlssue were excised frxom the centre of surface-
sterilized radish leaf disecs incubated for varying periods in the dark
at 25°C in sterile distilled water or J.O-'4 M ABA. Segments were also
taken from mature green leaves and naturally senescent vellow leaves
immediately after excision from the intact plant. The segments were
fixed either in 3% glutaraldehyde in 0.05 M sodiuwm cacodylate buffer
{pH 7.1) for 24 hours at room temperatﬁre, prioxr to storage at 2% or
in Rarnovsky's parafoyrmaldehyde/glutaraldehvde fixatlve (Karnovsky, 1965).
Foxr both fixation procedures, the Ffixative was removed by washing 3 times
in buffer over the course of 12 hours; the material was then post-fixed
in 1% osmic acid in buffer for 2 hours and then wéshed as bhefore,
followed by dehydration through a graded sexies of ethanol. Glutaralde-
hyde-fixed material was then further dehydrated in propylene oxide for
1 hour and infiltrated with a propylene oxide~resin mixture overnight,
followed by infiltration in pure resin for 2 to 3 hours (the resin used
was either Epon or araldite + 2% plasticizer). After embedding, the
. material was polymerized for 24 houxs at 6000 under vacuum (25 in. Hg).
Material treated with the Rarnovsky fixative was gradually infiltrated
with Spurr resin (Spurr, 1969) added at the 1l00% alcohol stage of
dehydration. After infiltration overnight, the material was embedded
and polymerized at 70°C for 8 houyxs undey vacuum,. Sections were cut using
an L.K.B. "Ultratome III", stained in aqueous uranyl acetate and lead

c¢itrate foxr 1l hour each and examined using an AEI electron mlcroscope 6B.

14, STATISTICAL ANALYSIS

For some of the experimental data presented, an Olivetti Programma
101 desk~top computer was used to calculate the standard erxrxor of the

mean, using the eguation:~

-z’
n

n (n - 1)

Standard error (SE)

where x = the individual value of each observation

n = the numbexr of ohservations
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Table 1. Chlorophvll, proteln and RNA detoxminations.

{Prelabel material with radioactive precursors)

Decant < Extract 3 times in boiling 90% ethanol
Macerate
Decant % .
< —Exiract 3 times in Dolling 20% ethanol
and centrifuge
\/
Absorbance at Pellet

665 nm and/ox
goluble fraction
radloassay

/
Wash with cold 20% trichloracetic acld

<— centrifuge and retaln pellet

N/
Wash with cold ethanol

&——oantrifuge and retaln pellet

Wash with ethanol: ether=chloro£orm (2:2:1 v/%)

. / \Prc’t@in

Pttt

Hydrolysae foxr 16 hr. at 35%

Hydrelyse for 10 min. in
in 0.3M KOH

boiling 1N NaOH

\
Centrifuge Centrifuge

Pellet washed in distilled water Supprnatant

P PH 4.0 with 10%
N perchloric acid -
Coloximetric Radloassay
Supernatant  from centyxifugation assay with

Folin reagent.,
Absorbance at
Absoxbance Radioassay 660 nm.
at 260 nm



Table 2. Extraction of Endogenous ABA I (after Lenton et al. (1971))

~

Leaf material

Macerate & Extract in B0% MeOH

.#///////,{,f//?‘

Fhdter Reduce Lo agueous (3500)
& pH 3.5 with 2N HCL

Partition 3 times with ethex

SN

Ether phas Aqueous phase

Partitlion 5 times each with
1/10 volume of 5% Na EICO3 and
water altexnately
Agueous " Bther
l%—u-———pﬁ 3.5 with HCL
Partition 3 times with ather
" Aqueovd Ether

{

Freeze oul water (mzo°b)

Reduge ether fFracitlon

Develop successively in Hexane:EtdAgc (l:1 v/v)
on GF?5A TLC plates (1 mm thick)

Elute

Methylate with diazomethane

Develop in Hexane:EtdAce {l1:1 v/v) on GV

TLC platesl(0°25 mm thick) 254

P2
CL Circulay dlchrolsm



Table 3. Extraction of Endogenous ABA II (after Browning et al. (1970))

Yreeze dried, finely ground leaf material

Bxtract in methylene chloride : 0.1M NaH?POA (5:1 v/v)

Filter

Separate

N

CH2C12 Agueous

Reduce and partition 3 times

with P04 buffer (pd B8.0)

CHZCl

9 %queous

Partltion twice with petroleum
spirit (60° - 809°)

Patroleun spfrit ~ Agueous

Partition 5 times
with ethyl acetate

Agueous “ Bthyl acctate
—pH 3.0 with 2N HC1

Partition 5 times with ethyl acetate
Aqueoué Ethyl acetate
Freeze out yater (-20°¢)
Reduce egﬁyl acetate

Develop successively in Hexane:BtAo (L:l v/v)

on GF254 TLC plates (1 mm thick)

Hethylate with diazomethane

J
Develop in Hexane:EtAe (l:l v/v) on

GF254 TLC plates (0.25 mm thick)

GLC Circulaxy dichroism



Table 4. Extraction of Metabolites of ABA

Leaf material
oy o4
&——10 M ABA for 24 hours

N
Macarate 6;———1;—80% MeOH

Filter
Reduce to a&ueeus volune (3500)
&—— pH 8.0 with 5% NaHCO3
v
Partition 3 times with ethex
Bther - Aqueousg phase
phase
&———pH 7.0 with 28 HCIL
Partition 3 times with ethex
Ether Agqueous
&——pH 3.5
Partition 3 times with ethex
(ABA £—-) Ether Agueous

Partition 2 times with
petroleuwm gpirit (60° ~ 80°)

Aqueous Petroleum spirit

v
Neutralise
and reduge

& Dissolve in 30% acetone

“Load on charcoal/celite column (3:2 w/w)

Elute with increasing
~ acetone concentration

Purify by TLC and papex chronatography




EXPERTIMENTATL,

SECTION T : THE RACTION OF ABA AND KINETIN ON PROPEIN AND RNA LEVELS

IN SENESCING RADISH LEAF DISCS

It is known that the plant growth regulators, ABA and cytokining,
can Iinfluence the spead of senescence of leaf tilssue with particulsy
effects on protein and nuclelc acid metabolism (e.g. Richmond and Lang
1957; Osboxne, 1962; Beevers, 1968; Colgquhoun and Hillman, 1972).
It is still debaiable, however, as to whether hormonal regulation of
proteln and nuclelc acids In senescling tissue 1s achieved thyough modulation
of the synthesis of these macromolecules and/oxr thalr degradation.
Alternatively, these regulators may act at some other site in the cell.
The pre—labelling technigues developed by Kuraishi (1968) and. Tavares
and Kende (1970) appeared to offer a means of resolving these controversies
and have therefore been modified to investigate the influence of both ABA
and the synthetic cytokinin, kinetin, on the fate of radiocactivity

incorporated into radish leaf dises.

(a) The effect of ABA on the fate of 14C~B-adenin@ inco§porated

into RNA in senescing leaf discs

After incubation in 14Cw8~adenine solutlion for 4 hours, leaf discs
vere transferred cither to stexlle distllled water of 10"4M ABA in the
prresence or abgence of 1.3 x: 10“5 M non-radloactive adenine. It was
conaidered that the incluslion of adenine at a concentration approximately
100 times that of adenine In the radioactive solution would help to
ninimise turxrnover of the labelled molecules. The cxperiment was carried

out 3 times.

Data are presented in Figure 1 to show the effect of the various
incubation‘solutions on the chlorophyll levels of the discs as determined
by extraction of batches of digscs in ethanol at daily intervals and
measuremnent of the absorbance at 665 nm. Values recorded for"o days"
were obtained by extracting batches of leaf discs immediately after

- xemoval from 140~8—adenine solution (l.e. 4 hours after excision).

During the first 3 days of incubation, ABA caused a faster decline in the
level of chloxophyll than did water. After 4 days of incubation, however,
an apparxent reversal of thils situatlon occurred and by 6 days there was
81ightly more chlorophyll remalning in APA-treated discs than in water-
treated discs. More significantly, visual observations of the discs
indicated that whilile water-treated discs had vellowed conslderably, but
were still turgid, ARPA-treated discs remained xelatlvely green but had

becone limp. Comparison of chloxophyll levels from discs incubated in



the presence and absence of non-radiocactive adenine at this concentration
had no apparent major toxlc or stimulating effects. Furthermore, the
influence of ABA on changes in chlorophyll level were apparvently unaffected

by the simulitaneous presence of adeninae,

Data for aliquots, taken from the ethanolic extracts and analyzed
for radioactivity (the "alcohol~soluble" fraction) indicated that in the
control treatments (water and adenine), the level of detectable radio-
actlvity remailned at a relatively high level throughout the 6 day incubation
peried at a level only slightly lower than the alcohol-seluble radioactivity
present in dises extracted immediately after completion of the labelling
period (Fligure 2). At 1 day, the level of radioactivity in this fraction
was slightly higher in treatwents contalning ABA than in those which did
not contain the hormone. After 2 days, however, there was a sharp and
contlnuing decline in soluble radiocactivity in ABA-treated discs, The
presence of non~radloactive adenine did not influence this trend, Moxa-
over, preliminary data obtained from incubation solutions, dried and
subjected to radloassay, indicated that more radloactlvity was lost into the
incvbation medlium from ABA-treated discs than from discs treated with eilther
water or adenlne alone (Table 5). There was no congistent pattexrn of

difference in radloactivity between water treatments and adenine tveatments.

In all treatments, the level of RNA, determlined by absorxbance at
260 nm, declined fyrom the bime of excislon and the rate of decline vas
enhanced in those treatments contailning ABA (Figure 3). Comparatively
high levels of adenine, an IWNA precurcor, had no apparent stimmlatory

effect on RNA levels, regardless of the presence of ABA.

Thexre was an Initial increase in the radioactivity present in RIA
in all treatments relative to fresh disces; radloactivity in this fraction
was at & maximum at 1 to 2 days and then declined gradually at a simllaxr
rate in all fractlons during the remalnder of the 6 day incubation period
(Figure 4). ABA suppressed to some extent the lnitial vise in radlo-
activity and consegquently the amount of radiocactive RNA was consistently
lower in ABA-treated discs than in water-treated discs. An initisl rise
in radiocactive RNA also occurred in treatments containing adenine, both
with and without ABA; it was partially suppressed, however, in adenine-

contalning treatments relative to water control.

(b) The effect ©f ABA on the fate of l4c—2~uracil incorporated

into RNA in senescing leaf discs

Although 14C"8~adenine hag been used in previous studies of the

effoct of ABA on RVUA metabollsm (Beevers, 1968; Colguhoun and Hillman,
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Figure 1.

Radish leaf discs pre—labeiled with 140—8-

adenine, Changes in chlorophyll levels
during 6 days incubation in ABA,

Data are shown with associated standard erroxs.
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Pigure 2.

Radish leaf discs pre-labelled with 14¢¥8—

adenine.  Changes in radioactivity of the
alcobhol-soluble fraction during 6 days
incubation in ABA, o o

For key to symbols, see Figure l,
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Figure 3.

l4c.'..8_

adenine. Changes in RNA levels during

Radish leaf discs pre-labelled with

6 days incubation in ABA.

For key to symbols, see Figure 1,
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Figure 4. .

Radish leaf discs pre-labelled with 140-8-
adenine. Changes in'radioactivity,of the
RNA fraction during 6 days incubation in ABA.

For key to symbols, see Figure 1.
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Tabhle 5. Radioactivity in incubation solutions from
loaf discs pre-labelled with l4c~8madenine
] Total
Treatment Length of lncubation (days) dpm
1 p) 3 3 5 6 (1-6 days)
Distilled 94.3 85.6 390.7  75.9 104.9  84.0 835.4
watey
1074 1 apa 211.7 410.4 1777.0 1286.0 595.3 606.0  4886.4
-5
1.3 x 1o M
A
g 219.5 79,2 162.2 106.9 224,3 101.4 893, 4
Aiggi“e + 479.1 595.7 787.2 665.6 485.8 506.1  3519.5
(Disintegrations per minute)
Table 6. Radioactivity in incubation solutlons frcm_leaf
dlscs pre~labelled with 1éc—2—uracil
Total
Length of incubation (days) dpm
Treatment i 5 3 4 5 & (1~6 days)
Distilled 452,9 316.6 943.8 564.8 453.3 551.8  3283.2
water
~d
107% m ama 464,2 951.4 956.4 1707.2 1777.2 2105.4  7961.8
8 -5
3 %10 "M q04 5 287.6  330.1  460.2  439.0 951.3  2851.7
Uracil
“;;;il + 685.3 557.5 1184.8 1254.2 1120.5 1792.8  6595.1

(Disintegrations per minute)
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1972), the previous experiment, I(a), could be criticised on the basis
that adenine is an important component of many other portions of cell
metabolisn and that, in pavticular, it is a precurgor for NNA as well

as for RNA. It was therefore relevanit to repeat the previous expeviment
replacing léc_B—adenine with 140"2ﬂuracil, a compound not thought to act
ag a precursor for DNA. In order to minimise the Gurover of 14C-~uraci1
molecules, 8,3 x 10"5M non—-radioactive uracil was added to the pogt-
labelling incubation solutions. The experiment was carxried out 3 ¢imes

with similay results.

ABA, in the presence or absence of non-radiocactive uracil stimulated
the decline in chlorophyll level between 0 and 3 days (Figure 5). BY
4 days any differences between the treatments arve lost. Dasplte the
fact that the reversal noted in Figure 1 was numerieally less distinct
in this instance, the visual characteristics of disc colour and texture
vere similar to those noted in the flrst experiment. The inclusion of
uracll at 8.3 = 10“5 M had no apparent effect on the pattern or rate of

chloxophyll loss,

In contrast to the previous experiment there was an Iinitial sharp
decline in the radioactlvity in the alcchol-soluble fraction and no
diffferences were detectable between the 4 treatments until after 4 dayvs
{(Figquxe 6). After this time, however, ABA appeared to stimulate further
the decline in radicactivity of this fraction, whether ox not uracil
was present. There was lititle difference between the radloactivity
detectable in water and in uracil trecatments. Moreover, the preliminary
data presented in Table 6 indicate that from 3 to 4 days onwaxds there
was more radloactlvity present in those incubatlon solutions which con-

tained ABA than in those which did not.

Asg in Figure 3, the level of RNA in all treatments declined from
the time of excision and the rate of decline was enhanced by ABA (Figuxe
7y« Iittle difference was detected between those treatments which

contained non-radioactlive uracll and those which did not.

The radioactivity present in the RNA fractlion rose from the levels
detected at day O, attaining a maximum at 1 to 2 days, before declining
in all treatments (Figure 8). In agreemeni: with the data of Figure 4,
ABA suppressed this rise; conseguently, the amount of radicactive RNA
in MABA~treated discs was consistently lower throughout the incubation
perlod than the amount from control dlscs. The rates of decline in
radioactive RNA, however, were similar for all treatments. In contrast
to Figure 4, the rise in radiocactivity in RNA at 1 to 2 days was not

significantly suppressed by the presence of non-radioactive uracil; in



Figure 5,

Radish leaf discs pre-labelled with

140_2_

uracil. Changes in chloxophyll levels

during 6 days incubation in ABRA,
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Figure 6.

Radish leaf discs pre-labelled withll4c—2~

uracil, Changes in radicactivity of the
alcohol-soluble fraction during 6 days
incubation in ABA.

For key to symbols, see Figure 5,
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Figure 7.

Radish leaf discs pre-labelled-with 140—2d

uracil. Changes in RNA levels during 6 days
incubation in ABA.

For key to symbols, see Figure 5,
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gigure 8.

Radish leaf discs pre-labelled with ~ic-2-

uracil. Changes in radioactivity of the
RNA fraction during 6 days incubation in ABA,

Por key to symbols, see Figure 5,
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general, uracll did not appear to affect the changes in radicactlve RNA,
relative to treatments which did not contain uracil.

(¢) The effect of ABA on the fate of 140~l~leucine Lngorporated

into proteln in senescing leaf discs

The experiments described above egamined the effect of ABA on RNA
metabolism using lécmewadenine and l4c~2~uracil as RNA precursors,
Although synthesis of cellular proteins is dependent on RNA metabolism,
protein turnover rates and the effect of hormones on such turnover rates
may not necessarily mirror changes in RNA metaboligm. Indeed Kuraishi
(1968) and Tavares and Kende (1970) examined the role of kinetin in
regulating the loss of radloactivity from pre-labelled proteins. it
was thus of Interest to examine the effect of 10‘4 M ABA on the loss

4
of radicactivity from protein pre-labelled with . C-1l-leucine and incubated
w03
in the presence or absence of non-radioactive leucine at 7.8 x 10 °> M. ‘ The

experiment was carried out 3 times wlth similar results.

The chlorophyll levels of discs incubated in the presenbe of ABA
declined at a faster rate than in control tyeatments during the Ffirst
2 to 3 days after excilsion (Figure 9). After this time, there was little
further loss of chlorophyll in discs treated wilith ABA and the discs exhib-
ited the textural and pigment differences due o ABA ;oted in earlier
experiments. The presence of non-radiovactive leucine at a concentration

of 7.8 = 10—5 M did not apparently influence the rate of chlorophyll loss.

There was an early shavp decrease in the radioactivity of the
alcohol~soluble fraction (Flgure 10); thus these data are similar to
those presented ln Figure 6, but contrast with those in Figure 2, The
effects of ABA were statlstically apparent only afﬁer 3 days. There
wags llttle difference between treatments which contained leucine and those
vhich did not.

In accord with the preliminavy data presented in Tables 5 and 6,
incubation solutions including ABA contain more radioactlvity than
solutions which do not (Table 7).

Bxamination of the changes in gross protein levels during the
incubation period of 6 days indicated that the amounts of protein declined
sharply following excision (Flgure 11). There was little variation
batween the different treatments at L day, but between 2 and 4 days it was
evident that ABA significantly stimulated protein loss relative té control
treatments (vater and leucline). The inclusion of leucine, a protein
precursor, had little apparent effect in the pattern of protein loss,

whether ABA was present or not.



Figure 9, Radish leaf discs pre~labelled with 14c~l~

leucine. Changes in chlorophyll levels during
6 days incubation in ABA,
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Figure 10,

Radish leaf dlscs pre-labelled with l4C--~1--

leucine. Changes in radiocactivity of the
alcohol~soluble fraction during 6 days
incubation in ABA. '

For key to symbols, see Figure 9.
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Figure-11.

Radish leaf discs pre-labelled with 14C-1~-

leucine. Changes in proteiln levels during
6 days ilncubation in ABA,

For key to symbols, see Figure 9.
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Figure 12.

Radish leaf discs pre-labelled with 14C-l—

leucine. Changes in radloactivity of the
protein fraction during 6 days incubation in
ABA .

For key to symbols, see Figure 9,
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Table 7.

Radiocactivity in incubation solutlions from

leaf discs

pre-labelled with

14C-l—-leucine

- Total
Treatment Longth of incubation (days) dpm
1 2 3 4 5 < 6 (1-8 days)
D:I“’"zillea 646.8 657.1 ©€96.0 B801.8 G01.5 1947.2  5550.4
2
.’!.0-4 M ABA 1471.9 2106.4 3118.1 3286.5 4074.4 4181.6 18238.9
-5
7.8 x 10 524.1 591.8 632.1 627.0 727.0 866.8  3968.8
leucine
ABA +
967.3 1279.6 1670.8 3808.7 2388.4 2904.8 13019.6
leucine
(Disintegrations per minute)
Table 8. Radloactivity in incubation solutions from
leaf discs pre-labelled with léc~1~leucine
" . Total
Preatment Length of incubation (days) radioactivity
1 ' 2 3 {hays 1-3)
Distilled 597.3 616.6 670.8 1884.7
H,O
2 x loms M
Kinetin 551.8 608. 4 919.3 2079.5
7.8 % 10°° M
-5 X 475.7 468.5 522.8 1467.0
Leuaine
Leucine + 476.6 672.3 317.2 1466.1
Kinetin
9%




In contrast to the data obtained in previous euxperiments in which
the radiocactivity of the RNA {ractlion increased in the early part of the
post—-labelling pericd, the amount of radloactive protein declined sharply
from day 0 (Fligure 12). The presence of both ABA and leucine appeared to
stimalate this decline; fractions from ABA-treated discs contained
significantly less radioactive protein than those from control discs.
Fractions from leucine~treated discs, at no time before 6 days, contalned
more radiocactlve protein than those from treatments without leucine.

{d) Tho aoffect of kinetin on the fate of 14lemleucine incorporated

into proteln in senescing leai discs

The original pre-labelling technigues of Ruralshi (1968) and Tavares
and Kende (1970) were used for examining the role of kinetin in maintain~
ing protein levels in senescing leaf tigsue. The data presented above,
however, indlcated that incorporation of radicactivity into RNA and
protein was continuing after the completion of the pre-labelling period
and that radleactivity was passing from the soluble pool into RNA and
protein, The oviginal experiments of Kuralshli and %avares and Kende

were thus re-lnvestigated in the light of these cbsexrvations,

4
After a period of 4 hours in l‘c»lmleucine, dlscs were transfexrred
to solutlons contalning 2 = 10~5 M kinetin for 3 days. Non-radiocactive
leucine was included in incubation soluiions, as before. The experiment

was carried out 3 times with similar results.

No signilificant differences were detected between the 4 treatments
with respect to chlorophyll levels, until 3 days, when it was evident
that kinetin was delaying chlorophyll loss relative to control treatments
(Figure 13). The incluslon of non-radloactive leucine had little effect
on tha pattern of chlorophyll loss when compared to txreatments without

leucine,

Alcohol-scluble radioactivity declined more rapidly during day 1
in thoge treatments which did not contain leuclne than in those which
did (Figure 14). Further, there was some indlecation that kinetin
slightly delayed the decline in radiocactivity of the alcohol-soluble
fraction. At 2 and 3 days, however, there were no significant differences

bhetween the 4 treatments.

Radioassay of the incubation solutions revealed no consistent

differences between the 4 treatments (Table 8).

Kinetin had little significant effect on the decline in protein
levels during the figst 2 days of incubation (Flgure 15). At 3 days,

however, there was evidence to suggest that proteln levels were higherxr



Figure 13.

Radish leaf discs pre-labelled with Mooy
leucine, Changes in c¢hlorophyll levels ‘
during 3 days incubation in kinetin,
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Figure 14,

Radish leaf @iscs pre-labelled with “Yc-i-

leucine. Changes in radioactivity of the
alcohol~soluble fraction during 3 days

'incubation in kinetin..

For key to symbols, see Fligure 13.
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Figure 15.

Radish leaf discs pre-labelled with 140~1"_,
leucine, Changes in;éfotein,levels duringvv
3 days incubation in kinetin,

For key to symbols, see Figure 13,
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Figure 16.

A
Me-1-

Rodish leaf discs pre-labelled with
leveine. . Changes in radioacﬁivity‘of the  '
protein fraction during 3 daysaincubationl'

in kinetin.

For key to symbols, see Figure 13,
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in treatments containing kinetin, although the differences were not
particularly mavked. The inclusion of leucine had little apparent

effect on proteln levels.

Kinetin had little congilstent effect on the pattern of decline of
radioactive protein relative to control treatments (Fligure 16). The
presence of leucine had a stimulatory effect on the decline of radio-
activity.

{e) The effact of ARPA and Actinomyein D on. the fate of

146~8~adanine incorporated into RNA in senescing leaf dlscs

Data from earlier experiments suggested that lncorporation of
radloactivity was continging after the removal of the discs from the
solution of the rédioac&ive precursor and tyansfer to non~radloactive
incubation solutlon. It is feasible that the use of commonly accepted
RNA ox pgioteln synthesis inhlbitors could prevent this second period of
incoxporation and thus make interpretation of the data less ambiguous
with respact to the effect of ABA on the radiocactivity of RNA and protein.
Accordingly, in experiments I(e), (£f) and (g), various synthesls
inhibitors have been added to incubation solutions at the time of transfer
of the discs from the radloactive precursor solution to ABA. Since the
inclusion of the non-radicactive precursors of RNA and protein had little
effect on the pattern of senescence changes in previous euperiments, they
were no longey added to incubatlion scolutions.

Actinomycin D, an RMA synthesis inhibitor, was added to dishes con-
taining ABA or water to give a concentratlion of 20 ng. mlﬂl (L.6 x lOmSM).
Changes in chlorophyll levels and RNA metabolism of dlscs pre-labelled
in l4c—8~a&enine were followed during the couwxse of a 3 day incubation

pexriod, The experiment was repeated twice with simllar results,.

The pattexn of chlorophyll loss was unaffected by the inclusion of
agtinemyein D in incubation solutions (Table 2). The stimulation of
chlorophyll loss due to ABA noted in previous experiments, was partially

raeduced, however, by actinomyein D at 1 and 2 days.

As in previous experiments, ABA stimulated the decline of radiocactivity
in the alcohol-gsoluble fractlon. this stimmlation beconing particularly
evident at 3 days (Table 10). Actinomycin D reduced the decline in
soluble radicactivity caused by ABA.

ABA stimulated the decline in total RNA lewvels, but, significantly,
actinomyeln D did not add to the effect of ABA (Table 11). It is not
clear from the data vhethor or not actinomycin D was capable of causing
RMA decllne alone.



Table 9.

Radlsh leaf discs pre-labelled wiith l4c~8-adenine.

Changes in chlorophyll level in the presence and absence of

actinomycin D

Length of incubation (days)

Fresh 1 2 3
Distilled H,0 t0.000 (¥ 0.005) (¥ 0.018) (+ 0.016)
20 ug/ml actino- +0.383 +0.332 +0.258
mnycin D {(— 0.003 {~ 0.007) (- 0,010)
107% 1 ama 404304 ,0-198 40+190
(- 0.008) (-~ 0.020) (~ 0.028)
ABA + actino-~ +0.342 +0.246 +0.18%
(Absorbance at 665 nm)
Table 10, Radish leaf discs pre-labelled with l4c~8~adanine.

hanges in rxadicactlvity of soluble fractlon in the presence

and absence of actinoemyoin D

Length of incubation (days)

‘ Fresh 1 2 3

56.3 16.4 882,8 02.6

Distilled H,0 (§ 23. 4) (%25.5) * 20.1) (g 16.9)

20 uwg/ml actino- §§6.2 334.3 224.4

mycin D {~ 30.8) (~ 35.0) {(~ 20.6)

wdl
10 " M ABA §4lq7 199.6 $76.7
ABA <+ actino- %58.1 ng.l QGB.O

(Disintegrations per minute)
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4
Table 11, Radish leaf discs pre-labelled with l'CmB»adenineb

Changes in RNA level in the presence and absence of actinomycin D,

Length of incubation (days)

Presh 1 2 3

Digtilled Hzo .Gl 2.52 Q.52 2,50
(~ 0.03) (-~ 0.03) (-~ 0,04) (~ 0.04)

20 ug/ml actino~ 9.43 Q°SO 2.44
myein D (- 0.05) (-~ 0.02) (- 0.01)

1074  nen 0.38 0.38 0,27
{~ 0.03) (- 0.03) {~ 0.04)

ABA + actino- 2.39 2.40 9.28

{Abzorbance at 260 nm)

Table 12. Radish leaf discs pre-labelled with l4cm8wadenine.

Changes in radlioactivity in the RVA fraction in the presence

and absence of actinomyvein D.

Length of incubation (days)

_ Fresh 1 2 3

Digtilled H20 §450.4 gllS.B 2433.0 3857.2
{(~ 68.8) (- 257.7) (= 117.0) (- 131.3)

20 ug/ml actino- 3183.8 l943.0 %675.1
mycln D. (- 125.5) (- 52.5) (-~ 46.4)

10°% 1 ama 2333.8 1509.0 L80L.5
(.., 79'3) (” 9295) ha 62-3)

ABA 4 actino- %92?.2 $210.4 +‘?85.5
mycin D. (- 40.8) (- 21.7) {- 20.86)

(Disintegrations per minute)
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The total amount of radiocactivity increased between O and 1 days.
Both ABA and actinomycin D suppressed, to the same extent, the early rise
in radioactive RVA noted in previouws experiments. Moreover, fox treat-
ments wlth both ABA and actinomycin D individually, the decline in the
radioactivity of RVA was more rvapid than ln water (Table 12). Further-
more, at 1L and 2 days, a coubination of the 2 compounds deoreased the

amount of radioactive RMA to a greater extent than eithexr compound alone.

4
(£) The effect of ABA and cycloheximide on the fate of 1"C~l~1eucine

incorporated into protein in senescing leaf discs

Cycloheximlide, a protein synthesis inhibiltor, was added to dishes
containing ABA or water to give a concentration of 20 ug. mlnl (7.1 =
lO-BM), Changes in chlorophyll levels and proteln metabolism in discs

proa~labelled with 1

4 \
C-l-leucine were followed during the course of a

3 dav incubation. Tha experiment was repeated twice with similar results,

Cycloheximide alone had little influence on the pattern of chlorophyll
logsg, but did reduce the chlorophyll loss induced by ABA (Table 13). The
sharp decline 1in the radiocactlvity of the alecohol-soluble fractlon was
enhanced by both ABA and cycloheximide, the latter being the moxe effective
in this reaspect (Table 14). In a combination of the 2 compounds, ABA
did not further stimulate the eyeloheximlide~induced decline, Similarly,
both ABA and cycloheximide appeaved capable of stimulating the loss of
protein from the disce (TAble 15). In combination, however, thelr
effectiveness in enhancing protein loss was reduced so that the protein
levels of discs treated in both 2BA and aycloheximide weve little
dlfferent from disusxtreated in watex, Sinilarly, both ABA and cyclo-
heximide alone were capable of stimulating the loss of radioactivity from
the protein fraction xelative to the rate of loss Ffrom water—treated
dlscs (Table 16), but, in combination, the effectlveness of each was
reduced at 2 and 3 days.

(g) The effect of ABA and MDMP on the fate of 14leeucine incorporated

into protein in gsenegcling leaf discs

Cycloheximide is thought to lnhibit protein synthesis by preventing
peptide elongation on the ribosomal complex. On the other hand, MDMP, a
relatively new protein synthesis inhibitor, probably acts on protein
synthesig by inhibiting formation of the ribosomal complex (Baxter’gg_gi.;
1973). Hence, Lt was of relevance to examine whether the effects of
MDMP on chlorophyll loss and on protein metabolism of discs pre-labelled
with léc=l~leucin@ were similax to those of cycloheximida. Thus, pre-
labelled dises were tvansferred to dishes contalning ABA or water to

g -4
which 10 “M MDMP had been added.



Table 13,

i

a
Radish leaf discs pre-labelled with ~ C-l-leucine.

Changes in chlorophyll level in the presence and absence of

cycloheximide.

Length of lancubation (days)

Fresh L 2 3
Distilled H20 +0.431 +O.3?6 +0.364 +0.304
(-~ 0.008) {(~ 0.012) {~ 0.007) (- 0.030)
20 ug/ml cyclo- 0+ 354 40359 ,0.344
heximide (- 0.013) (-~ 0.011) {(~ 0.019)
107 u asa ,0.314 ,0.261 ,0-214
(- 0.015) (~ 0.007) (~ 0,015)
ABA 4+ cyclo- ,0.383 ,0.359 +0.338
heximide (< 0.003) (- 0.010) (=~ 0.,013)
(Abgorbance at 665 nm)
Tahle 14, Radish leaf discs pre~labelled with l4c-1~1eucine.
Changes in vadicactivity of soluble fraction in the presence
and sbsence of cycloheximide.
Length of incubation (davs)
I'xesh 1 2 3
Distilled H20 156.4 %26.0 %04.9 163.6
(- 20.9) (~ 4.2) (- 4.8) + 15.9)
20 uq/mlvcyclom 94.4 65,3 LAL.3
heximide (< 6.8) (= 3.2) (= 1.8)
10~ M ABA 168.4 140.4 76.1
(- 5.8) (~ 3.9) (= 8.8)
ABA -+ GYCIO" :}16'5 +69|2 ‘..8002
heximide (-~ 4.2) (- 6.5) (- 7.3)

(Disintegrations per minute)



Table 15,

Radish leaf dises pre-labelled with 140~l—leucine.

Changes in protein

level in the presence and absence of

cyclohaximlde.

Length of incubation (days)

Traesh 1 2 3
Distilled H20 ,0.093 +0.081 ,0.078 0.066
(- 0.004) (- 0.002) (- 0.003) (~ 0.005)
20 ug/ml cyclo- 0.077 +0.065 +0.050
hesximide (~ 0.004) (- 0,002) (-~ 0.003)
1074 m asa ,0:073 ,0.054 ,0-053
(~ 0.003) (- 0.003) {~ 0.003)
ABA + cyclo~ 0.081 40-072 ,0-069
heximlde {~ 0.002) (-~ 0.003) {~ 0.004}
{(Absorbance at 660 nm)
Table 16, Radish leaf discs pre-labelled with l4c—1-1eucine.
Changes in radiocactivity in proteln fraction in the presence
and absence of cvcloheximide.(@?ﬁd)
Length of incubation (days)
Fresh 1 2 3
Distilled H20 L3125.9 2447,1 %419.3 isoo.o
(- 443.5) (~ 186.6) (~ 239.9) (- 172.1)
20 ug/ml cyclo- *1788.9 1207.1 %169.2
heximlde {~ 201.7) (+ 115.9) (- 182.6)
-4
10 ~ M ABA L A997.1 %053.2 +850,0
{(~ 147.8) (- 120.4) (-~ 86.6)
ABA + cyclo- +l936.2 i596.2 .727,6
heximlde (~ 135.0) (- 160.0) (- 212.7)




Table 17,

4
Radlsh leaf dises pre-labelled with l“c~l—leucine.

O+
Changes in chlorophyll 1ev$i'in the presence and abgence of MDMP.

Length of incubatlon (days)

Fresh 1 2 3
Digtllled Hzo 0 348 +o,327 0,326 +O.231
("' O 005) ('" 0-013) ("‘" 0-006) ("l 00015)
107 u na 0,225 ,0.223 ,0-188
(— 0.012) (- 0,017 (- 0.017)
107° u vowe 0.330 ,0.332 ,0.297
(~ 0.006) {(~ 0.006) (~ 0.012)
ABA <+ MDMP 0.301 ,0.286 ,0.239
(~ 0.012) (« 0.006) (- 0.010)
Table 18. Radish leaf diace pre-labelled with l4c—l—leucine.

Changes in radioactiviév of " soluble fraction in the pregence

and absence of MDMP.

Length of incubation (days)

Fresh 1 2 3
pistilled H,0 529.3 ,208.2 17L.5 128.4
(= 17.1) (= 9.3) (~ 5.2) (= 5.1)

-4

10 ° M ABA 230.8 153.3 70.7
(= 14.8) (~ 6.8) (~ 3.8)
1070 ¥ moMp 279.3 266.3 346.3
(= 5.6) (~ 6.6) (~ 5.0)
ABA + MDMP 269.6 205.1 109.5




Table 19.

Radlsh leaf discs pre~labelled with 14

C-l—-leucine.

a-b.
Changes in protein level ln the presence and absence of MDIP.

Length of incubation (days)

Trash 1 2 3
Distilled H,0 +0-167 40-198 40-211 40202
(‘“ 00004) ("’ 0.002) ("’ 0.004) (“‘ 0'0’06)
1074 u ama L0179 0,164 ,0.154
(-~ 0.012) (-~ 0.006) (- 0.006)
107> M upp ,0.216 ,0.194 ,0.180
(- 0.G04) (- 0.008) (-~ 0.006)
ABA < MDMP 40-221 ,0.181 ,0.153
(- 0.006) (- 0.004) (- 0.003)
Table 20, Radish leaf discs pre-labelled with 14Cnl—leucine.

B~
Changes in radloactivity'of protein fraction in the presence

and absence of MDMP,

Length of incubation (days)

Fregh 1 2 3
bistilled H.0 1452.8 899.2 936.9 966, 2
(= 54.4) (* 50.9) (~ 51.4) (< 45.7)
107 1 aa g21.1 460.0 454.9
(= 52.4) (= 61.7) (~ 26.7
107> ¥ mpup 906.8 173.7 §30.9
(- 52.5) (~ 80.9) (- 49.7)
ABA + MDMP 880.1 765.6 626.6
(= 23.1) (= 69.9) (X 42,7
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MDMP had little effect on chlorophyll loss wmitil 3 davs when it
appeared to delay chlorophyll loss velative to watexr-treated discs
(Table 17). The effect of ABA on chlorophyll decline wag partially
veduced by MDMP at 1L and 2 days and totally abolished at 3 days.

MDMP appeared to delay the loss of xadloactivity from the alcohol-
soluble fraction and it abolished the ABA~induced decline in soluble
radloactivity (Table 18).

MDMP had little consistent effect on total protein levels in the
leaf discs eithexr in the presence or absence of ABA (Table 19). The
decline in radioactive protein was slightly stlmulated by MDMP (Table 20).
In the presence of ABA, MDMP had no effect on the decline of radioactive
protein untdl 3 days at which time the inhibitor appeared to stimulate
loss of radiocactivity.

(h) 7The efficiency of cvecloheximide and MDMP in inhibiting

incorpoxatlon of 14c—1nleucine into protein

In the experiments using cycloheximide, MDMP and actinomycin D to
limit the secondary incorporation of yradioactivity into protein and
RWA, intewpretation of the data ultimately depends on knowledge of their
efficlency and tliming of actlon in the inhibition of protein and RNA
gynthesis in the radish leaf dlisc system. Hence, freshly excised leaf
discs were incubated in MDMP or gycloheximide alone for O, 1 ox 2 hours
and then transferred to 1écﬂ1eucine containing MDMP oy cyecloheximide
for 4 hours, Digsecs were then extracted in the noxmal manner and the
radioactivity assessed. The experiment was repeated twice with similax

resulis,

MDMP and cyclohextimide treatments had little effect on chlorophyll
ox protein levels during the relatively short duration of the experiment
{(rable 21). MDMP, however, did lncyease the radloactivity of the alcohol-
goluble fractlon to a degree independent of the length of pre~incubation
in the luhibitor. Cycloheximide, on the other hand, increased the level
of soluble radiocactivity vhen added at the same tilme as l4cmleucine but
vwhen discs were pre~incubated in cycloheximide for 1 or 2 hours, this
level was reduced relative to control treatments. All inhibitor treat-
ments were capable of reducling incorporatlion of léﬂ—leucine into protein
and the data suggest that cveloheximlde was more effective in this respect
+han MDMP. It was evident, however, that both inhibitors were more
effective at reducing incorporation into protein when discs had been pre-

incubated for 1 or 2 hours prlor to the introduction of 140«1@1101:1@°
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(1) The efflciency of actinomycin D in inhibiting incorporation

A
of l'C«Bmadenine into RNA

The efilcliency of actinomyein D in inhibiting ldc~8~adenine
incorporation into RNA was determined by incubating leaf discs in
actinomycin b for ©, 1 or 2 hours and then transferring to 14C*B~adenine
solutlion containing actinomycin D for a further 4 hours, Discs were
extracted as before and the radioactivity in seoluble and RNA fractions were
analyzed (Table 22). The experiments were repeated twilice with similax

rasulis,

The Inhibitor treatments had little conslstent effect on chlorophyll
and RNA levels duving the course of the euperiment, Thore was a higher
level of alcohol*soluble'xadioactivity of discs pro-incubated in actino-
mycin D for 1 ox 2 hours than in the control treatmenits. Compared to
the control, the inhibltor treatments reduced the incoxporation of 14C~
8-adenine into the RNA fractlon, the degree of reductlion being depondent
on the length of pre-incubation, l.e. actinomycein D was apparently more
effective in inhibiting incorporatlon into discs pre~incubated for 1 ox

2 hours.

{3) Differential uptake patterns across the leaf disc -

In all of the above experiments, leaf discy exoised by a cork borex
have been used as the basia experimental material for lahelling with
vaxious RNA and protelin precursoxs. These euperiments are possibly open
to the griticism that the incoxporation patterns obsérvad were a function
of stimulated metabolism in wounded tissue at the cut edge of the leaf
disc. The uptake and incorporation patterns of radioactive compounds
in different areas of the leaf disc were therefore investlgated, Leaf
dlgcs incubated in 14C~1—1eucine foy 4 hours in the light woere divided
into 3 concentric rings of tlssue by successively smaller cork borers:
after extraction in methanol, ithe radicactivity in the tisgsues wag

agsessed (Table 23).

At the tlme of extrvaction 83% of the radiocactivity was present in
the outer ring of tissue (0.7-1.0 cm) with progressively smallor amounts
in the innexr poritions of the disc (103 and 6% respectively). Coxrrection
of these flgures for the amount of tissue present In each disc poxtion
by using chlorophyll values in experiment I(k) below, indicated a sub-
stantlially similar distribution of radiocactivity. Although these data
are not conclusive, Lt would appear that most if not all of the radio-
activity is taken up wvia the cut edge of the orviginal 1 om disc. Therea

was some difference in radloactivity between intact discs and the total



¥o

Table 22. The effect of pre-incubation in actinomycin D on

incorporation of 14C-8»adenine into RNA.

Actinomycin D 1.6 x 105

-
léc—adenine Tengtn of pre~incubation (Ax)
0 1 2
(-)
Chlorophyll 0.214 0.211 0.233 0.216
0.0 (£ 0.002) (+ 0.010) (+ 0.008) (£ 0.006)
RNA level 0.40 0.43 0.52 0.42
Q. 9. (+ 0.02) (+ 0.03) (x 0.03) (+ 0.03)
Alcohol- 373.4 361.3 429.8 486.6
seluble dpm {+ 4.4) (+ 8.5) {(+ 7.9} (£ 13.7)
RNA dpm 360.5 227.7 198.8 185.6
(+ 11.4) (t 5.5) (£ 4.7) (x 6.6)
RNA dpm & of (-) 100 63.2 55.1 51.5

(2 efficiency)

Table 23. Uptake of 14c~l-leucine by dlfferent
parts of the leaf disc.

Tntact Outer Middle  Central
disc xing ring disc
Dappeme 4492, 5 3506.3 424.9 271.1
(£ 393.3) (t 203.1) (* 42.4) (% 28,0)
Corrected % of dpm - 74.3 16.3 9.4
14

- Table 24, Incorporation of = C-l-leucine into protein
by different pavts of the leaf disc.

Intact Outer Middle Central
disc ring ring disc
Chloxﬁyhyll 0.211 0.092 0.053 G.056
o. (x 0,008) (* 0.003) (%t 0.002) (& 0.00L>
Proteiﬁ}level 0.104 ©.060 0.045 0,038
0- ¥ (* 0.003 (& 0.002) (t 0.001) (t 0.003)
Alcohol- 271.4 183.3 14.4 11,2
soluble dpm {(t 6.0) (& 5.5) (x 2.0) ( 2.1)
Protein dpm 672.3 686.8 46,2 38.2
(£ 27.7) (x 46.0) {(+ 3.8) {x 8.7
Total soluble dpm 13,570 9,165 720 595
Total protein dpm 6,723 6,868 462 382
‘Total dpm 20,2923 16,033 1,182 1,177
% Protein
P 33.1 42.8 39.1 ge.4




radioactivity of the 3 disc portionsg: this was probably due to loss of

some yvadiocactivity during the cutting procedure.

(k) Dpifferentlal incoyporatlon paiterns acrogs the leaf dise
1

Leaf discs, pre-labelled in A’c—:!.-,'!.et,xc;'.i,ne and divided into concen—
tric rings as described above, were extracted for chloxophyll and protein
in ovder to determine 1f the percentage of radloactivity incorporated
“into the protein fractlon varied across the leaf disc. The experiment

wag carrled out three times with similar resulis.

The incorpoxation of 140—1—1eucine into protein did not vary greatly
across the disc and there was no evlidence to suggest that protein met-
abolism wag greatly stimulated in tlesue adjacent to the original cut
edge of the 1 cm disc (Table 24). Incorporatlon into protein was appar-
ently hiligher in segmented discs but this was possibly due to preferential
loss ofAsoluble radioactivity during the cutting of the discs into the

concentric portions.
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4 /
SECTION II : THE UPTAKE OF 1"C~2WRBA AND ldC*SUCROSE

BY SENESCING LEAF TISSUR

Radish leaf discs incubated in ABA show an appavently anomalous
pattexn of chlorophyll loss and lose radloactivity from the alcohol-solublef
fraction faster than from water—treated discs (Colgquhoun and Hillman, 1972 |
and experiments reported in this thesis). In addition, ABA has no effect
in fuvther promoting senescence in discs already pre-aged in water
(Colgulioun and Hillman, 1972). It ig feaslble that these observatlons may
be related to alterations in the pattern of ARM uptake during the course
of senescencea. It is therefore vrelevant to determine the uptake patterns
of ABA by radish leaf discs; such data are also necessary as a bhazsis fox
studies on the metabolism of ABA (see Section IIT). Accordingly, the
uptake of ldc-z—ABA by radish leaf discs has been studied under both
aerobic and anaerobic experimental conditlons. Uptake patterns fov

C-gucrose as a function of senescence have also been obtained to aid

Interpretation of the data fox 140~2“ABA uptake.

{a) The uptake of 14C—Z~ABA by senescing radigh leaf discs during

a 12 hour time course

Radigh leaf discs aged in water for O to 6 days were incubated in
- 4
10 6M l'C-Z—ABA for 1 to 12 hours washed 6 times in distllled water and
extvagted in methanol befoxe radioassay. Simllar results were obtained

from 3 such experiments.

Table 25 presents a gemple of the data for the radloactivity det-
ectable in the washings of leaf discs incubated in 140~2-ABA for 1 hour.
The total amount of radiocactivity and lts distributlion in the washings
of leaf discs incubated in 14Cw2~ABA for 1 hour. The total awmount of
radiocactivity and its distribution in the washings did nol vary greatly
with the length of pre—ageing of the discs. The pattern of distribution
af radiocactivity between the 6 washings indlcated that most of the radio-
activity ocgcurred in the first washing and that little further radio~
activity was vemoved by fourth and subsequent washings. = It thus '
appeared that the radloactivity present>in the washings was derived

from the disc surface and not from cell leakage.

The uptake of radioactivity from 14C-—ABA golution by rvadish leaf
dises pre-aged for 0 to 6 days in water was at: a maximum at 1 to 2 days
after exclslon of the discs (Table 26). Diges trested in water for wmore
than 2 days (i.e. discs vwhich wvere aspparently more senescent) contalned
progassively less radloactivity at the time of extraction for any oﬁe

length of incubation period in 140~ABA= Maximum differences in vptake



Table 25.

Radiocactivity detectable in 10 ml washings f£rom

leaf discs after 1 hour incubation in Mc~2--ABA

98

Length of C.p.m. in 1l hour washings
?gzvg?eing L W az g h 31 n 2 N g, . Total cpm
o 1780.8 279.4 49,9  96.3 7.5 10,0 2223.9
L 2003.4 322.8 56.6 24,3 10.5 11.6 2429,2
2 1871.6 243.6 43,5 16,5 10.5 14.4 2200.1
3 160L.5  243.9 71.4 16.5 15.4 4.2 1962.9
4 2054.5  338.2 43.9 21.5 24,5 12.8 2495.,4
5 19,0 288.4 60,2 4.1 23.8 9.8 2015.3
6 2377.0 64,8 35,2 17.7 22,3 22.9 2539.9
Table 26. The uptake of radioactivity from léc_AEA
solution by senesclng leaf disgs
ﬁ;ngigm Length of d1dncubatdion (h ourxs)
ageing 1 houx 2 hours 4 hours 8 hours 12 hours
(days) Dpin SE  Dpm SE Dpm SE Dpm SE  Dpm SE’
0 27.7 *a.a 28.4 *2.0 6.2 Is.i 880 + 9.0 126.2 14,7
1 37.4 3.3 e8.8 f6.6 111.7 Ye.2 171.4 Zfiz.s 1718 Zi1l3
2 39.3 a0 58.5 ¥3.3 92,7 7.2 w0.3 To.3 165.1 o6
3 32.9 %2.5 59.1 x5.3 86,7 *6.0 1llo.1L * 8.5 130.6 & 9.3
4 31.3 *4.6 41.0 %£3.3 64.0 +5,0 84.8 £ 5.4 106,0 *£10.5
5 29.8 3.9 47.7 #£5.3 6l.0 #£5,1 85.0 £ 7.0 85.5 % 5.6
6 27.8 #£3.7 45.5 4.5 55.9 #5.7 8L.0 * 6.5 94,0 & 8.8
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between discs pre-~aged for different perlods of time were detected after
8 and 12 hour incubations in léchBA; leeser differvences were detectable
in discs incubated in 14CMABA for shoxter periods. IExamination of the
data for the uptake of radiocactivity at any stage of senescence indicated
that there was an initlial fairly rapid uptake of radloactivity during the
first 2 hours of incubation, but subsequently the rate of uptake declined,

i.e. uptake was apparently not linear with tiwme,

Evidence is presented in Sectlon III to suggest that ldc«Z—ABA is
metaboliced in leaf tilssue to othexr radiocactive compounds. Indirect
evidence presented here suggests, however, that radiocactivity is taken
up from solution by the leaf discs as léc«ZmABAu Samples taken £rom
_radicactive solutions after completion of the_incubation nericed, chromato-
graphed on paper strips developed in isopropanol:ammondaswater (8:1:1)
indlcated that the distrxibutlon of radloactlvity coincided with that of
stock samplaes of léC*ABA. Although conclusive evidence would depend
on similar chromatographic checks in a number of other solvent systems,
it is considered that there was no significant breakdown of 14C—ABA in
the incubation solutlons (Table 27).

{(h) The use of hvamine hydroxide

The results of experiments on the uptake and metabolism of 14C~ ~

labelled isotopes may be confounded by loss of radloactivity as lécozx
further complexity can also arise during experiments carzied out using
aercbic and anaerobic conditions. An estimate of such losses when

using 14C"ABA and 14c~sucrose solutions was obtained by txapping 14CO

2
from these solutions by hyamine hydrouide; this was then analyzed by

scintillation spectrometxy. Initlally, it was necessary to determine
4 / 4
1'002 from 140-ABA and l“C--sucrose

golutions per se under anaercbic and aercbic conditions, i.e. in the

how much radicactivity was lost as

abgsence of leaf tissue. Dishes, 5 om in diameter containing 10 mls

4
of 14C~ABA (0.15 uCi) ox l'c~sucrose (1.0 uci) were incubated for 9 hours

in alxr or nitrogen (see Materials and Methods). Any 14002 produced was
trapped by passage through 40 mis of hyamine hydroxide and the radio-

activity was subsequently assesged.

Significant amounts of radloactivity were detected in hyamine
hydroxide solutlons as a yesult of incubation with 14C—ABA and 14C—sucrose,
although these amounts remained relatively small compared to the total
radioactivity in the incubation solutions (Table 28). In all 3 experiments,
mnove radicactivity was detected in hyamine hydroxide solutions vesulting

from incubation of sucrose solution in seycobie conditions than In anaexcbic
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conditiong. Similaxly, hyamine hydrounlde derived f£ircm 14CwABA solutlon
contained move vadloactivity from aly incubations than from nityogen

incubations in 2 trials out of 3.

The values for radloactivity in hyamine hydroxide solutions reported
in Table 28 have been used in calculating the estimates of total radio-

activity shown in Tables 29 and 30.

(¢) The uptake of 14C“ABA by senescing radish leaf

dlscs ln nitrogen ox ailx

Having established that 14C~ABA uptake was at a maximum in radish
leaf discs aged in wateyr for 1 to 2 days and that uptake into more senes-
cent. tissue progresgsively declined (Table 26), it was logical to examine
whether or not this uptake pattern was a function of changes in the amount
of aeroble uptake of the radloactive compound, This can be considered
by determmnining the uptake of 14C~ABA by pre-aged leaf dlscs in nilitrogen
or aixr ln oxder to estimate the contribution of aerobic metabolism to
active uptake, After 1 hour pre~incubation in water under aexoblc ox
anaercbic condltions, disces aged for O to 6 days were transferred for
8 hours 0 14C*ABA, then extracted in methanol and the radlcactivity
mnonlitored (Table 29). Estimates of the radloactivity in hyamine
hydvoxide solutions are algsoe presented, which after subtraction of the
values reported in experiment II(h) Ffor the loss of radloactivity by
the solutions alone ("solution background") have been added as radio-~
activity pver replicate to the radiocactivity detected in methaneolic
extracts of the leaf discs, The experiment was repeated twice,

As reported in experiment IX(a), uptake of 14CMABA under aeroblc

condltlions by leaf dises pre-aged in water for O to 6 days was at a
maxlmom at L to 2 days after excision, therveafter declining steadily.
(Table 29). Leaf dises Incubated in l4C-~ABA under anaerobic conditions
shoved a much lowey level of uptake of the radioactive compound and
there were no consistent changes in uptake for discs at different stages
of senescence, Some radiocactivity was lost as 14CD? from the discs
(beyond that lost by the incuvbation solutlon ggglgg): but this at no
time exceeded 0.65% of the original radioactivity in the incubation
solution, The levels of xadloactivity detectable in hvamine hydroxide
solutions did not necessarlily correlate with the amount of the radio-
activlity in the methanolic extracits; for example, vadioactivity in the
hyamine hydroxide solution fox air treatment was highest at O days and
then declined whereas radiocactivlity in the methanolic extracts was at a

maximum at 1 day.
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(@) The uptake of l4c~sucrose by senescing radlsh

leaf disces in nitrogen o aly

In expeviments IT{a) and IX(e), characterlistlc patterns of 14CwABA
uptake by leaf discs at different stages of senescence have been observed.
It is not clear, howevex, to what extent these patterns reflect changes
in the rate of cell metabolism and to what exteng they ave specifically
charactevistic of the uptake of ABA, Uptake of léc—ABA has therefore
been compared with that of 14C»sucrose, a compound known to be very
xeactive in cell metabolism. Leatf discs, pre-aged in water for O to
6 days, were incubated in 140~sucrosa under nitrogen oy alyr as described

abovea, The experiment was carried out 3 times with similay resulis.

The data for radicactivity in the hyamine hydroxlde and methanollc
fractions have bheen calculated as desecrxibed above. In Freshly axcised
diges (0 days), anaevobic conditiong reduced the level of radloactivity
in methanolic extracts hy 75% compared to the level in extracts'derived
from aly trxeatments (Table 30). After pre-ageing in watexr for 1 day,
however, there was a sharp xise Iln the radicactivity of both nitrogen
and alr treated discs. The data suggest that although the rise in
radioactivity was greater in nitrogen treated discs, anaerobic conditions
8till reduced somwhat the radioactlvity in this fraction relative to alr
treatment. After 1 day there was no fuwther signlficant change in
rvadioactivity detected in the methanolic extracts, either in alr ox in
niltrogen. Examination of the data for radiocactivity present in hyamine
hydroxide solution, however, wevealed a different pattexn; in both
nitrogen and alx treatments, the level of radloactivity rose consistently
to 5 days and then fell sharply. Radicactivity in the hyamine hydroxilide
fractions wag at all times héégégfin the aliquoits fxom nitrogen treatments
than those from aly traeatments. When figures for the uptake of radio-
activity £rom l4cnsucrosa solutions (methanolic extracts + hyamine
hydroxide solutions) are compared it is apparent that uptake rose steadily
to 5 days in alyr treatments and then fell sharply, whereas in nitrogen
treatments there was a sharp increase at 1 day with maximum uptake occurx-
ing at 5 days. At no time did the total uptake of radiocactivity in

nitrogen exceed that in alwx.
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SECTION FII : THE METABOLISM OF ABA

If ABA ls involved in the control of leaf senescence, or indeed
othexr developmental processes in plants, it 1s necessary to postulate
a mechanism by which the levels of ABA itself are regulated. Studies
of the metabolism of ABA in relation to senescence processes may yileld
valuable information about such a mechanism, Further, in Section II(a)
described above, characteristic patterns of upteke of l4c~ABA have been
abserved. It i3 not yet cleayr, however, whether the radlocactivity
asgessed stlll exists asg léCwABA per se ox, alternatively, whether the
radioactive hormone has been metabolised to other components. In
this seotion, therefore, the metabolism of radiecactive ABA by leaf tissues

is cexamined.

(a) Chromatography of 14CwABA supplied to leaf discs

Surface~sterilised leaf discs of radish were pre—-aged for 0 to
6 days, as before; lncubated for 24 hours in 10-6M lQCmABA and then ex-
tracted in 80% methancol in orxdey to determine the proportion of radlo-

activity still co~chromatographing with 14C-AEA. ‘

Pigure 17(a) to (d) indlcates the perdentage distyibution of radio-
activity along paper and thin-layer chromatograms developed in onae of
the 4 solvent systems desorlbed in Matexrials and Methods. Each set
of chromatograms was developed with a marker of pure lacthA. The

experiment was carried out 3 times.

bxtracts of discs chromatographed in butanol:isopropanol:ammonia:
water (2:6:1:2) apparently consistently contained a peak of radicactivity
at RE 0.6 to 0.7, which was thus less wmobile than l4C~ABA iteelf, ocourring
at R 0.75 to 0.85 (Figure 17(a)). Between O and 4 days, there was
little variation in the relative amount of radloactivity present in the
less mobile peak, but at 5 and 6 days, the relative size of this peak
was reduced. A further minor peak of vadloactivity may ocour at

RE 0.4 to 0.5.

Slmilarly, methanolic extracts chromatographed on paper strips
in butanol:acetic acid:water (5:1:2.2) contained 2 paaks of radioactivity;
one ocourred at RE Q.85 to 0.95, co-chromatographing with marker spots of
lécmABA and thus was congistently more mobile than the second peal at
RE 0.7 to 0.8, The relative level of this peak did not vary greatly

with the length of pre-ageing of the discs (Figure 17(b}}.

Figure 17(c) 1llustrates the distribution of radioactivity on thin
layer chromatograms developed in benzene:acetic acid (50:20). About:

25% of the radicactivity remained at the origin, irrespective of the
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Figure 17,

Chromatography of methanolic extracts of . ',
. _ A .
radish leaf discs supplied with l“CmABA' .

for 24 hours.

(a) Butanol:lsopropanol:ammoniaswater (2:6:1:2)
(b) Butanol:acetic acid:vater (S:l:Z.Z)
(c) Benzene:acetic acid (50:20)

(d) Chlorofbrg:methénol:watef‘(75:22:3)
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Flgure 18,

Chrcmatography of methanolic extracts of
radish leaf discs supplied with 14C-ABA fox
24 houxs and analyzed by radiochromatbgram

gecanning.

Chloroformmethanolivater (75:22:3),
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stage of senescence, and was thus distinct from 14C~ABA, vhich wag more
mobile and occurred at RFf 0.3 to 0.5. It is of note that the level of
radioactivity remained high between these peaks (l.e. in the region
RE 0.1 to 0.3).

Three peaks of radloactivity were present in methanollc extracts
developed on thinstlayer plates in chlorofomm:methanol:water (75:22:3).
One peak remained at the origin (Rf O to 0.1) and contained about 10%.
of the total radiocactiviiy on the chromatogram Ffor all pre-ageing perliods,
except 6 days (Figuve 17(d)). The second peak occurred at Rf 0.2 o 0.3 or
0.3 to 0.4, and contained up to 20% of the total radioactivity, although
this proportion varied somevhat with the length of pre-ageing. The
third peak of radiocactivity is presumed to be 14C~RBA, although there was
not always exact correspondence between the position of this peak and

the peak of 14C~ABA markers (see also Section III{e)).

The typical distribution of radicactivity in thin-laver chromato-
grams, analyzed by use of a Panax radiochromatogram scanner, after
development. in chloroform:methanol:water (75:22:3), are presented in
Pigure 18. These data show that the apparent peaks of radioactivity
observed by scintillation analysls of chrematograms cut into Rf ox % RE

zones do, Iin fact, represent discrete areas of radioactivity.

In conclugion, therefore, exogenous radioactive ABA is metabolised
within 24 hours of exposure to leaf tissue. S

A
(b) The effect of antiblotic treatiment on the metabolism of l“C—ABA

and on the loss of chlorophvll from leaf discs

140—ABA molecule,

It is conceivable that the apparent changes of the
Implicit in the dats presented in Section IXIL(a) . were due to the action
of contominating microbial organisms and were thus not a function of the
leaf tissue per se. It was thaerefore important to determine whether or
not 14C-ABA was still metabolised when the growth of any nicrobial
organisms present was chemigally controlled. Accordingly, mycostatin
and chloramphenicol were added both to the incubation solutions, used
for preageing the discs, and to the 1QC—ABA solution. Discs, pre-aged
for 0, 1 and 6 days in water, were transferzed to 14C—RBA for 8 hours
and methanolic extracts of the discs were subsequently chromatographed
on thin-layer plates in chloroform:methanol:water (75:22:3) and the
distribution of radioactivity analyzed. In addition, leaf discs incubated
with the antiblotics were extracted for chlorophyll as a measure of the
effect of the antiblotics on senescence. This experiment was repeated

3 times.
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Figure 19.

Chromatography of methanolic extracts of radish
14 .
leaf discs supplied with™ C~ABA in the presence

and absence of antibiotics:

Chloroform:methanol:water (75:22:3) .



Distribution  of  radioactivity

')

-~
o]

¢

Distilled  H,O

40
1 day 2 days 6 days
30 3813 o 5052 . p» 1808 . pm
[]
20 i
frmey
10 -
o 1 0 L ')
Antibiotic  treatment
40
1 day 2 days | 6 days
30 3561 cpm 3348 (pm 810 ¢cpm
—
20 L[
10
0 il l” l l
0 02 04 06 08 10 C 0204 06 08 110
50 “C-ABA
2639 [
40 ] cpm
30
20 -
10
o 1 m!

O 02 04 06 08 10

Rf zone



°
Table 31, The effects of mycostatin and chloyamphendicol
DI
on chlorophvlil levelg %f radish leaf diacs.
tength of ilncubation (daYs)
Frash 1 2 6
Distilled Hzo 0.244 0.229 0. 189 0.071
( Q.008) (+ 0.009) (X 0.012) {(x 0.014)
Mycostatin 1 0.208 0.194 0.075
(0.05 ug. ml 7) {+ 0.003) {(x 0.010) ( 0.012)
Chl°ramph@fi°°l 0.216 0.190 0.054
(50 pug. ml ) ( 0.,010) (3 0.016) (* 0.017)
Mycostatin + 0.217 0.189 0.055
Chlorxamphenicol (+ 0,005 (*+ 0.013) (+ 0,011)
Table 32, Distribution of radioactivity in the partition phases
from extracts of leaf discs incubated in l4C~ABA.
3 of radlo~-
Stage pH Phase activity
{152,000 cpm)
Befoxe partltion 1 8.0 Aqueous 100
After partition 1 8.0 " 99.5
Ether 0.5
After partition 2 7.0 Agueous 99.7
Gtheay 0.3
After pavtition 3 3.0 Aguaous 76.3
Ethexr 0
Afcer partition 4 3.0 Pat, Ether 0
Agueous 100

Table 33,

Digtribution of radiocactlvity in chromatograms of

acldic agueous and ether Ffractlons.

L1LO

% NDistribution of radloactivity in 10 egual zZones

Total
0 1 2 3 4 5 6 7 8 9 cpm
Acldlc 13.1 20.4 21.0 24.5 11.3 1.7 3.5 3.5 1,0 O 107.0
agueous
Acidic 0.2 0.4 1.0 1.6 9.9 1.1 0.8 24.5 59.7 0.6 715.4
ethex
Yo Lama 3.2 0.9 0.5 0.2 0.6 0.7 0.5 77.2 14.2 1.9 2787.0




Examination at 24 and 48 hours afier inoculation of trypticase
soybean agay plates with the pre-ageing incubation solution, followed
by ilncubation at 25°c, indicated that although the mixture of mycostatin
and chloramphenlicol did not kill all microbial organisms in the incubation
medlium, the numbers of such oxganisms were severely reduced; furthermore

the development of those organisms that were still present was delayed.

The antibilotlc treatments appeared to have little effect on chloro-
phyll loss at 1, 2 and 6 days. (Table 31),

The presence of the antibiotic mixture in the pre-ageing incubation
solutions and in the léCnABA solutlons had little apparent effect on the
metabolisn of 1écmABA in leaf dlsgs; for example, the level of the .
metabolite ocourring in Rf zone O to 0.1 was very similar in antibiotic
9nd contyol treatments (Flgure 19). There is some indication that the
level of this metabolite fell with increasing length of pre-ageing
prerlod, but there were stilll conaslderable amounts of the metabolites

anlbivbic g
prresent at 6 days. The presence of the metabeolites, however, did hppear

to inhibit the uptake of “Jc-ABA: the total radicactivity in extracts of
discs incubated in the radioactive hormone in the presence of the antl-~
biotics was lower than in extracts of disca not treated with the anti-

bioticas.

(¢) The metabolism of 14C~ABA undey anaercblc conditions

The evidence presented in Section ITI(a) indicated that a significant
proportion of the léc—ABA supplied to radish leaf discos foxr 24 hours was
metabolised to at least 2 other radiocactive substances. It was thus
of interest to determine whether this process was dependent on aerobic
matabolism oy whether the metabolism of 140—ABA could still occur in

an anaeroblc atmosphere; moveover, such an experiment might provide

additional information concerning the different patterns of uptake of 140~
ABA, observed in alr and nitrogen treatments in Section II(c). Thus,
14

leaf discs pre-aged for O to 6 days in water were incubated in ~ "C-ABA
in nitrogen or alxr for 8 hours, Methanolic extracts of the discs were
chromatographed on thin-layer plates in chlorxoform:methanol:water, prior
to analysis of the distribution of radibactivity. This experiment was
carried out twice.

Ag in earlier experiments, the total uptake of radloactivity from
14CwABA golutions was inhibited by nitwvogen treatments further, the peak
of uptake at 1 to 2 days, evident in the alr itreatment, did not occur in
nitrogen (Figure 20}. Nitrogen treatment also markedly reduced the

matabolism of 14C«ABA relative to aly treatment. In discs pre-aged
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Figure 20.

Chromatography of methanoliec extracts of |
radish leaf discs supplied with ‘3c-apa -

under aerchic and anaerobic cénditions.

(a) NitIOgén
(b} Alrx

Chloroform:methanol:water (75:22:3)
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Flgure 21. Chromatography of methanolic extracts of
14

radish leaf discs supplied with ~ C-ABA for -

perliods up to 24 hours,

(a) Freshly excised discs
(b) 1 day '
(c) 6 days

Chloroform:methanol:wvater (75:22:3)
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for longex periods (4, 5, 6 days), the nitrogen treatment apparently
4
entirely inhibited the metabolism of l*c—ABA, whereas in discs at an
earlier stage of senescence a reduced level of metabolism was detectable.

14

() Time-course for the metebolism of ~ C-ABA in radlsh leaf discs

The synthetlie relationshlp between 14CuABA and lts radloactiva
metabolic products ramains uncleay; sceveral possible synthetlce seguences
could be envisaged. It was decided to examine the relative rates of
production of the metabolites over a time-course of 24 hours. Use of
leaf diseos at different stages of senescence might also provide evidence
on posgible differences Ln metabolic capacity between green and senes-
cent. leaf tissue. Leaf discs aged for O, 1l or 6 days 1n watexr were
transferred to 14C~ABA for 2, 4, 8, 12, 18 ox' 24 hours. Methanolit
extracts of the discs were developed on chloroform:methanol:water and
the distribution of radioactivity analyzed (Figure 21). This experiment
was carvied out on 2 occasions, with a total of 10 replicate chromato-
grams f£or each treatment.,

Yoy discs pre-aged for O and 1 days, there was an appavent steady
increase with length of incubation in 14C~ABA in the level of the metab-
olite chromatographing at Rf O to 0.1, At 2 hours, the shortest
incubation used,; there was more of this metabolite present in freshly
excised discs (6.8% of the total radioactivity) than in discs pre—aged
for 1 day (3.5%); by 18 and 24 hours, however, there was litile diffex-
ence between these 2 ageing periods for the level of this metabolite.
Iittle of the metabolite chromatographing at Rf 0.2 to 0.3 was present
at 2 hours in discs pre~aged for O and 1 days; by 24 hours, however,
this zone contalned 35% of the total radiocactivity present. The
situation in discs incubated for 6 days was less clgar, but a similar
pattern of producticn of the 2 metabolites was evident. The levels of
the metabolites at 24 hours were somewhat less than in discs pre-aged

for shorter periods.

(e) Chromatographic behaviour of 14C«ABA in tissue extracts

During the couxrse of studles using the chloroform:methanol :watex
(75:22:3) system for thin-layer chromatography the chromatographic
behaviour of the more mobile components, including 140~ABA, was found
to be rather variable: on different chromatograms, developed at
different times, the major peak of radioactivity for lécmABA cccurred
in the range Rf 0.4 to 0.7, It is poggible that the presence of pig-
mented and other impurities in the extracts may contribute to the

variabllity observed by affecting the chromatographic behaviour of



Figure 22.

14

Chromatography of c-ABA added to ethanolic

extracts of radish leaf tissué.

Chloroformimethanol:watexr (75:22;3)
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a
l“cﬂABA contained in the extracts. To test this possibility, 1.95 gm

of fxresh radish leaves were extracted in ethanol to give a solution with
an abgorbance of 3.20 in 50 mls; this solution was then diluted 1, 2 and
10 times, To 5 ml allguots of the diluted solutionz, 0.1 ml of léc—ABA
was added and the whole extract was then loaded onto thin-layer plates
and developéd in chloxoform::methanol swater. Examination of the dig-
tribiation of radicactivity along the chromatograms indicated that the
presence of alcohol-soluble impurities did not appear to ianfluence the
chromatographic hehaviour of 14C~ABA {Migure 22). It can be concluded
howewver, that the pattexns of metabolism noted in previous experiments

in this Section are not a function of the methanolic extraction procedure
or of the chromatographic technlgues, since no breakdown of 14CMABA
occurred when added to extracits,

(£) The extraction and attempted ldentlfication of the products

of 14C~ABA netabolism

To enable a comparison to be made with published findings (Koshimizu
et al., 1968; Milboxvow, 1970 a, b; Tinelll et 21., 1973), the Isolation
and identification of the products of the metabolism of 14CHAEA was
attempted. A purification procedure for separating the metabolites from
the other leaf components was devised using 7 small-scale trials of 100
oxr 200 radish leaf discs, incubated in l4CwABA for 24 hours; the tech-
niques adopted here have been described in Materlals and Methods, Sectlon
I, The passage of radiecactivity through the various extraction, partition
and chromatography stages was monitored and aliquots from solutlons
shown to contaln significant levels of radioactivity were chrematographed
in order to detevmine the distribution of radioactivity. Table 32
presents the data for the passage of radiocactivity through the wvawvious
partition procedures fox one such small~scale trial. When partitloned
against diethyl ether at pH 8.0 and 7.0successively, very nearly a1l the
vadicactivity remained in the agueous fractions, which had been derived
from reduction of the original 20% methanolic extract. When partitioned
against ethexr at pH 3.0, howeveyr, the majority of the yadloactivity then
passed into the ether fraction and this mainly co-chromatographed with
14C---ABA when developed on thin-layer plates in chlorofoxm:methanol:water.
The radloactivity remaining in the aguecus fraction remained closer to the
orlgin than did 14C«ABA and was distributed in the R zone 0 to 0.4 (Table

33),

After adjusting the pH of the agueous fraction to 7.0 and reducing the
fraction to dxyness, a portion of the extract was re-dissolved in a small

volume of 30% acetone and applied to the top of a charcoal-celite column
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(Matexrlals and Methods, paragraph 11) and eluted in increasing concen-
trations of acetone. In the small-scale trials, all the resulting
fractions vere reducved to dryness and analyzed for radiocactlvity, one

fraction representing the drops collected in 1 1/3 hours.

The distribution of radlocactivity between the fractions collected
from a typical column loaded with an extract from the leaf discs orx
with 14C~ABA is shown Iin Table 34; the fractlions have been grouped into
tens for convenlence of presentation. There was some varlation between
dlfferent columns in the elutlion characteristlcs fox the wvarious fractions,
but in general little radiocactivity was eluted by 30% or 50% acetone;
rather, the radioactive components of tissue extracts tended to he eluted
in 2 partially scparated fractiong by 70% and 100% acetone. In the small-
scale trials, most of the impurities in the extracts were adsorbed by
the column; in large-scale feeding experiments, however, it was necessaxy
to increase the amount of adsorbent and hence the size of the golumn in
order to lmprove the purification properties of the systen. Tittle 14C—
ABA was eluted firom the smaller columns except by 100% acetone and even
at this concentration less than half of the original radioactivity could
be recovered. It would thus appear probable that any ABA remaining in
extracis after the partition procedures would tend to be adsorbed by the
chaxcoal or to be eluted in later fractions than the metabolites.
Chromatographic checks of column fractions containing signifilcant amounts
of radioactivity indlcated little contamination by residual 14C~ABA.
The Rf values of the radleoactive compounds that were present corresponded

with those of the metabolites noted in earlier experiments (Pable 35).

-In oxdexr to extract sufficient metabolites for identification by
mass spectrometyy, 1t was consldered necessary to use larger quantities
of leaf material than was employed in the small-scale txrlals described
ahove, Thus, in 3 trilals, approximately 5000 leaf dimcs were punched
and then lncubated as before, in lO—SM BBA. Several hundred discs wexe
alse incubated in 10_6M 14C~EBA in order to obtain radioactive metabolites
to act as markers during extractlon. After 24 houxs incubation, the
discs were extracted and partitioned as before and ithen passed through the
charcoal~celite chromatography system, before belng purified further by
thin~layer and paper chromatography. The purified extracts were dexiv-
atlsed by acylatlon or methylation (Materlals and Methods, paragraph 11),
and then analyzed by GLC and GC~MS, Although all peaks present on GLC
traces were scanned by mass spectrometry, no ions were detected corres-—
ponding to those observed Ln other studies of known ABA metabolites.

In additlon, no other lons wewve detected as oceurring consistently.



Table 34, Digtribution of radloactivity of eluted

fractlions fyrom a charcoal-celite column.

Disc extract 140~ABA
Change of 3 of cpm Change of % of
acetone acagtone
concentration concentration
1-10 30% 0.7 30% o
11-20 0.3 0.8
‘é 21~30 0 0.3
'g 3140 50% at 32 0.2 1.1
lg 41-50 70% at 48 0.1 0.2
8 51-60 0.1 50% ai: 59 1.1
B 6170 12.4 0.8
B 71-80 16.1 2.5
& 8190 5.6 0.8
g 91-100 15,7 1.6
E 101-110 100% ai 103 28,5 4.7
®  111-120 18.6 4.4
g 121-130 0.7 1.1
s 131-140 o] 1.7
W 141-150 0 1.3
@ 151160 705 at 153 4,2
161~170 6.8
171-280 12.2
181-~1%0 100% at 184 16.2
191~200 41,0
Total radio-
actlvity 38,000 gpm 1260 cpm

recovered

113
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(g) Feeding of partially purified metabolites to leaf discs

The synthetic relationships between ABA and its metabolic products
remains wnclear. Valuable information on these rvelatlonships might be
obtained by treating leaf discs with extracts of the metabollites and
examining any consequent changes in the chromatographic distribution of
radloactivity. Thus several hundred radish leaf discs were incubated
in 14CaABA for 24 hours and the radioactive metabolic products extracted
by the partitlon procedures described above and then furthexr purified
by thin-layer and paper chromatography. It was evident, however, that
aome ilmpurities vemained in the eluates from the chromatograms; furthex
purification was not attempted, however, due to the loss of radiocactivity

which would be invelved,

Dried extracts of the radioactive fractions were dissolved ln 10 ml
of water, and 4 zadish leaf discs were incubated in this sdlution for
8 hours in the dark. The disos were then extracted in methanol -and,
together with 0.1 ml of the incubation solution as a marker, were developed

in chlorvoformsmethanol :watexr.

Analysis of the distributlon of radloactivity indicated litile
dlifference between the incubation solutions and the methanollc extracts
for Fractions I and II (Table 36). For fraction III, however, the
radloactivity of the incubation solutlon co-chromatographed with lﬁc-

ABA, whereas the radiocactivity of the methanolic extract occurred in

the Rf zone 0.3 - 0.5, thus co~chromatographing with the radioactivity

in fraction II. Posglbly, fraction IIT consilsted of 14CwABA which ha&
passed through the partition procedures; altcernatively, it may have
reprasented léC—ABA which had arisen by reversion of one of the metabolite
Eractlons, The level of radloactivity in the extract was vexry low,

however.

{h) 7The metabolism of 14C—ABA in vhole leaves of radish

The results of expeviments reported above (L(Jj) and (k)} indicated
that the uptake and lncorporation of protein precursors appeared to occur
mainly_zig the cut edge of radlsh leaf discs. it is thus concelvable
that the metabollsm of 14CwABA, ochsexrved In leaf dlscs in previous
experiments, i a rvesult of wounding effects at the disc edge. Iin oxder

to lunvestlgate whether ginllar patterns of metabolism of 14C~ABA could

alse occuxr in whole leaves of vadish, 14

C~ABA was supplied via the cut
surface of the petlole to thixd leaves of radilsh, detached at weekly
intervals from the time of 3zd leaf emergence approximately 5 weeks

afver planting, until abscizsion. Methanolic extracts of these leaves



Flguve 23.

Chromatography of methanolic extracts of whole
leaves of radish supplied with 14C-ABA.

Chloroform:methanol:water (75?22:3)
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Table 37, Fresh weight and chlorophvll content of third

leaves of radish from the time of leaf emergence

Week Fresh weight Absorbance Chlorophyll
{gm) 65 nm Fresh wt.
{50 ml)
1 0.098 0.145 1.48
2 0.472 0.655 1.39
3 0.358 0.447 1.25
4 0.334 0. 201 0.60
5 0.232 0,088 0.38

Table 38, Circular dichroism determinations (Y 262.5 nm)

of the level of endogenous ABA in primayxy leaves of bean at

2 stages of development.

Total batch ‘ Concentration
size (kq) of ABRA
(ug Xg™t Fowt.,)

2 weeks 3.09 0.7

5 weeks 3.14 5.5

N.B. only one detemmination for each age.
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were developed on thin-layewr chromatograms in chloroformsmethanol:water
and the distribution of radloactiviiy analyzed, The experiment was

carried out 3 times,

Weekly fresh welght and chloxophyll analyses of batches of 5
randomly selected leaves Indicated that the third leaf attained maxi@um
gize and chlorophyll content at week 2, after which time both declined
untll abscission (Table 37). The loss in fresh weight in weeks 3 to 5
was probably attributable to vaviation between semples; examination of
chloxrophylls fresh weight ratios indicate that ohloxophyll values still
fell durxing this period vhen corrected for welght differences (L.2.,

senegcence was apparently occurring).

Some metabolism of l4CwABA occurred at week 1 (i.e. just after leaf
emergence) as indicated by the presence of small peaks of radloactivity
at Rf 0 to 0.1 and 0.3 to 0.5 (figure 23), An increased level of
metaboligm occurred at week 2 (Rf 0.3 to 0.4) and week 3 (Rf 0 to 0.1),

belfiore declining somewhat in weeks 4 and 5.
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SECTION IV : THE EXTRACTION OF ENDOGENOUS ABA

Tf ABA is involved in the regulatlion of the natural senescence of
leaves, then changes in the level of endogenous ABA during leaf develop-
ment might be important in regulating the onset and/or the rate of
SENesSCence. Although ABA can apparently stimulate the senescence of
leaf tissue, no detalled studies appear to have been made of any changes
in the level of ARA during leaf development, based on critical identif-
lcation and measurement of the hormone (as opposed to examination of
changes in the biologleoal activity of ABAulike inhibitors). In this
study therefore guantitative determinations have been made of the endo- =
genous ABA present in leaf tissue at various stages of development betweeﬁ
the phases of rapid expansion and abscigsion. For this gtudy, it was
declded to use the primary leaves of the dwarf French bean, Phaseolus
vulgaris: unlform plants of this specles could be readily obtained
within 14 to 35 days from planting, whereas comparable experiments using
radish would take up to 10 weeks. Moreover, the tissue vield on a per

leaf basis is greater in bean than in radish.

() The extraction of endogencus ABA using extraction method 1

Preliminayry experiments, attempting to demonstrate the presence of
ABA in extracts of the primaxy leaves from batches of approximately 200
bean plants, were carrled out using method 1, outlinedin Materilals and
Methoeds, Sectlon 8, and adapted after Lenton et al. (1971). No ABA
could be detected by this means, however, even though a significant .
portion of the 14C»ABA added at the beginning of the extractioﬁ procedures
could be recovered after the various purification procedures. The
fallure to detect any endogenous ARA in the leaves may have been due to a
very low level of the hormone in the tilsaue. Thus larger batches of
tissue might permit a demonstration of the presence of the hormone.
Accoxdingly, a preliminary trial was carried out using 2 batches of approx~
imately 3000 bean plants each, grown at a denslty of about 500 plants per
m2 in soil plots in a greenhouse, The primary leaves of one batch of
plants were harvested and extracted 2 weeks after sowing, i.e. during the
period of rapid leaf expansilon. The second batch wasg harvested and
extracted at 5 weeks, i.e. when the leaves were yellowing, shoxrtly prior

to abascission.

The levels of endogenous ABA ag determined by circulaxr dichrolem

analysis arxe presented in Table 38,
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(b) The extraction of endogenous ABA using extraction method 2

Although endogencuns ABA was successfully extracted from bean leaves
in the trials outlined above, these procedures required large quantitles
of leaf material which presented conslderable practical problems, both
in the growth of plant material and in the suvbsequent extraction and
purification techniques. Hence, for more detailed studies than those
descxibed in Section IV(a) above, the techniques of Browning et al. (1978)
and Good (pers. comm.) were adapted foxr the extraction of endogenous ABA
Exom the primary leaves of batches of approximately 500 bean plants.
Circular dighrolsm determlinations of ABA levels in bean leaves haxvested
from plants at vavious stages of development are presented in Figure 24,
together with chlorophyll:fresh welght values. No consistent pattern
of changes in the level of endogenous ABA (ug. Kgﬁl fresh welght) with
leaf age was chservable., Most extracts contained between O and 6 ug.
Kgnl of ABA, although several extracts contained amounts of ABA consid-
erably in excess of this range. Chlorophyll levels, corrected foxr
dlfferences in welght between the different samples were at a maximum

at 18 days and then declined as the leaves senesced.

A typical trace from circular dichroism determinations is presented
in Figure 25, iLillustrating the positive extremum at 262.5 nm and the

nagative extremum at approximately 230 nm,

(c) nRnalysis of development of primary leaves of bean

In order to determine the stage of development of the primary leaves
at the various stages after planting, a batch of 20 bean plants was
selected at random from 500 plants at 10 days after planting and the
changes in area and length assessed (Figure 26). In addition, on alter-
nate days, batches of 12 randomly selected plants were assessed foxr chloro-
phyll and fresh welght values (Figure 26). The data presented represent
one trial out of three carried out. Between 10 and 17 days, there was a
pexiod of rapld increase both in length and in area of the leaves,
reaching a maximum at 20 to 21 days for leaf avea and 22 days for leaf
length. The subseguent decline in leaf area is probably largely attrib-
utable to necrosis at the edge of some of the leaves ag they senesced,
Chlorophyll levels were at a mazimum at 12 to 14 days and then subsequently
declined sharply. The values for chlorophyll:fresh weight ratlos declined
from 10 days and from 16 days, the rate of decline closely followed that
of chlorophyll (i.e. the fluctuations, observed in chlorophyll levels
during the period of decline, were attributable to variation in sample

slze).



Figure 24.

Endogenous ABA extracted fromAprimary leaves of
bean and chlorophyll:fresh welght levels at

various stages of development.
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Iigure 26. Analysls of the development of'pr:i.mary leaves

of# bean by length, area, chl_orophyil and fxesh.
velght detexminations.
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(d) Detexmination of the effloiency of recovexy of lgC»AEA added

to plant extracts

The levels of endogencus ABA detected in most of the extracts
detected above in Section IV(b) are conslderably lower than those zeported
for plant tissues 1n genexal (Milboxrow, 1968) and for primary leaves
of bean in particular (Osborne et al., 1972). Thig apparent discrepancy
may be attributable to the losses of endogenous ABA assoclated with the
extraction and purification procedures adopted herve. Acgordingly, in
oxder to detemmine the efficlency of recovery by extraction method 2,

10 m1 aliquots of 140,000 cpm of 1"4{:‘-«2-«2%13;; were added Lo 2 extracts
after the initlal infiltration stages (l.e. prior to the first partlition
stage) . Small allquots were then vemoved from each phase after each
partition stage and from chromatography eluates, dvied and subjected'to
radioassay (Table 39).

The data indicate that considerable losses of 14C—ABA oaouxr both
Guring the partitlon and the chromatography stages of purification.
Indeed, if these values are assumed to correspond to the extraction
efflciency for endogenous ABA by this method, then the values obtained
by circulay dichroism determinations may represent approximately a 12-
fold under—-estimate. The data in Figure 24 have been corvected to
allow for losses during puvification and are presented in Table 40.
Obvioualy, these corrected data do not altexr the conalusions made in
Sectlon IV(b).

ga) A preliminayxy comparison of the endogenoug ABA present in wililted

and non-wilted bean leaf tissue.

The presence of ABA in prlmary leaves of bean has been confirmed
and little consistent change in the level of ABA duwing leaf development
and senesgence could be detacted (Section IV(b)). Published evidence,
howeveyr, indicates that the level of endogenous ABA in leaf tissue can
rise due to increased synthesis in response to environmental stress (see,
for instance,Wright and Wiron, 1970; Zeevaart, 1971). It was therefore
of interest to determine whether ABA levels could increase in response
to water stress in bean leaf tissue in which senescence had already
apparently started. Hence, a batch of 500 bean plants was divided
approximately into half, 25 days after planting. Water was then with-
held from one half for 3 days while the nommal watering regime was main-
tained for the othexr half. After this time, when the unwatered plants
weve severely wilted, the primary leaves were harvestéd and extracted in

the normal way (Materials and Methods, Section 8).




Table 39.

L3I0

Recovery of radicactivity fyrom extracts of

baean leaf tigsue

Extraction pH Phase % of radio- % of oxiginal
stage activity at radioactivity
each stage {140,000 cpm)
Aftexr CH?Cl2 ¥
partition 1 4.0 ’ .
Aqueaous h
After CH,CL W
partition 2 8.0 Aqieous w
Aftey Pet. ethexr o
partition 3 8.0 Agueous 100
After Ethyl acetate 12.9
partlition 4 8.0 Agueous 87.1
After 3.0 Ethyl acetate 100 53.2
partition ° Aqueous 0
After methyl-
and chroma- 8.2
tegraphy
* No data available singe CH,Cl, samples

2

too heavlily quenched.

2

Data are presented as the mean of duplicate trials,

Table 40.

Endogenous ABA levels coxrected for losses

during extraction

Concentration of ABA (ug kag~i ¥, wi,)

Repllcate 14 i8 21 25 31 35
days days days days days days
1 42.4  37.9 121.0 11l.3 20.6 38.1
2 , 579.7 195.2 21,0 9.2 55.2 23.7
3 52.2 0 61.5 35.3 12.7
4 34,0 26,0
5 37.4 154.0
6 32.9




Table 41, Clrculaxr dichwoism determinatlions of endogenous

ABA in wllted and non-wilted bean leaf tissue

Concentration Corrected Chlorophyll
of ABA ABA values Fresh weight

(Mg kg“l f.wit.) (ug kg“l F.wi)

ratio

Wilted 95,7 * 1167.7 2, L7%

Mon-wilted 6.6 * 81.0 9, Lddew

¥ One determination only for each treatment.,

% Detexmined from wandom batches of 6 plants for each treatment.

Table 42, Approzimate size of plastoglobuli from sections of

water~aged and ABA~aged radish leaf tissue.

$ize of plastoglobuli (um)

Length of
ageing (days) H20 ABA
Fresh 0.10 (+ 0.01)
1 0.22 (£ 0.03) 0,42 (£ 0.02)
2 0,10 (£ 0.002) 0.14 (X 0.01)

6 0.28 ( 0.03) 0.32 (t 0.02)
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The wilted leaveg contained approyimately 14 times more ABA than
the non-wilted leaves, calculated on a fresh welght basis (Table 41).
The wilting treatment did not apparently affect chlorophyll levels

calculated on a fresh welcght basis.




133

SECTION V : ULTRA~STRUCTURAL STUDIES OF SENESCING LEAF TISSUR

The appavently ancmalous pattern of chlorophyll loss fyom ABA~
treated leaf dlscs has been described in Section I. In addition, the
texture of discs aged in water was noted to differ from those aged in
ABA., Raports of ultra-structural studies of the effect of ABA on the
pattern of leaf senescence, however, are rather limited (Mittelheuser
and Van Steveninck, 1971 a, b). It was thus of interest to examine the
fine structural changes ocourring in radish leaf discs during ageing in
ABA and to compare those changas with-the situation in fresh green leaf
materlial, in discs aged in water and ln naturally senescent, yellowed

leaf materlal,

(a) Ireshly exclgsed leaf tissue

Leaf discs were excised as before from inter-veinal reglons of
mature green leaves and seguents for examination by electron mlcroscopy were
selected from the central area of the discs in order to avold any wounded
tissue at the edges. Desplte these precautions, however, examination of
the 260 plates produced revealed cpnsiderable variation wlithin any one
treatment, even in freshly encised tissue. In particulaxr, 2 types of
cell were observed in the sections. One cell type, probably occurring
in small vascular bundles, was densely packed with a relatively large
nucleus and a lavge number of mitochondria and was characterised by a
low level of vacuolation (Plates 1, 2). These cells typlcally had
relatively few chloroplasts and were conslderably smaller than the
second type of cell which showed characteristics thought to be more
typlcal of leaf mesbphyll cells. In these cells, there was generally
a single large vacuole, with the cytoplasm confined to a relatively
thin peripheral layer adjacent to the plasmalemma. The elliptical
chloroplasts were contained within the cytoplasmic strip with their long
axis and stromal thylakolds parallel to the plasmalemma and the cell
wall (Plate 3). Starch grains were sometimes present, sltuated between
the thylakolds, but no more than 2 grains per chloroplast were observed
(Plate 4). Starch grains were not detected in any aged tissue, Stacks
of thylakoids arvanged into grana were present in the chloroplasts
(Plates 3, 4). A small number of plastoglobull (lipophllic vesicles.,
asmiophilic globules) were distributed throughout the c¢hloroplast stroma.
The following organelles wexe also detected in the cytoplasmic layer:-—
(1) mitochondria, oval to round in shape with intact envelopes and
irregularly arranged internal cristae (Plate 3); (i{i) the nucleus with a
distinct nuclear envelope, granular densely stalning areas, probably

corresponding o nucleoli or chromatin and nuclear pores, occasionally



134

Plate 1. Freshly excised radish leaf tisgue (G = glutar»
' aldehyde fixative) ' - ’

x 20,000

c = chloxcplast
M = mitochondria
N

= nucleus

Plate 2. Freshly excised radish leaf tiasue”(G)

X 1.5,000






Plate 3.

Plate 4,

Freshly excised radish leaf tiééue (K = Karnovsky ‘
fixative) '

x 10,000 _

Cy = cytoplasn

Gr = granum

= inter-cellular.space
= plastoglobull

stroma

< 0 W oM
]

= vacuole

Freshly excised radish leaf tissue (G)

x 40,000

Sg = starch grain
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L3

vigible (Plate 5); and (iil) isolated areas of membrancus vesicles
similay to Golgi bodies (Plate 5) ox endoplasmic retiliculum (Piate 6).

Some varlation, however, was.obServed from different sections of mesophyll
tlssue, with regard to the shape and size of the chléroplasté and éheix
position velatlve to the rest of the cell (Plates 7, 8). - In some cases
the chloroplasti envelope had been lost, apparently as part of the genexal
d.sintegration of the cell (Plate 7). Alternatively, in other cells,
gome chloreplasts, at the cell perxpherxy, were elliptical and were arranged
parallel to‘the plasnalemma, while other chloroplasts towards the centxe
of the same cell were more rounded, both in outline and in disposition

of the thylakoids; such chloxroplasis often contained irrégular areas of
lower electron denslty than the normal chloroplast stroma (Plate 8),

In these cells, geveral smaller vacuoles apparently replaced the single
large vacuole generally observed, In some cells, thexe was cevidence

that the plasmalemma had retreated from certain areas of the cqll wall,
Lagge intercellular spaces, characteristlc of mesophyll tissue, were

avident in many sections (Plates 3, 5).

(b) Tissue aged in water for 1 da&

After ageing in water for 1 day, the nuclel were still intact and
retained the densely staining arveas, observed in fresh tissue., The
mitochondria were also apparently unaffected, when compared to those
noted in freshly excised leaves (Plate 9). Some defoxmation of the
chloxoplast structure.was often evident, however. Chloroplasts were
more rounded than those seen in fresh tlssue and the thylakolds of some
chloroplasts had apparently been rearranged to follow the altered contours
of the chloroplast envelope (Plate 10). Alternatlvely the thylakoid
structure scmetimes became "bowed" within the rounded chloroplast
(Plates 10, 1l1). Granal structures were stlll present, but the slize of
the plastoglcbuli had increased (Table 42) and these were apparently
localised in those regions of the chloroplast which contalned thylakoids..
Membrane-bound areas of low electron densliy were present in the stroma
of some chloroplasts (Plates 10, 11). Some cells contained unidentifiled
vesicles, with a regular internal structure; theée weée similar in size
to mitochondria (Plate 9). A myelin-like body, apparently composed
of concentrie membranoug structures, was also present in one cell (Plate

2. Starch gralng were not observed in chlovoplasts of any section.

(¢} Tissue aged in ABA for 1 day

Chloroplasts from discs tyeated in ABA for 1 day were swollen and
clrcular in cross-section, if rather irregular, relative to fresh tissue

(Plates 12, 13). The plastoglobuld in ABA-treated tissue were somewhat



137

Plate 5. Freshly excised radish leaf tissue (K)

x 10,000
Go = Golgl body
Np = nuclear pore

Nu = nucleolar areas or chromatin

Plate 6. Freshly excised radish leaf tissue (K)

® 20,000

Er = endoplasmic reticulum
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Plate 7. Freshly excised radish leaf tissue (K)
x 10,000 | '

Cm = cytoplasmic matrix .

Plate 8. Freshly axcisgd.radish leaf tissue (K)
x 10,000

i

| : o

i A = chloroplastic area.of low-electron density
|
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ﬁlate 9. Radish leaf tissue aged for 1 day in water - (K)
x 10,000 .

1 = lomasome’ .
Mb = myelin-like body
Ub = unidentified body

Plate 10, Radish leaf tissue aged for 1 day in water (K}

x 10,000 -







Plate l1ll.

Plate 12,

Radish leaf tissue aged for 1. day in'waﬁqr (K)

x 20,000

Radish leaf tissue aged for 1 day in ABA (K)

x 10,000

CI = chloroplastic invagination

'
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larger than those noted in water-—aged tissue (Table 42). ABA tended to
reduce the thylakold structure of the chloroplasts in general and the
granal structure in particular. In addition, the orientation of the
thylakolds frequently appeared to bear little relatlon to the contours
of the chloroplast envelope. The structure and frequency of the mito-
chondyria vere apparently unaffected by ABA treatment. Invaginations,
both of the chloroplast envelope and of the plasmalemma, were occasionally
observed {Plates 12, 14). As described above, there was some varlatlion
in the degree of senescence of individual‘cells; in some casges, the
chloroplast envelope had been lost and the remaining thylakoids appeared-
to be swollen (Plate 15).

The density of staining of the plastoglobuli appearxed to vary, even

within the same chloroplast (Plate 12).

{d) TWissue aged in water for 2 davs

In scme respecits, the sectiong examined from tissue aged foxr 2
days in water appeared to be less senescent than tissue aged for only
1 day In water. There was little apparent deformation of the chloro-
plasts, or of the thylakolds which generally remained parallel to the
long axls of the chloroplasts (Plates 16, 17, 18); in addition, the
rlastoglobuli tended to be less prominent and smallex than in tissue
agaed for 1 day (Table 42), On the other hand, invaginations of the
plasmalemma were ocbserved (Plate 19); these frequently contailned small
vasicles and thus may coxrrespond to structures deslignated as lomasomes.
Moreovexr, the membrane-bound, low-density areas, previously observed
within the chloroplasts, were often present and appeared to contain
structures vesembling mitochondria (Plate 16). The structure of the
mitochondria was otherwise unaffected. In addition, electron-dense,
lipid-like globules were present in the cytoplasm of some cells (Plate
7). The nuclel and plasmalemma were apparently intact (Plate 18).
Isolated pleces of Golgl bodies were detectable and irregular membrancus
structures were present which may represent the early stages in the '

formation of myelin-like bodies (Plate 17).

(e) ‘Tlssue aged in ABA for 2 days

In leaf discs treated with ABA for 2 days, 2 alternative patterns
of senescence were detected, In scme cells, the chloroplast envelope
remained intact, although the thylakoids were in varlous stages of dis-~
organlzation (Plate 20). Some grana were present and the plastoglobuli
were prominent, 1f somewhat smallex thaﬁ those observed at 1 day (Table 42).

Nuclei with possible nucleolar areas and mitochondria with detectable
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Plate 13.

Plate 14,

.Radish leaf tissue aged for 1 day in ABA (K)

x 10,000

PI = plasmalemma invagination

Radish leaf tissue aged fof 1 day in ABA (K)

x 20,000






Plate 15.

Plate lé6.

Radish leaf tissue aged for 1 day iii ABA (K)

x 10,000

Radish leaf tissue aged for 2 days in water (K) .

x 10,000
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Plate 17.

Plate 18.

Plate 19.

Radish leaf tissue aged for 2 days in water (K)
x 20,000

CV = cytoplasmic vesicle

Radish leaf tissue aged for 2 days in water (K)

x 10,000

Radish leaf tissue aged for 2 days in wate? {G)

x 15 Q00
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- Plate 20. Radish leaf tissue aged for 2 days in ABA (G)

x 10,000

Plate 21. Radish leaf tissue aged for 2 days in ABA (G)

x 20,000
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internal cristae were discernible (Plates 20, 21). Ag in tissue aged
for 2 days in water, lipid-like, cytoplasmic globules (Plate 20) and
lrregular membranous structures were also present (Plate 21). In the
second pattern of senescencae, the chloroplasit envelope was absent,
although the thylakoids were swollen in the presumptive granal areas and
remained close together (Plates 22, 23). The plasmalemma and tonoplast
were not persistent in these cells and the remalning cellular structures,
including disintegrating mitochondria, appeared to be surrounded by a
matrix of low electron~density (Plates 22, 23). The advanced state of
celiunlar disintegration in this tissue may be related to the occasional

presence of bacteria in the intevr-cellular spaces {Plate 23).

(£) Tissue aged ln water for 6 days

Aftexr 6 days of agelng in watexr, the thylakoids, 1f still present,
were completely disoriented in most cells (Rlates 24, 25). The plagto=
globulil tended to be more prominent than at earlicr stages of ageing,
although there was some variation In the denslty of stalning of the
globules (Plates 25, 26). The chloroplast envelope genecally remalned
intact. Nuclei, with prominent densely stalning arecas and intact
nuclear envelopes, mitochondria with detectable cristae and the plasma-
lama were all still evident at this stage, Myelin=-like bodies were
also present (Plate 26). Some cells, however, retained chloroplascts
very similay to those cbserved in freshly excised tissue, iL.ec. the
chloroplasts were elliptical with thelr long axes and thylakoids parallel
to the plasmalemma. The chlovoplasts of these cells also still posgessed

definite granal structures and had few prominent plastoglobulli (Plate. 27).

{(g) Tissue aged in ABA for 6 davs

ILeaf discs aged in ABA for 6 days were in an advanced state of
degeneration, The plasmalemma and tonoplast were no longer present
and the remalns of the chlorpplasts were distributed throughout  the
cellular matrix, away from theilyr normal periphexal position in the cell
(Plate 28). The chloroplast envelope was also sbsent, although the
swollen thylakolds remalned together as membranocus masses. There were
a large number of densely staining globules present, mainly localised in
the area of the decaying thylakoids. These globules probably corrvespond
to plastoglobuli or pessibly to cytoplasmic lipid-like bodles or to a
mixture of both, No nuclei or mitochondria could be detected. Cells
of the smaller type described above (from vascular tissue) were in a

similar state of disintegration.
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Plate 22, Radish leaf tissué-aged for 2 days in ABA (K)
% 26;000

cM = cytoplaémic matxix

Plate 23, Radish leaf tissue aged for 2 days in ABA (K)

x 10,000

B = bacteria .

Plate 24, Radish leaf tissue aged for 6 days in water (G)

x 10,000
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Plate 25. Radish leaf tissue aged for 6 days in water (K) :

x 15,000

Plate 26, Radish leaf tissue aged for 6 days~;n water (G)

x 10,000
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Plate 27. Radish leaf tissue aged fé:g: 6 days in water {G) -

X 15.'000

Plate 28. Radish leaf tissue aged fox 6 dayé, in ABA (&)

x 10,000






plate 29,  Radish leaf tissue aged for 6 days in ABA (K)

X 10'000

Plate 30. Radish leaf tissue aged for 12 days in water (G)

x 15,000






Plate 31. Radish leaf tissue aged for 12 days in water (G)

x 15,000

Plate 32. Radish leaf tissue aged for 12 days in water (G)

®x 15,000

DC = disihtegrating chloroplasts
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Plate 33, Naturally senescent radish leaf tissue (G)

x 15,000

Plate 34. Naturally senaescent radish leaf tissue (G)

® 15,000
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Naturally senescent radish leaf tissue (G)






{h) Tissue aged in water foxr 12 days

After 12 days of ageing in water, all cells were degenerating;
there was some variatlon, however, in the degree and type of degeneration,
Some cells had retained the tonoplast and plasmalemma and, in these cells,
nuclei and mitochondria could be detected (Plates 30, 31), together with
chloroplasts In an advanced stalte of dlisintegration, and associated
plastoglobuli, In other cells, the plasmalemma and tonoplast were not
persistent and disintegrating chloroplasts were evident in the matrix,

resulting from vacuwolar rupture (Plate 32).

(i) Naturally senescent tissue

Cells from naturally senescent, yvellow leaf material apparently
retained a high degree of membrane integrity. The plasmalemma and
tonoplast were still present (Plates 33, 34, 35) and the peripheral
layer of cytoplasm contained intact nueclel, with densely staining aveas
and mitochondria, with discernible cristae (Plates 33, 34). Chloroplast
envelopes were detectable and the thylakoid system retalned many granal
areas, Signs of senaescence, however, were evidenced by the presenue
of large plastoglobull; some chloroplasts were also somewhat deformed
from the more noxmal elliptical shape (Plate 33). A separation between
the plasmalenma and the cell wall was evident in gsome cells and lomasome-
like structures were Ffrequently observed in the resulting gap. In an

isolated case, a large and complex myelin~like body was present (Plate ?5).



DISCUSSION

In stimulating the senescence of detached leaf tissue, ABA has
been shown to hasten the decline of chlorophyll, protein and RNA
(Beevers, 1968; Warelng et al., 1968; Colquhoun and Hillman, 1972).

In some bilolegical systems, ABA can appavently inhibit the synthesis

of RNA and proteln (Osborne, 1967:; Waveing et al., 1968, Stewart and
smith, 1972). On the other hand, ABA may be able to depress RNA and
protein metabolism through enhanced degradation of these fractlons:

ABA is known to be capable of stimulating nuclease activity (Srivastava,
1968; De Leo and Sachef, 1970, 1971), particularly ln excised tissues
(Wyen et al., 1972). Thus, ABA may enhance the decline of the RNA and
protein fractions, either by inhibition of thelr syathesils or by stim-~
ulating their degradation or both, In oxder to distinguish between
these possibilities, the pre~labelling techniques of Kuraishil (1968)

and Tavares and Kende (1970) were adapted for examining the effect of
ABA on the decline of radloactive RNA and protein in senescing radish
leaf discs. These techniques were originalry devised for distinguishing
between the possible effects of cytokinin on protein synthesis and
degradation in maintaining protein metabolism in senescing leaf tissue.
They were based on the supposition that if excgenous cytokining were
delaying protein degradation, then the rate of decline of radioactive
protein, labelled with a protein precursor before the addition of the
hormene, should be faster in control treatments than in cytokinin treat-~
ments. Alternatively, 1f the effect of the hormone were to maintain
or enhance proteln synthesis, the rate of decline of radioactivity
should be the same for radiocactlve protein in both the cytokinin and

contreol treatments,

Iin experiments examining the effect of ABA on the decline of RNA
levels, the leaf discs were pre-labelled with either 14C—B-adenine ox
146~2~uracil. 14C--aden:l.ne has been used in previous studies of the
effects of ABA on RWA metabolism (Beevers, 1968; Colguhoun and Hillman,
19272) , but is subject to the criticism that it may act ags a precursor
for DNA synthesis as well as for RNA synthesis, even though DNA synthesis
iz likely to be slight in mature leaf tissue and DNA levels have been
shoun to be relatively stable during leaf senescence (Osborne, 1962;

Shaw et al., 1965; Srivastava, 1967a). Moreover, adenine may enter
into a wide range of reactions in intermediaxy metabolism. 'The pre~
labelling experiments were therefore repeated using ldceuracil instead
of l4c~adenine. Little substantial difference was noted between experi-

ments using the 2 different precursors, however,



In agreement with previous findings (Beevers, 1968; Wareing et al.,
1968; Colguhoun and Hillman, 1972), ABA was found to stimulate the
decline in total RNA levels. In addition, during the course of a 6 day
experiment, ABA also stimulated the decline in the amount of radioactive
RNA, Thus according to the rationale of Ruraishl (1968) and Tavares
and Kende (1970), it could be concluded that ABA acted to stimulate
net RVA degradation, rather than inhibliting RNA synthesis., Closer
examination of the data, however, reveals that the amount of radioactive
RNA rose in the pexriod of 1 to 2 days'wafter completion of the 4 hour
labelling period, before declining sharply to 6 days. The increase in
the amount of radiocactive RVA was particularly marked in those treatments
which did not contain ABA; Ffurthermore, there was some evidence,

especially from the experiment using 14

C-adenine, as the precuxsor of
RNA, that the presence of the non-radioactive precursor (lzc—adenine or
120—uracil) reduced the rise in radioactive RNA during this pexried. It
could thus be concluded that the rise in radioactive RNA is due to a
perliod of continued RNA aynthesis afteyr the completion of the labelling
period and that this conld only be derived from the passage of radio-
activity in RNA f£rom the large soluble pool (the alcohol-soluble fraction)
still existing in the discs. Thus, if ABA werxe inhibiting RNA synthesis,
then the increase in radioactive RNA would, as has been cbserved hexe,

be lower in ABA~-treated discs than in discs of control treatments.
Further, an inhibitilon of RNA synthesis by ABA could also account for

the higher level radioactivity in the alcohol-soluble fraction in ABA
treatments at 1 day than in control treatments in the experiment using

a
l‘Cmadenine.

It is thus apparent that the data for the decliine in radiocactive
RNA obtained from these experiments could be interpreted as being due
to an effect of ABA either in stimulating net RNA degradation or
inhibiting net RNA synthesis, It may be signlficant, however, that
the rate of loss of radloactlve RNA, after the peak in the period of
post~labelling synthesis, was approximately similar in all treatments.
Using the original vrationale of Kuraishi (1968) and Tavares and Kende
{1970), this could be interpreted as indlcating that ABA had no net
aeffect on RNA degradation; rather, the observed differences bhetween
the itreatments may be attributable to the inhibition of RNA synthesis
during the first 2 days after labelling.

The increase in the amount of radioaciive RNA occurred even in the
presence of a lavrge excess of the appropriate non-~radicactive precursor,

included in oxder to dilute the radicactive precursor pool; this
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incorease thus represents a conslderable amount of RNA synthesis, Yet
during this periocd (i.e. L to 2 days after excision), the level of RNA
did not increase - rather, depending on the treatment the amount of RNA
elther declined or remained approximately constant. It must be concluded
therefore that the turnover of RNA during this period increased sharply.
Increases in the speclfic activity of RWA in detached senescing leaf
tissue have also been noted by Cherxy et al. (1965), Srivastava and Y
Atkin (1968) and Colquhoun and Hillman (1972). Increasaed RNA turnover
may accompany perlods of new or increased engzyme synthesis, but it is
not possible from the evidence presented here to determine whether ox
not the period of increased RNA turnover here is a direct result of
disc excision, Published evidence, however, suggests that excision of
leaf tidssues can stimulate nuclease activity (see bove, 1973), Thus,
the increased degradation of RNA, which must accompany the increase in
RNA turnover observed here, may result from an increased activity of

RN ase or other hydrolytic enzymes in the radish leaf discs, This could
occour elther through release from seguestration or through removal of aﬁ
enzymic inhlbitor or, more picbably (Dove, 1973), through de novo enzyme
synthesis. 2An increase in RNA synthesls may, in turn, result from
Increased activity of synthetic enzymes, although the possibilities of a
reduction in the repression of the genome or the removal of some other
restraint on RNA synthesis should also be considered. If de novo
synthesis of nucleases is occurring, part of the RNA synthesids may be
attributoble to the synthesis of messengers and/or other RNA components
necessary for the formatlon of these enzymes, Alternatively. the
increase in RNA synthesis may represent the synthesis of "nonsense" RNA
species, possibly as a result of wounding ox osmotic disruption due to
leaf excision. This possibility would appear to require further
investigation. It 1s known that ABA can stimulate a xrise in the
activity of gpecific nucleases, particularly in excised tissues
(Srivastava, 1968; Pletro and Sacher, 1970; Udvardy and Farkas, 1972).
Thus, Lf ABA were stimulating nuclease activity during the period '
immediately after completion of labelling, the hormone may through the
action of the engymes, effectively depress the level of radicactive RNA
detected at 1 day. Such a possibility further confounds any attempt

to analyse the effects of ABA on RNA levels.

Many of the difficulties which prevent uneguivocal determination
of the effects of ABA on the decline of radioactive RNA in the radish leaf
dig¢ system are also evident in experiments attempting to examine the
effects of ABA on the loss of protein, pre-labelled with 1'4(.“:--ll.eu<::i.ne.
Radioactive leucine has been widely used for studles in protein metabolism
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since 1t is unlikely to enter intermediary metabolism as readily as scome
other amino aclds. Radloactive leucine (140) was used as a proteln
precursor in the pre~labelling studies of Kuralshi (1968) and Tavares
and Kende (1970).

In general agreement with previons findings (Beevern,1968;
Colgquhoun and Hillman, 1972), ABA slightly stimulated the degline in
protein levels between 1 and 4 days aftex excision, although at 5 and
6 days, there was no difference between the troatments. Moxeover,

ABA stimulated the decline in radloactive protein throughout most of

the incubation pexiod; thus, according to the original rationale for
pre-labelling experiments, it might be concluded that ABA was stimulating
net protein breakdown. Unlike the experiments examlning the loss of
radicactive RNA, the amount of radiocactive protein declined £rom
immediately after completion of the labelling period, There was thus
no period of net incorporation into protein; there may, however, have
bheen some synthesis of individual enzymes (e.g. micleases} within the
general pattern of protein decline. Indeed, since the amount of
radloactlve protein was lower, between 0 and 5 days, in treatments which
contained non-radiocactive leucine than in those which did not, it may be
concluded that some synthesis of protein, and hence incorporation of
radloactivity did occur in the post-labelling period. Thus} if ABA
were inhibiting proteln synthesis elther divectly at the translational
level or indirectly through RVA synthesis (or by some other means), the
level of radloactive protein would be lower in ABA treatments than in

control treatments (l.e. as cbserved in this experiment).

The use of non~radicactive precursors of RNA and protein to minimise
any ve-incoxrporatlon of radiocactivity released after hydrolysis of radlo-
active RNA or proteiln and to reduce the passage of radioactivity from
the soluble pool into RNA or proteln was apparently only partially
effactive, ceven though the concentration of the non-radicactive compound
was 100 times greater than that of the radioactive Precursox. Possibly
the uptake of the non~radloactive compoﬂnd %2iﬂre1ative1y low; alter-
natively, the radioactive precursor may haveﬂpreferantially incorporated
as a result of isotopic discrimination during synthesis In the post-
labelling period. Tha amount of synthesis during this perlod appears to
have been paxticularly high foxr RNA; 1t is feasible therefore that a
further increase in the relatlve concentration of the non-radioactive
precursoy may have reduced the re-incorporation of the xadiocactive
molecules, It ls probable, however, that even then, these precautions

would not be totally effective in preveanting secondary incorporation,
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especially in the case of RYA. Moreover, although ne toxlce or stimul-
ating effects of the non~radloactive precursor were noted Jn chlorophyll,
protein and RNA levels were noted at the concentratlons used here, such
effects may well have beccme apparent at higher concentwations, In
thely studies of the decline of pre-labelled protein, Ruralshi (1968)

and Tavares and Kende (1970) also used 1zc~leucina to limit the tuxnover
of the radicactive molecules. In view of the evidence piresented here,
the effectiveness of such precauntions must be gquestioned, especially
since other evidence presanted by Kuraishi showed that conslderable
incorxporxation of léc~leucine cgould gtill occur 48 hours afteyr leaf

exclslon,

An altermative method for reducing the incorxporation of the radio-
agtive precursors during the post-labelling perioed is o include RYA and
protein synthesis inhibitors in the incubation medium at the same time
ag ABA, Hence, any effects of ABA in inhibiting incorporation of
radicactlvity in the post=labelling periocd will be severely reduced, if
not totally abollshed,

Actinomyain N was originally devised for use in animal cells, in
which it apperently acted by inhibiting cellulayr RNA synthegis in a
specific sclective and total manner (Reich ot al., 1963). “he compound
has subsequently baen used in nany studies in plant tissues (see, for
example, Leaver and Key, 1967; Thle and Dure, 1970). Acgiinomycin D
did not delay chlovophyll loss in contryol treatments, bul did partlially
reducge the effect of ABA. Pexrhaps the stimulation of chlorophyll loss
by ABA is dependent on the gsynthesis of new species of RWA and proteln,
@.¢g. hydrolytlc enzymes; thus, actinomycin D may xeduce the effeclt of
ABA by hlocking, at least partially, the synthesis of these components.

A similar interpretation could he applied to the effect of actinomyoin

D in reducing the decline of xadioactivity of the aleohol-soluble fraction
induced by ABA. If, as suggested latex, one effect of ABA is to Ilncrease
membzrane leakiness, this may alsc be medlated through hydrolytic enzymes;
inclusion of actinomycin D wonld then reduce the efifect of ABA on cell
menbranes and hence maintaln the level of radicactiviiy in the alcohol-
soluble fracgtion. Actincmycin D and ABA indlvidually inhibited the

early rise in radicactive RNA and, in corbination, the 2 substances
increased its subsequent decline, both relative to each substance alone
and to water contyols. This could pogssibly be interpreted as indicating
that ABA is still appavently capable of stimulating RNA logs at a time
whaen RNA synthesis is alveady apparently inhibited by actinomycin D.

Thus, ABA might be concluded to be acting on RNA degradation. This
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. intexpretation would not be substantiated, howeveyx, by the data fox
changes in total RNA level in which the effects of ABA and actinomycin D

ad)iCf va
were not apparently effectiva.

Cycloheximide is believed to inhibit the elongatlon of polypeptide
chains by blocking the transfer of amino acids from t~-RNA to polypeptide
chaing; 4its actlion may be specific for 808 ribosome complexes (Ennis
and Lubin, 1964). In the experiments xeported here, cycloheximide was

l4cmleucine into protein.

uged to lnhiblt secondary incorporation of
In gontrast to previous findings, cycloheximlide did not appear to delay
chlorophyll f£rom yadilsh leaff discs (Martin and Thimann, 1972; Spender,
1973); tissue age may be important, however, in deotevmining the nature
of the response to the inhibitor (Spencer, 1973). The effects of other
protein and RNA synthesis inhibitors on leaf senescence is also variable
and is presumably dependent on thae type of Ilnhibitor action, as well as
tissue age. (Wollgiehn and Pavthiex, 1964; Szivastava, 1967a; Paranjothy
and Wareing, 1971). Cycloheximide did, on the othexr hand, totally
abolish the effect of ABA in stimulating chlorophyll loss, an obsexvation
which could be intevpreted in the same way as the effects of actinomycin
D on ABA~induced chlorophyll loss, viz. an inhiblition of the synthesls of
hydrolytic enzymes through which the efffects of ABA may be noxmally
nadiated, Cycloheximide did not stimulate further the decline in both
total protein and radioactive protein induced by ABA alone; indeed,

the effectiveness of each substance was somevhat reduced in conbination,
Again, thils could be explained 1f the nomal actlon of ABA was Lo

stimalate synthesis of hydrolyilc enzymes,

MDMP s thought to inhibit protein synthesis by preventing the
formation of the 808 rxibosomal complex (Weeks and Baxter, 1972;
Baxtev et al., 1973). In the radish leaf disc system, this inhibitoxr
reduced the stimulation of chlorophylil loss induced by ABA. The efifects
of MDMP are thus similar o thoge observed for cycloheximide and actino~
mycln D and hence may be intexpreted in the same way. It is of interest
that cyelcohexinide and MDMP, which are belicved Lo be specific for
gytoplasmie protein gynthesis should reduce the effect of ABA in stimul-
ating chlorophyll loss, a process which ocours in the chloroplast.,
If these lnhibiltors are indead speclific for synthesis on 8038 ribosomes,
ABA effects on chlorophyll loss may be dependent on nuclear controlled
RNA protein synthesls rather ithan on ¢ontyrol by the chloroplastic genome
{(see Yoshida, 1961, 1970). ABA stimulated the loss of radiocactive protein
to a much greater extent than did MDMP, In conbination, however, the

effects of the 2 compounds were not addltive; rather, MDMP tended to
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reduce the effectlvenesz of ABA. One interpretation of this cbservation

would be that ABA was actlng to stimulate protein degradatilon,

If the use of RNA and protein synthesis inhibitors is to ald in
resolving the apparent ambigulties wesulting from the pre-labelling
experiments, the efficlency of the gynthesis inhibitors must be total
o virtually sc. Detewmminations of inhibitor efficiencies in the radish
leaf disc system lndicated that if the inhibitors yere added at the same
time as the radioactive precursor, incorporation of the precursor was
reduced, but that a conslderable percentage of the incoxporxation, relative
to control tissue, still occurred. ‘Treatment with the inhibitor 1 or 2
houxn prloxr to the addition of the radicactive precursor redueed the
level of incorporation furthey. However, even after a 2 hour lag, actino-
myoin D only reduced inc@rpcration to about 50% of the control. The
apparvent efficiency of the protein synthesis Inhibitors was somawhat
greater, but considerable incorporation stlll ccocurred even after a 2 hour
lag. It is thus prcobable that, in the pre~labelling experiments,
conslderable synthesls of proteln or RNA could occur in the post-labelling
perliod, even in tha prasence of the appropriate synthesis inhibitox. It
is feasible that the effilciency of the inhibitors may increase further
with time (l.e., beyond the 2 hour lag period used here); ABA may have‘
acted, however, to inhibit protein ox RNA synthesis before this higher
officlency ls attained. The observed increased efficiency of the
inhibiltors with time possibly vepresents the time regquired for sufficient
uptake of the inhibitor or for its actlon to be effective or both.

It ig concelvable that a considerable portion of any protein synthesis
occureing in the post-labelling period tokes place in thoe chloroplasts
this portion of synthesis will thus be unaffected by oycloheximida ox
MDMP, both of which ave apparently specific forxr 808 xibosomes,

The concentration of the inhibitors uvsed in these experiments were
the same as those used in previcus investigations (see, fox example,
Leaver and Key, 1967; Spencer, 1973; DBaxter et al., 1973). Nevexrthe-
less, the speclfldity of the inhibitors has not been demonatrated here
and thus it is possible that they had other effects in the cell, besides
the inhibltlon of protein or RNA synthesis, Notably, cycloheximide
reducad the total wptake of 14C~leuoine in the efficliency determinations
and stimulated the loss of radloactivity from the alcohol-soluble fraction
in the pre-labelling experiment. Thae effect, Lf any, of oyclcheximide
on the uptake of ABA by the discs has not been investigated. It is also
not: ¢lear whother or not oveloheximide and the otherx synthesis dnhibitors
can afffect membrane permeabllity.
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The use of inhibltors in this study ave pexhaps also subject to
the criticisn that they distort the nommal pattexn of senescence changes
in leaf disecs by altering the sequence of changes in enzyme activity;
this may further confound analysis of the effects of ABA in the senescing

systen.

The conclusions drawn from the prelabelling experwiments reported
by Kuraishi (1968) and Tavares and Kende (1970) concerning the role of
cytokining in protein metabolism should perhaps be questioned in the
light of the ambiguities discussed above. Acoordingly, thelxr experiments
vere repeated using the radish leaf disc system. Kinetin had little
effect on senescence wntil 3 days, but then delayed chlorophyll, and
Perhaps protein, loss, Kinetin had no appavent consistent effect on
the loss of radloactive protein; conseguently, although the variation
in these data is relatively high, it does not appeav that kinetin was
effective in delaying protein degradation, in this gpecies and under
the experimental conditlons employed. It should not necessarily be
assumed from this, however, that kinetin does not delay protein break-
down. Rathey, all that can be concluded from these data is that the
pre-lebelling sygten does not pewmlt an unegquivocal distinction to be
drawn between the pogsible effects of kinetin on protein synthesis ox
degradaticon. Indeed, the hypothesis. that kinetin does act to delay
protein breakdown in plant tissues, including senescing leaves, hag
been substantiated using other techniques (Atkin and Srivastava, 1969;
Trewavas, 1972; Martin and Thimann, 1972).

The possibillity that, in pre-labelling studies, incorporation of
radioactive precursors into protein or RVA does not occur through de
novo synthesls, but, rather, results from end-group addition to pre-
existing macromolecules or from exchange reactlons, is a factor appav=
ently not previously counsidered. The possible presence of more than
one amino acid pool in leaf tilssues iz a further complicating factor
(Tavares and Kende, 1970} . If amino aclide can exlst either in protein
precursor pools oy in metabolically inactive pools, then different
experimental treatments in the post-labellling perlod may affect the
gize of the proteln precursor pool, thus changing the specific activity
and Incorpoxation rate of a labelled amino acid in this pool. in
addition, different amino acid pools may exlst fozr the synthesis of
proteins wilthin the vavious cellular organelles, The peossible presence
of radicactivity in the T.C.A.~s0luble fracitlion has not been monitored,
@ither in this or in previous studles and may account for the obsexrved

discrepancies in total radiocactivity. Loss of vadioactlvity as 14002
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and 14CEH4 may also be significant.

The value of pre-labelling experiments for total protein and RNA
fractions may perhaps be guestionable. As Addicott (1970) has pointed
out, ABA-requlated senescence ig likely to involve an inhibition of
synthesis of some enzymes and an lncreased synthesis of others. Furthexr-
more, it is probable that simllar changes may be eoccurring in different
RNA fractions. Pre-lobelling studles of total fractions will only
examine the net effect of hoxmonal treatments, within which a more couplex
situation may thsrefore exist. More detailed studies of the effect of
ABA on individual fractions may yield fuxther information on the mede of
action of ABA; on the other hand, analysis may stlill be complicated by
ambiguities similay to those discussed above, particularly if ABA can
affect both synthesis and degradation of individual protein and RNA

fractions,

The experiments examining uptake of ldc—leucine by different areas
of the leaf indicate that most, 1f not all, the radiocactivity is taken
up XEE the cut edge. Fuxrther preliminavy data, not presented here,
suggests that little redistributlon of this xadioactivity oceurg within
24 hours after campletion of the labelling period (¢f Hardwick and
Woolhouse, 1968). Thus, the changes in protein and RNA metabolism
reported here for leaf discs could result from biochemical events at or
adjacent to the wounded tissue of the cult edge. It is known, for
instance, that excision of leaf tissue can promote the synthesis of
specific nucleases (see Dove, 1973) and that ethylene is frequently
produced as a result of wounding and othexr stress effects (see Pratt
and Goeschl, 1969). It was thus important to determine whether the
incorporacion of amino acids into protein was different at the edge of
the disc from othex areas of the disc. The data suggest that the
percentage incorporation of amino acids into protein did not vary sub-
stantially across the disc. It could therefore be concluded that the
observations made on protein (and hence probahly RNA) metabolism are
not a function of wounding effects. This conclusion is substantiated
by the sinilar findings of Spencevr (1973). The cbservations reporied
here do not, of course, preclude wounding effects on individual protein
components, which might not have been detected here, ov on other poptions
of cell metabolism.

Although the physlologleal effects of ABRA in excised plant tissues
have been widely studied (see, e.g., Bddicott and Lyon, 1969), these
investigatlons have not always been related to the uptake of DABA by

the tissue in question. Studies of the uptake of ABA are important
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for evaluating the timing of the physiological response where this is
boing used to study the mechanlsm of action of the hormone;  kaowledge
of the uptake of ABA are also of relevance in tlssues in which the
rapid motabolism of the hormone oy changes in membrane permeablility may

modify the effects of the hormone.

In the studies reported here of the uptake of 14C~ABA by radish
leaf discs, the uptake of the hormone inteo different regions of the
dis¢ has not been investigated. It can probably be assumed, however,
that most of the radioactivity is taken up via the cut edge of the
disg¢ -~ i.,e. in the same way as radicactive amino acids (Hardwick and
Woolhouse, 1968; Spencer, 1973; see also Expeximental, Section I(j)).

Bex (1972a) noted a declining rate of uptake of 14C~ABA with time
fram 4 hours onwards in malze coleoptiles. Similarly, the rate of
uptake of 14C«ABA by radish leaf discs tended to decline with time
duxing a 12 hour time course. By 12 hours, however, a considerable
portion of the 14C~ABA supplied to radish leaf discs is apparently
converted to other components also soluble in 80% methanol; these
products will also thus contribute to the radioactivity detected,
Walton and Sondheimer (1972) demonstrated that, while the increase in

the amount of yadicactivity was approximately linear with time in
embryonic bean axes supplied with 14C--ABA, the amount of léc»ABA per se
Increased little after 2 hours, due to metabolism to other methancl-soluble

radioactive products. In addition, ldc»nBA uptake may be affected
14

by conversion to methanol-ingoluble compeonents or to coz. It is

known that ABA can be oxidized in vitro (Milborrow and Robinson, 1973);
14002 released from incubation
golutions of l4C-=»ABA may result from oxidation of the hormone. in

l4C—ABA was apparentily

thus, pexhaps, the small amounts of

addition, hovever, some radloactivity derived from

logt from the discs as MCO ;7 thus, 14C-ABE\ may alsc be oxidized in vivo.

i
Since the radlioactive carboi of the lacnﬁBA used in these experiments is
located at the 2-position in the side chain, such an oxidation wounld
imply a greater degree of degradation of the horxmone molecule than is
invelved in the production of those metabolites of RABA which have been

noted before (Milborrow 1970a, b; Tinelli et al., 1973).

In radish leaf discs, pre-aged in wvater for up to 6 days, the
maximum uptake of 14C—-ABA under aexrobic conditions occuxred 1 to 2 days
after exclsion of the discs; after this time, uptake declines steadily
to G‘days. The uptake of léc—ABA in nitrogen was substantially reduced
relative to air treatment; moreover, uptake in nltrogen did not vary

greatly wlth the length of ageing, L.e. there was no peak in uptake.



.The uptake of 14C—ABA, in general, and the peak of uptake at 1l to 2 days
in particulaxr, thus appears to be at least partially dependent on aercble
metabolism, although the presence of scme radioactivity in nitrogen
treated discs may indicate the cperation of both diffusive and anaercbic
metabolic processes. it is of interest that the uptake of 14C—ABA was
8till considexably reduced by nitrogen even 5 to 6 days after excision,
thueg indicating that aercbic metabolism apparently persists untll a
late stage in gsenescence of the dises; the relative stability of mito-
chondrla and their presence after 6 days agelng in water may be of
signlficance here (see Section V).

It was of interest to detexmine to what extent the observed pattern

14C~ABA. Similar experiments using

of uptake was characteristic for
léc—sucxose, a compound of approximately similaxr molecular welght o ABA
indlcated that the uptake of sucrose by pre-aged radish leaf discs was
algso partially dependent on aerobic metsbhbollsm: uptake was reduced by
nitrogen treatment., Moxeover, again similar to ABA, there was a sharp
#ise in the total uptake of radloactivity 1 day after exclsion. Unlike
the uptake of 14C~ABA, however, the rise in total vadicactivity at 1 day
occcurred in nitrogen as well as in ailx. It is feasible that this
thservatlon may reflect on the efficiency of the experimental conditlons
used for malntaining a state of anoxla; very similar procedures were
used for léC-ABA uptake, however, when no peak cccurred in nitrogen.
Thus, the mechanisms of uptake for lécmsuCKQSe and léCmABA in nitrogen
may be fuandamentally different in some respaects. Moreover, unlike
l4c»ABA, the uptake of 14c~sucrose did not decline after the pealk at

1 to 2 days. In nitrogen tyeatments, total uptake of léc«aucrose
showed little congistent change with time except for a possible peak

at 5 days; the radlicactivity of the hyamine hydroxide fraction, however,
Increased steadlily until 5 days and then fell sharply. ‘The steady
increase in total uptake in air was largely attributable to an increase
in the radioactivity of the hyamine hydroxide fraction between O and 5

dayg, with a sharp decline to 6 days.

The data for 140«aucrose uptake may represent an under~astimate
of the true uptake capacity fox l4c~sucrose, since after 8 hours incub-—
ation at 5 days, for example, the discs had removed nearly 20% of the
radlocactivity from the incubation solution; the conseguent reduction in
4C--sucrose concontration may thus have reduced uptake.

1
léc—ﬂBA and “4Cnsucrase, there was little

It lg of note that for both
correspondence between radioactivity in methanolic oxtracts of the discs

and in hyamine hydroxide fractlons; the reasons foxr such differences
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are not immediately apparent. Since the corrected radioactivity in

the hyamine hydroxide fraction consists mainly, 1f not entlrely, of

14002 released from the discs, it might be assumed that the radioactivity
in this fraction could be used as a measure of the changes in the xate

of regplration of the discs during ageing. The amount of radicactivity
in the hyamlne hydroxide fractlion vesultlng from l4c~sucxose uptake,
however, does not correspond to that from 140~ABA, Moxreover, 1t is
probably fair to suppose that 140«sucrose will enter the glycolytic and
other pathways of respiration much more readily than will léc»ana; thusg,
the output of 14CO2 £rom 14C~sucrose incubatlon is probably more directly
related to respiration xate of the dlsces, especially since ABA may be
eble to inhibit leaf respiration (Poskuta et al., 1972). Although the
respiration rate of attached leaves generally declines with leaf age
(Vvemm, 1965), there may be a climactexic vise in respiration rate (Wood
ot al., 1943), perhaps prior to sbsclisslon. In detached leaves, there
may be a climacteric~like change in respiration rate shorily after leaf
exclsion and this may colncide with increased nuclease actlvity and

other apparent wounding responses (Udvardy et al., 1964; Dove, 1973).

In detached tobacco leaves, the rise in resplratlion occurred at 1.5 days
after excision, followed by a subseguent gradual decline from 3 days
(MacNicol, 1973); the rise was associated with a large inorease in
aeroblc glycolysis (MacNicol et al., 1973). In radish leaf tilssue a
simllayr pattern was noted foy the 14002 output E£rom chmsucrose incubations,
although there were differences in the timing of the changes. Alternat-~
ively it could be argued that the changes in respiration rate noted by
MacNicol (1973) also coinclde closely with the pattern of aercbic uptake
of léC—ABA obsexved in radlish leaf discs. Direct measurements of the
resplration rate of the discs during agelng would help to clarify the
relatlonshlp, 17 any between 14C~ABA and léc—sucrose uptake and the rate
of cell metabolism,. It can be concluded, however, that the uptake of
both 14CwABA and lécusuexose is partially dependent on aercbhic metabolism,
possibly for active transport into the cell or for usage within the cell
ox both. The differences in uptake pattern between the 2 radicactive
compounds make it unlikely, however, that the changes in ABA uptake during

agelng can be entirely explained in these texms.

It is known that during senescence of Intact and excised tissues, the
pexrmeability of cell manbranes gemeﬁally increases (Sachex, 1957, 1959)
with a conseguent increase in apparent free space (Bilam, 1965; Pietro
and Sacher, 1970; TPerguson and Simon, 1973); thus, possibly, 14CmABA
which 1s taken up during the later stages of ageing is not retained in

the discs: leakage of electrolytes has been noted fram discs of senescing
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cucumber cotyledons (Ferguson and Simon, 1973). The loss of radloactlvity
from the radish discs incubated in 14C~ABA, ag a result of the washling
progedures did not vaxy, however, with length of agelng. Moreover, 1E
the apparent free space of the discs increases with agelng, 1t might be
expected that the uptake of 14C"ABA.would also be increased because the
reslstance of the cell membranes to passive entry of small molecules would
be lowered; the uptake of 140—acetate, for instance, by detached cucumber
cotyledons (Draper and Simon, 1970) and of 14nglycine by Perllla leaf
disce (Hardwick and Woolhouse, 1968) increased with age, although these
investlgations did not relate these changes to increases in appaxent free
Bpace. Non-speclfic changes of this nature in membrane permeablility
cannot account for the differences in uptake pattern with ageing belween
4C~$ucrose and 14C~AEAa Direct measurements of changes in apparent free -

space and membrane permeability with senescence might prove valuable.

The peak in uptake of 140—ABA under aevxoble conditions observed at
1 to 2 days may result from a stimulation of genaeral metabolic rate
shoxtly after exclsion (see, e.g., MacNicol, 1973; Dove, 1973). Agaln,
however, it is unlikely that exclsion effects alone could account for the

A
differences in uptake patiern beltween l4cmABA and 1’C~sucrose.

It 1s clailmed that the level of endogenous ABA-like components
increases durling the senescence of detached Nasturtlum leaves (Chin and
Beevers, 1970). If significant increases in ABA ocecur in radish leaf
discs, perhaps as a result of stresses induced by dise excision, it is
posgible that the diffusive component of ABA uptake would be reduced as
a consequence of the reduction in the concentratlon gradienit between
the incubation solution and the cells of the discs.

The abillty of radish leaf tissue to metabollse 14C~ABA tended to

decline slightly with ageing (Sectlon IIL). 1£, as the results suggest,

1

4
a significant portion of " C-ABA supplied to radish leaf discs is rapldly

matabolised, then a veduction with ageing in the rate of conversion of

A
l“C«ABA might tend to reduge further uptake, perhaps either through a

feedback effect ox by a reductlion in the concentration gradient. Similarly,

14C~ABA was shaxply rveduced by

anaeroblo conditions might also partlally explain the reduction in lécuasa‘

the obsexrvatlon that the metabolism of

uptake under nitrogen. Changes in the rate of metabolism of 14CMABA,
however, caunot account for the peak of 14C»ABA uptake observed at 1 to
2 days afieyr exclsion, since the rate of metabolism of 14C—ABA did not

vary greatly at this stage of ageing.

The biological activiity of a hormone is not necessarily a direct

function of ilts concentratlion in any tilssue; rather, lts activity may
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also depend on its vate of synthesis and on itg rate of inactivation,
sequestration oxr othexr means of removal from the xeceptéx site. Thus ,
if ABA is involved in the regulation of leaf senescence, the biologlcal
activity of ABA 1in senescence processes mnay depend on its rxate of conver-
glon to lnactive devivatilves; e.g. a reduction in the wate of such a
converaion, at or prior to the onset of senescence, could raise the
effactive cellular concentration of ABA. Although metabolites of ABA
have been charactexrised in a vrange of plant tissues (Koshimlzu et al.,
1968; wMilboryvow, 1970a; Tinelll et al., 1973), and the functions of
certaln metabolites of ABA have been examined in relatlon to stomatal
alosure and water stress in leaflf tlssues (Cuommlns, 1973; Hiron and
Wrdght, 1973), the metabolism of ABA has not apparently been previously

studied in xelation to leaf senescence.

The length of pre-agelng in water did not basically affect the pattern
of production of the metabolites Trom l4C~ABA supplied to radish leaf
discs. In scme experiments, however, the proporition of J“’“lc:'wi\Bz!x con-
verted to other radlcactive components was slightly lower in discs aged:
for 5 and 6 days in water than in discs aged for shoxter periods. 'This
may, of course, merely rveflect a decline in the general metabolism of
the discs as thay senesce as copposed to a specific decline in the rate
of conversion of ABA to othex products. Moreovey, previous experiments
(see Experimental, Section I) indicated that ABA was effective in speeding
the senescence of radish leaf discs as little asm 1 day after excislon;
thus, 1f a reduction in the metabolism of ABA were impoxrtant in the
initiation or stimulation of seneseence, then it would be thooxvable
in the first day ox so alfter excision. The rate of metabolism of 14c~
ABA 1n freshly excised discs, however, is similar to that in discs pre~
aged for 1 to 3 days. In addition, in other experiments, whole leaves
of yadish, which exhibited a gualitatively similar pattern of metabolism

of M'(:--'I\I;m to leaf discs, yeilowed senescing leaves were stlll capable

of metabolising lchABA, - It thus appears unlikely that a reduction in
rate of metabolism of 14C—ABA is important for detexrmining the initiation
or stimulation of radilsh leaf senescence. Paerhaps, if changes in ithe
concentration of ABA avxe lmpoxrtant for regulating senescence, these

changes are controlled via the bilosynthetic pathway foxr ABA.

The rate of conversion of 140~ABA to its metabolic products tended
to be somewhat lower for whole leaves than for leaf discs. This may
reflect possible dlffevences In pool gsize between intact leaves and leaf
diacs. Altexnatively, diso exclsion may have a stimulatory effect on
the ganeral metabolic activity of the leaf tlssue with a consaeguent

increase in the rate of turnover of 14C*ABA, Tha observed gimilavitles
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in the pattern of metabolism for 14C~ABA in both whole leaves and leaf

discs indlicate, however, that 140~ABA metsbollism in radish leaves cannot
be totally attributed o excision effects. The possibility that the
metabolites observed in whole leaf experiments were produced at the cut
adge of the petlole and then translocated into the lomina, hovever, has
not been excluded. '

Possibly the persistence of the metabollsm of 14C~ABA in naturally

senescent leaves and ln dlscs aged for long pericods in water ls assoc-
lated with the asynchronous nature of cellular senescence (Moore, 1965).
Thug, in any leaf tissue, the capacity to metabolilise léc«ABA may be
confined to non-senescent ¢ells or cells in the early stages of senescence.
Further investigation of the capacity to metabolise 14CmABA, and indeed
other hoxmones, in the vavious tigsues of the leaf, hoth senescent and
non~-senescent, might prove of interest. Moreover, the retcent demon-
strations of the synthesis of ABA (Milborxow, 1974) and lite presence
(Ratlton et al., 1974) in isolated chloroplasts polint to the possible
existence of different sites of synthesls for ABA within any one cell
and hence, possibly, to different pools for the natural metebolites of
ABA, That exogenous abscisyl glucopyranoside is vapldly metabolised
by plant tissue vhareas the endogencus compound ls relatively stable !
provides indirect evidence for the existence of geveral metobolite pools,
at least for this derivative of ABA (Milborrow, 1870a). This observ-
atlon, however, also points to the possiblility that the metaboliltes
observed as a result of supplying 14C~ABA may be artefacts, produced

by abnoxmal metabolic pathways, resulitlng perhaps from dlsturbance of
the nozmal pool sizes. Milborrow (1970b) has suggested that phaselc
acld represents such an artefact. Moreoveyr, Walton and Soncdheimer
(1972) noted that the capacity to convert their metabolites ml > MZ

only develops during Lncubation of the tissue (embryonic bean axes).
Demonstrations of the natural occcurrence of several metabolites of ABA,
however, argue against the artefactual origin of these compounds
(Koshimizu et al., 1968; MacMillan and Pryce, 1968; Walton et al.,
1973). Furtharmore, the raplid conversion of léC“ABA o its nmetabolites
obsexved both here and in other studies (Walton and Sondheimer, 1972;
Cumming, 1973) adds further evidence for the in vivo lmpoxtance of ABA
metabolltes,

In cextain experiments reported here, an antibiotic mizture contain-
ing chloramphenicol was employed in order to demonstrate that the
metabolism of 14CMABA in leaf discs was not a functlon of microbial actlon.
Chloramphenicol, ai certain concentrations can inhibii protein syn;hesis

on 708 ribhosomes. Thus , possibly the ocourrence of the metabolism of
»
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14C-—ABA in the presence of chloramphenicol might be interpreted as indic-
ating elther that metabolism of the hormone could occur outside the chloro-
plast or that metabolism of the hormone in the chloroplast was not depend-
ent on new protein synthesis. Studies of the synthesis and metabolism
of ABA in the presence of selective protein synthesis inhibitors might
yield valuable information concerning the sites of the various hormonal

pools,

it is perhaps arguable that the inclusion of antibilotics is desirable
in all senescence experiments in ordeyr to limit microbial action. It
should be appreciated, however, that like chloramphenicol, many antibio-
tics act by inhibiting the synthesis of protein by the micro-organisms and
that consequently protein synthesis by the plant cells may also be adversely
affected. In addition, certain antlblotics may have senescence delaying
effects (Sharma and Sen, 1970) or may perhaps interact chemically with
ABA or other hormones, distorting thelr blological activity,

It has not yet been pogsible to identify, by mass spectrometry, the
metabolites of ABA produced in radish leaf dilscs, None of the ilons
observed in mass spectra, obtained by scanning the various peaks from
gas chromatography, corresponded to those expected for known metabolites
of ABA (see Koshimizu et al., 1968; Milborrow, 1969; Tinelldl et al.,
1973). Moreover, no other ions could be detected as ocourrxing consis-
tently to indicate the presence of previously unknown metabolites. Par-
haps larger quantities of leaf material need to be used in oxder to obtain
sufficlent amounts of the metabolite to be casily detectable by mass

apectrometyy.

Indivect evidence concerning the structures of the radish leaf
metabolites can be obtalined from thelr partition and chromatographic
propexrties. Both metabolites remained in the agqueous phase at basic,
neutral and acidic pH's; thiz observation thus rules out 6'-hydroxymethyl-
ABA (Milborrow, 1968) and phaseic aclid (Walton and Sondheimer, 1972;
Tinelli et al., 1973), both of which pass into the ethereal phase at
pH 3.0 . The chromatographic and partition characteristics reported for
A'-dihydrophaselc acid (Walton and Soncdheimex, 1972; Tinelll et al.,
1973), however, resemble those for the more mobile metabolite observed
in radish leaf tissue (i.e. the component chromatographing at REf 0.2 to
0.4 1in chloroform:methanol:water) . Thus, it is possible that this
metabolite is in fact 4'-~dihvdrophaseic acid. This compound apparently
occurs as a metabolite of 14C~ABA in several plant species (Walton et al.,
1973) and may corxrespond to the metabolite remalning in the agqueous

fraction repoxted by Cumming (1973).



The other metabolite observed in radish leaf tissue remained at
the origin in both thin-layer chyomatography systems used and was less
moblle than ABA in the 2 paper systems, thus indicating a more polar
compound than ABA, possibly corresponding to the glucoze ester, abscisyl
glucopyranoside. There s some correspondence between the Rf values
reported in some solvent systems for this compound (Milboxrow, 1968) and
for the component cbserved in radish leaf tissue. Similarly the Rf
values for this component in some systems also regembled those reported
for an unidentified metabolite of ABA in letituce fruits (McWha and
Hillman, 1973). In chloroform:methanol:water, however, the glucose ester
moved away £rom the origin (Koshimizu et al., 1968; Milborrow, 1270a),
whereas in the experiments reported heve, the radish leaf component
remained at the origin. It is thus not possible from these data to con-
alude definitely that the less moblle component obscrved here is abscisyl-
B-D-glucopyranosida. Alkaline hydrolysis of this metabolite might vield
further information as to lts identity. In addition, comparison of the
growth inhibitory activity of both metabolites to published data for
known metabolic products of ABA might vield further indirect evidence on
their structures (e.g. Koshimizu et al., 1968; Davis et al., 1972).

The amblguities concerning chromatographic properties of the metabol-
ites, discussed above, lllustrate clearly the difficulties of using Rf
values for comparing results from differxent labovatories, even for knowp
compounds: +the Rf values reported for ABA by Milborrow (1968), Walton
and Sondhelmer (1972) and McWha and Hillman {1972) varxy considerably,
even in relatlvely non-volatlle systems. Moreover, as the results
reporited here suggest some variation in Rf values can occur for chrom-
atograms developed at different times under apparently similar conditions,
particularly when using volatile chromatographic systems. This vari-
abllity was apparently not attributable to the presence of pigmented and
othey impurities, which under certain circumstances can enhance or reduce
the mobility of other compounds present on the chromatograms. Possibly,
greater attention needs to be paid to rigorous control of temperature
and other conditions for the development of thin-layer chromatograms in
volatlle systems. In addition, although laboricus, the use of internal
standards with every chromatogram may aid subsequent interpretation.

That {the most mobile component observed in the warious chromatographilc
gystems is in fact 14C~ABA lg evidenced by the observations (1) of corxr-
espondence to external standards of léC—ABA, (2) that it was the largest
component in texms of radloactlvity, and (3) that it declined as a

proportion of total radloactivity with time during a 24 hour time course.



Pogsible synthetic relationships have been suggested for ABA, 6'-
hydroxymethyl-~ABA, phaseic acid and 4'-~dihydrophaseic acld (Mlilboxyow,
1969; Waltom et al., 1973). From the data for the time-course experiment
in which 140wADA vags supplied foxr varying pericds up to 24 houws; there
was some indication that the metabolite remaining at the origin on chiom-
atograms may develop before the other, more mobile component, but these
data are certainly not sufficlent to suggest a catenary relationship
between the 2 components. Agaln, the experiment in which partially
purifled metabolites were resupplied to leaf discs, afforded lititle
evlidence for such a relationshilp. Indeed, if the metabolites observed
in radish leaf tissue do corrxespond to 4'-dihydrophaselic acid and abscisyl
glucopyranoslde, no catenary relatlonship would be expected, especlally
if, as has been suggested, both compounds represent terminal storage o
inactivation products for ABA (Milborrow, 1970a; Walton et al., 1973).

If 4'-dihydrophaseic acid is produced in radish leaf tissue supplied with
léCmABA, it might be expected that 6°-~hydroxymethyl-ABA and phaseic acid
would also be present as intermediates between ABA and 4'-dihydrophaselc
acld (Walton et al., 1973).  6'-hydroxymethyl-ABA, however, has been
reported to be unstable on thin-layer plates (Milborrow, 1970a) and thus
rerhaps was not detectable by the methods used hera. Analysis of acidlc
ether extracts of radish leaf extracts supplied with 14C~ABA indicated
that approximately 10% of the radicactivity was slightly less mobile than
14C~ABA {(Table 33):; this may correspond to phaselc acid, but it was not
detected in any other experiments. The possiblility that othex undetected
minor metabolites co-chromatographed with 14C~ABA or iLts major metabolltes
should also be c0nsidered, as should the possible occurrence of methanol-
insoluble radloactive products. The posaible leoss of radleoactlivity as

14 14

‘c02 or .C2H4 has been dlscussed above.

It is of significance that less than 50% of the radioactivity present
in methanolic extracts of leaf discs incubated for 18 or 24 hours in 140»
ABA could be agerilbed to 14Cv—ABA per se desplte the presence of a contin-
ued supply of the radioactive hormone. It can thus be concluded that
both the natural (+) and the wnnatural (-) enantiomers of ABA are metab-~
olised, although not necessarily at the same ratea. Milborrow (1270b), how-
ever, indicated that the (+) form ig preferentially converted to 6'-
hydroxymethyl-aABA and phaselc acld when supplied with racemic 14C~ABA,
whereas 140~abacisyl glucopyranoslde is derived preferentially from the
(~) form, It is not clear whether a similar selectivlity operates in

radish leaf tissue supplled with lQCwABA.
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If APA 1s involved in the regulation of natural senescence of

leaves, it might be expected that the levels of ABA present in the leaf
would he higher during the initiation and progress of senescence Than
during the phase of rapld leaf expansion. Increases 1n the amounts of
ABA~1like inhibltors hawbeen noted during the senescence of strawbexriy
leaveg (Rudnicki et al., 1968) and detached Nagturtlum leaves (Chin and
Beevers, 1970). Moreover, the amounts of dlffusible ABA obtalned firom
genescent Coleus leaves ave apparently ¢reater than from green leaves
(Bbttger, 1970). In addltion, increases in the levels of ABA ox of
ABA~1like inhibitors have been obsevved during the senescence of petals
(Mayak et al., 1972) and the wipening and senescence of frult tissues
(Coombe and Hale, 1973; Goldschmidt et al., 1973). Ogsborne et al.
(1979) ,0n the other hand, were unable to detect significant differences

In the total ABA levels of rapldly expanding and fully senescent primary
laavas of bean. No detalled studies appear to have been made, however,

of the changes in the levels of ABA, critically identified by chemlical
assay, during the growth and senescence of leaf tissue. Bioagsays fox
ABA, on which most previous investlgations have relied, tend to be based
on inhibitory activity, the gpeclificity of which must be open to doubt.
Milborrow (1967} demonstrated tha%, in extracts from several plant species,
all the inhibitory activity observed in biocassays could be accounted for
by ABA. More recent data, however, questlon the general validity of

this observation and point to the existence of other inhibiltory components
co~chxomatographing with ABA in many solvent systems (Barnes and Light,
1969; Jenkins and Shephexd, 1972; Gaspar et al., 1972), Circular
dichxoism analysis offers a convenient method for the critical determin-
ation of ABA levels and has been used for assaying the amounts of ABA in
bean leaves xepoxtad in this study. No consistent pattern of changes
could be observed in the concentration of ABA in the leaves extracted at
various stages of development between rapid expanslon and abscilssion,

Our resultsg therefore largely substantiate the less detalled investigation
of Osboxne et al. (1972}, in that senescent and expanding bean leaves
apparvently contained similayr amounts of ABA, although the possible release
of bound ABA by alkaline hydrolysigs of the tissue has not been investigated
here. It is not clear whether these obserxvations can be extended to other
gpaecles, including xadish, but if these observations have general wvalidity,
then the hypothesis that changes in ABA levels are important in the
regulation of leaf senescence should be quesitioned. The possiblillty of
differential extractability of ABA between young, mature and senescent

leaves should perhaps be considered, however.

The amount of ABA or of ABA-like components reported to be present
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in unstressed leaves varies considevably,; e.g. between 8 ug. Kgnl fox
stravbexyy leaves (Rudnickl et al., 1968) and 1240 ug. Kg~1 fresh welght
for Betula (Lenton et al., 1971); values reported for the same spocies
may also vary widely (see, for instence, for Betula ~ Milborrow, 1967;
Lenton et al., 1971). Part of these discrepancles may be attwibutable

to the use of different assay techniques, partloularly vhere bicassays
have been used. Moreover, it is not clear from some Ilnvestilgationg
whether or not the values presented for ABA concentratlons have been
eorrectad for the losses involved during the extraction and purification
procedures, Milborrow's data (1967) indicates that for different tissues
the loss of ABA, as determined by racemate dllutlon analysis varied between
G0 and 77%. Similarly, Hoad (1973) reported a recovery pervcentage of
between 52 and 68% using t-ABA as an internal standard for oxtracts of
Ricinus tisswe. Thus, it is evident that high losses of ABA ave involved
in the extraction of the hormone. ‘The recovery efficiency of the extvact—
ion technique devised by Browning et al. (1970) has not appavently been
previously tested. The data presented here based on the recovery of
14C“ABA indicate that although the losses of ABA assoclated with this
method are considevable, the final recovery pewcentage did not vary
greatly. Inproved recovery efficlency determinations could have been
achieved by the addition of 14C~ABA as an internal standard to each
extract. It should, of eourse, ba appreclated that recovery efficiency
of the exogenousg hormone does not necegsarlly egual extractlon efficiency
for the endogencus hormone. Thus, corrected values- for ABA concentrations
may still vepresent under—-estimates of the true level of endogenous ABA,

In summary, however, although there is some variation between different
extracts foxr the corrected levels based on the recovery efficiency, the
amount of ABA in most extracts wag of the same oxdexr as the total levels
of BABA (free ABA and ABA released by alkaline hydrolysis) reported by
Ogborne et al (1972) and the levels reported by Hiron and Wright (1973)

for the primary leaves aof bean.

In the preliminary experiment reported here, the ABA concentration
was 14.5 times higher in wilted than in non-wilted bean leaves as a result
of a 3 day water-stress treatment. Thig observation confirms a numberA
of previous investigations (W;ight and Hiron, 1969; Most, 197); Zeevaart,
1971; Head, 1973), including one using bean leaf tissue (Hiron and Wright,
1973). The extent of the rise in ABA levels appears to vary in these
invegtigations, but is presumably dependent on hoth the ABA concentration
before the stress and the severity of the stress. The increase in ABA
is apparently dependent on increased synthesis of the hoymone, yather than

on release from a storage compound (Milboxrrow, 1970b; Milborrow and
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Noddle, 1970). The concentratlion of ARA can also rise as a response

to a number of other envirommental stresses (e.g. Mizrahl and Richmond,
1972; Hirom and Wrxight, 1973; Ital ot al., 1973). Thege responses
illustrate clearly the need for xilgorous control of the environmental
conditions for growth and harvezt of the plant material. Fallure to
control all envirommental parameters satisfactorlly may account for some

off the variation in ABA levels, noted both here and in studies of Riclnus
{Hoad, 1973). This variation, however, tends to guestion the inportancge
of any relatively small changes observed in ABA levels in regulating
developmental processes such as senescence, absclssion, dormancy, etc.:

1f shoxrt term fluctuations in envirommental conditions can cause larvge
increases in the level of ABA, lt is difficult to envisage a contrelling
system for senescence in which changes in ABA concentration alone regulate
the initiation and rate of senescence. Cexrtainly, the genetic programming
of the tissue and the levels of othexr hormones would also need to be
important. If ApA is involved in senescence initlation, however, then
release of the hormone from sequestration or a change in the distribution
of ABA between different cellular pools may be involved: changes in total
ABA concentration would not then ba neaded. Altexnatively, the rise in ABA
concaentration in response to environmental stress may be confined to the
guard cells of the epldermis, in which case small changes in ABA concen-
tration in the rest of the leaf tlasue -~ undetected here - might still

be important in regulating senescence of the mesophyllous cells. Although
in thig study, wilting of the bean leaves did not apparently affect chloro-
phyll levels (corrected on a fresh welght bhasis), despite a large increase
in ABA levels, other studies indlcate that long-term water and osmotic
stress can induce. leaf senescence (Shah and Loomis, 1965; Most, 1971;
Prisco and Q'Leary, 1972). Investigation of the relationship between
gtress-induced senescence and ABA may prove of interest, particularly in
relation to the different tlssues of the leaf and thelr capacity to
synthesize ABA. In this study, ABA synthesls could apparently occur as

a result of water stress in a tissue in vhich senescence had already
apparently stavrted: tissue age did not appear to act as a constraint on
ABA blosynthesis. The later stages of leaf senescence are ofiten
accompanied by partial desiccation of the tissue. It appears unlikely
that desiccation results from a signlficant decline in stomatal control;
rather, epidemal cells tend to become senescent before the stomatal

guard cells, which can apparently remaln turgld and retain green chlovo-
plasts, even after the death of the leaf {Meldner and Mansfield, 1968).

The relatlonship between ABMA levels, desiccatlon of the leaf and senescence

of the epidexmis and guard cells remains uncleax.



Iin the pre~labelling experiments, ABA enhanced the rate of ;hlorophyll
losg in radish leaf discs during the earlier stages of senescence (up to
3 to 4 days), in general agreement with previous xeports (El-Antably et al.,
1967; Aspinall et al., 1967; Beevers, 1968). Subsequently, however,
there was little further loss of chlorophyll in ABA-~treated tissue so that
by 6 days there was sometimes morxe chlorophyll remaining in ABA treatments
than in contrcl treatments (gee also Colguhoun and Hillman, 1972).
Probably more significant than any numerical differences at this stage,
however, was the observation that the water-treated discs remained turgid,
but had yvellowed considevably, whereas the ABA-treated dises were stlll
green, but had become limp. This dlfference may perhaps be attributed
to an effect of ABA on membrane integrity. ABA also apparently stimul-
ated the decline in radiocactivity from the alcohol~soluble fraction,
aspeclally after 3 to 4 davs. Moxreover, preliminary data suggested that
incubatlon gsolutions resuliing from ABA Lreatments coné@ned more radio-
activity than those from contrxol treatments, These observatlons could
also be taken to indicate an increased leakiness of cell membranes due
to ABA tyveatwment. othexr studies suggest that ABA may have a selectilve
effect on guard cell permeability (Kriedemann et al., 1972) and on lon
f;ux in beetroot tissue {(Van Steveninck, 1972). in voot tissues, however,
ABA can increase the hydraulic conductivity of cell membranes and increase
the influx and efflux of water (Glinka and Reinhold, 1971, 1972). Thus
the effects of ABA in the later stages of disc agelng may perhaps be to
induce water-logging and to disyxupt the no¥mal osmotic control, which is
apparently still mainteined in watexr treated tlssue. it was congidered
that, further, more direct evidence on these cbsexvatlons could be obtained
from ultra-structural studies of the effects of ABA on disc senescence.
Although ABA can apparently stimulate the senescence of oxcised leaf
tigsue, 1t is not clear whether ABA acts merely to hasten the normal
sequence of agelng processes or whethexr the pattern of senescence is
fundamentally altexed by the hormone. Certainly, ABA has becn shown here
to alter the pattern of chlorophyll loss from radish leaf discs. it was
thus of relevance to examine the ultra-structuval changes induced by ABA
in cells of radish mesophyll tissue, which contain the majority of the
chlorophyll in radish leaves, and to compare these changes with those

occurring in water-aged tissue and in naturally senescent leaves.

It has become evident from these studies that the use of leaf
materlal for determining the sequence of fine-structural changes during
senescence must take account of several sources of possible variation
which have been gshown to occur in the tlssue examined. Despite the fact

that leaf tissue was only exclzed from inter-veinal areas of mature green
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leaves and that wounded tissue at the edge of discs wag avolded, the
cell population obtained, as detedmined by occuvrrence in tlssue section,
showed a consilderable degree of heterogeneity, even in freshly excised
tizsue. In particulax, 2 types of cell were observed, one of which
exhibited the characteristlcs typlcal of mesophyll tissua. The othex
type probably coxresponded to cells fxrom small vascular bundles, which
vould not be excluded by the exclislon process adapted, avoldlng as it
does, only tbe larger leaf velns. Variatlon of this natuxre cou~ld be
excluded, in practical temms, by only examinlng cells of the particular
type which is of interest. Nevertheless, more careful selection of
material in texms of both developmental state and xelative logation within

the leaf could perhaps reduce possible varlation of this nature.

A further and more serious form of variatlion occurred in the degree
of degeneration that was observable between different mesophyll cells,
even in freshly excised tissue. Some cells were obvioﬁsly in advanced
stages of degeneration, whereas the majority of cells malntained a high
degree of organization and contained appavently funcilonal chloxoplasts,
cell membranes and other organelles. Such varilation which inevitably
confounds detexmination of the noxmal pattern of senescence, presunably
results from the asynchyonous sencscence of cells within any leaf. It has
already been noted in various specles that cellular senescence is nog a
synchronous process wilthin any tissue (Moore, 1965; Treffry ot al., 1967;
Ragetli et al., 1970). This may be due to unegual distribution of
essentlal metabolites, perhaps resulting from differential hormone effects
ox from mobilization, Differences in the state of degeneration of adjacent
cells and tissues have also been observed in other ageing systems {(Macile
and Winkenbach, 1971; Bexlak and Villiers, 1972). Dennis et al. (1967)
have suggested that envirvonmental conditions during the growth of leaves may

be a further gource of variation in the pattern of senescence.

The data reported here suggested that, in some respecis, tissue
aged for 2 days was apparently less senescent than tissue aged fox only
1 day; these chservations may perhaps be atiributable to varlations of

the type discussed above.

In general agreement with observations reported here for radish,
Mlodzilanowski and Ponitka (1973) have distinguished between 2 types of
degenerating plastids in detached parsley leaves. In addition, varilations
in the structure of plastids within any one cell have been obsexved here,
both in freshly exclsed and aged vadish leaf tissue. In particular,
chloroplasts at the edge of mesophyll cells were elliptlcal and wexe

noxmally arranged with their long axis and stromal thylakoids parallel to



the cell membrane. Chloroplasts towards the centre of the cell, on the
other hand, freguently appearef rounded with conseguent distortion in the
arrangement of the thylakoids. Such apparent differenoes may in reality
relate to the plane of sectioning of the chloroplasts although a similar
distinction between the shape of chloroplasts at different locations in the

cell has been made in detached oat leaves (De Vecchi, 1971},

Ragetli et al. (1970) noted the formation of chloroplastic vacuoles
during the senescence of detached tobacco leaves; these vacuoles were
bounded by a double membrane and appeared to result from the enclosure
of portions of cytoplasm, as a consequence of evagination of the chleoro-
plast. Other vacuoles, with single membranes, were also detected in the
chloroplasts of tobacco and these resulted from the hypertrophy of intra-
cellular spaces of the thylakoids, 8imilarly, Hernandez-Gil and Schaedle
(1973) described the occurrence of anomalous electron-opagque areas in the
stroma of some senescing plastids of Populus leaves and suggested that
these areas may have been produced by the action of hydrolytic enzymes.
Similar regions have been noted in the plastids of radish leaves; +these
occurred both in some freshly excised leaves and in tissuc aged for 1 or
2 days in water. In gome cases, distinct membiranes could be detalled as
de~limiting those aveas of low-electron density. In tissue, aged fox
2 days in watex, bodies closely resembling mitochondria werae detaected,
apparently enclosed in these vegions. This would suggest that these
areas are unlikely to arise eithexr by the action of hydrolytic enzymes
or by intra~cellulax sepakation. They may, on the other hand, arise by
vacuwolation, with resultant enclosure of portlons of cytoplasm and perhaps
of cytoplasmic oxganelles (cf, Ragetli et al., 1970). Invagination of
the chloroplasts was noted in a few cases In radish tissue. Alternatively,
if the chloroplasts could exist in a concave fomm, then sections through
the chloroplast would occasionally show apparent vacuoles, with delimiting
membranes, existing in the chloroplast stroma. Tulett et al. (1969)
noted the occurrence of similar structures in the stroma of plastids of
artichoke tubers and suggested that they result from the plane of section
of the tissue.

The retreat of the plasmalemma from the cell wall observed in some
parts of some cells is perhaps anothexr feature of intra- and intexr-
cellular variation. These appavent abnormalities in freshly excised tissue
(1.e. in shape and digposition of some chloroplasts, in the possible exist-
ence of chloroplastic vacuoles and the obgervation that the cell membrane
is not alwaye oppressed agalnst the cell wall) may result from fixation

and processing artefacts. Alternatively, they may indicate the occurrence
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of "sub~clinical" viral infection(s) in the ostensibly healthy leaf
tlssue; i.e. viral pavticles in the tissue may be distorting normal
cellular structures wlthout producing overt disease symptoms. Such a
possibility could only be eradicated by the use of clonal plant material

proved to be virus-free.

Some studies of the ultrastructural changes occurxing during leaf
senescence suggest that the chloroplast is not the filrst organelle
affacted; rather, eavly changes have been noted in the endoplasmic
veticulum, plasmalemma and tonoplast (Shaw and Manocha, 1965; Roux and
McHale, 1968). In general, however, the chloroplast has been found to
exhibit the first symptoms of senescence (Barton, 1966; Dennis et al.,
1967; Stetler and Laetsch, 1968; Mittelheuser and Van Steveninck, 1970).
Simllarly in the studies reported here, the earliest changes observed
were the enlargement of the plagstoglobuli and the disappearvance of starch
grains from the chloroplast stroma. In addition, the chloroplasts appar-
ently swelled and became move spherical; a concomitant deformation of the

thylakoids was also observed.

An early Increase in size of the plastoglobull during leaf senescence
has been widely reported (see, for instance, Barton, 1966; Roux and
McHale, 1963; Lichtenthaler, 1969). The number of plastoglilobuli have
been generally reported not to increase greatly during senescence and
the number may, in fact, decrease as a result of fusion of individual
globules. Other studies indicate that the number and silze of plasto-
globuli may both increase during senescence (Liubesic, 1968). It has
been suggested that the plastogleobull contain the lipids and carotenoids
raeleased as a result of thylakold breakdown. Their observed proximity
to the thylakoids, both in the studlies repoxrted here and in those of
Barton (1966) and Dennis et al. (1967), would tend to substantiate this

suggestion.

The rapid loszss of starch, especially from detached ltlssue aged in
the dark, has been observed in other species (Yoshida, 196l; Harding et
al., 1968; Mittelheuser and Van Steveninck, 1970) and presumably results
from the mobilizatlon of carbohydrate reserves, reguired to replace

resplred carbohydrate.

Some swelling of the chloroplasts was obsexved during the early
stages of ageing. Other reports have suggested that as the chloroplastic
components are degraded there is a conseguent shrinkage of plastid
volume (Barton, 1966; Dodge, 1970; Mlodzionowski and Kwintkiewicz, 1973),

although Srivastava (1967) Ald note a transient increase in plastid volume
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in aged tissue. Treffry et al. (1967) attributed a simllar apparent
increase in the volume of the plastlds of germinating sovbean cotyledons
to a fixation response and doubted whether the increase in volume observed
represented the In vivo sltuation. It was also noted in the studles
reported here that the radish chloroplasts begame more spherical during
the eaxly stages of ageing. This observation is substantiated by the
studies of Barton (1966) and Yoshlda (1970). Other changes in chloxro-
plast shapa have been noted by Dodge (1970), De Vaecchi {1971) and
Mlodzianowskl and Krintkiewlez (1973). In addition, De Veachil has
observed the "bowing” of the chloroplast thylakolds noted in some of

the chloroplasts of xadish.

The maln effect of ABA, after 1 day of ageing, was apparently to
reduce the thylakoid gstructure of the chloroplasts in general, and the
granal content in particular. The decomposition and distortion due to
swelling of the thylakoids have been noted as early changes in leaf
senescence (Barton, 1966; De Vecchi, 1971; Harris and Arnold, 1973).

In addition the concensus of opinion indicates that stromal thylakoids
are noxmally preferentially lost, relative to granal thylakoids (Ljubesic,
1968; Yoshida, 1970; Mlodzianowski and Ponitka, 1973), although Dennis
et al. (1973) and Harding et al. (1968) suggest that granal structure is
degraded first in Brassica tissue. Thus the obsexvatlion that ABA appar—
ently preferentially stimulated granal loss may represent a deviation
from the normal pattern of senescence. On the other hand, Mittelheuser
and Van Steveninck (1970) found that ABA hastened the normal preferential
loss of stwomal thylakolds in detached wheat leaves; +thus, species Aiff-
erences may be of significance in respect of thylakold degradation.
Ti.chthenthaler and Becker (1970) postulated that ABA could limit thylakoid
formation in etlolated barley tlssue. If this suggestlon were extended
for other phases of development, perhaps ABA may stimulate thylakoid loss

by limiting synthesis of those thylakoid components which undergo turnover.

The relationship of the oxilentation of the thylakeids to the external
chloroplast membrane appeaved to be reduced in tissue treated in ABA for
1 day. This change did not appear to be speclific for ABA treatwent,
however, but was also obsexved ln some chloroplasts in tissue aged for
longey periocds in water, The means of contxol, if any, of the apparent
relationship between the orlentation of the thylakoids and of the chloro-
plast envelope is not cleax. Some cells aged in ABA for 1 day were in
an advanced state of degeneraticon and thus resembled scome of the cells
observed in freshly exclsed tilssue. The chloroplaste of these cells had

lost thelr envelopes although the thylakolds devoid of grana remained in
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clese association in the matyix resulting from the evident rupture of the
tonoplast and plasmalenma. The plastoglobuli of ABA~aged tissue tended
to be largeyr than those of water—aged tissue; this may be assoclated with

the reduction in granal structure noted in ABA-~aged {igssue.

Great emphasis has been placed in previous studies on detecting early
changes in ultra-structural featuves during leaf senescence. Valuable
though such determinations may be, thev should perhaps be treated with
caution. In particulax,.the sources of vaviation discussed above make
unequivocal determination of sequential processes difficult. Moxreovey,
detachment of leaf tissue may distort the pattern of changes to a greater
or lessexr degree (Butlexr, 1967; Ragetli et al., 1970). Furthermore,
changes detectable at the flne structural level are likely in moleculaxr
terms to be gross ones. If earlier changes at the moleculayr level occur,
differences in fine structure may be of a secondary nature. Obsexvations
of changes in ribosome content have not bheen made in this study, although
it has bheen suggested that loss of chloroplastic ribosomes is an early
feature of senescence in some specles (Mittelheuser and Van Steveanlnck,
1970). The significance of eaxly changes noted here could be furthex
questioned on the basis that cbservations of aged tissue were not made
until 24 hours after leaf excision; significant changes at the ultra-
structural level might well be obgervable aftey shorter peviods of
incubation. This criticlism could, however, also he lavelled at most

other studies of this type.

Conmparison of senescent tissue from the 3 types of ageing procedure
used in these studles (i.e. tissue aged in water for 6 or 12 days and in
ABA fox 6 days and naturally senescent, vellow leaf material) reveals
somewhat dAlf{ferent patterns of cellular degeneration. Although some
vaviation between dlifferent cells was evident, cells from tisgsue aged
in water generally retained thelr nuclei and mitochondria,; and the tonoplast
and plasmalemMd were normally present. Moreover, although there were
prominent plastoglobull in the chloroplasts and despilite the fact that the
normal parallel thylakoid arrangement had been disrupted, the envelope
of the chloroplast generally yemained intact. In tissue aged in ABA, on
the other hand, the thylakoids were swollen and all granal structure was
lost, together with the plastid membrane, the tonoplast and the plasma-
lenma., Lavge numbers of irrvegulaxy lipophillce veslcoles were present in
the vegion of the decaying chloroplasts, which were marked by the mass
of degenerating thylakolds, surrounded by the matyvix of low electron-~
density extending throughout the cell. No other celiular organelles were

detected, Examination of naturally senescent material indicated vet



another pattern of senescence changes in which there was a high degree

of membrane and organelle integvity. The chloreplasts yetalned many
granal areas although the plastcglobuli were laxge and prominent. It

is thus evident that the seguence of changes in these 3 types of {issue
appear to have been fundamentally diffevent. Such differences must
inevitably reflect on the validity of the usage of detached leaf material,
including segments and discs, for senescence studies; Butler (1967) and
Ragetli et al. (1970) have also noted ultrastructﬁral differences in
patterns of senescence between detached and attached leaves. Moreove:,
the differences obsexved between ABA~ and water-aged materlal suggest
that the hypothesis that ABA merely acts to hasten the sequence of changes
in senescent leaves (Milttelheuser and Van Steveninck, 1970) should be
guestioned., It is possible, however, that the material designated as
naturally senescent actnally zepresented a relatlvely ecarly stage in cell
degradation and that examination of tissue in a more advanced state of
decay, perhaps even after natural abscission, would more closely resemble
tissue aged in water. This possibility would appear to reguire further

investigation.

The cbgervations reported here can gilve little further indication as
to the cause of the anomalous pattern of chlorophyll loss occurring in ABA~
treated tissue. The reltention of pigments ln chromoplasts developed from
chloroplasts in frult skins has been associated with thelr deposition in
1ipid globules (Hayrils and Spury, 1969; Goldschmidt, 1873). Goldschmidt
hag shown that ABA levels in citrus peel rise as a result of ethylena
treatment. Thus possibly the transformation of chloroplast to chromoplast,
which Goldschmidt has suggested is controlled by ethylene, may in facb be
regulated by changes in ABA level. The presence of large numbers of lipo-
phillic vesicles has been shown In ABA-treated radish leaf discs. Thus it
is feasible that an analogous process to chromoplagst foxmatlon has occcurred
Auring the degenevatlon of the leaf chloroplasts with deposition of chloro-
phyll pilogments in the lipid globules. The evidence cbiained herxe, however,
does nét pemilt a firm parallel to be drawn with chromoplast formation.
Nevertheless, it is clear that the effects of ABA in apparently vetarding
chlorophyll loss in later stages of ageing is not related to the re-
greening processes observed in some agelng tissues (Ljuvbesic, 1968;

Callow and Weolhouse, 1973).

Bactaria were occaslonally noted in the inter-cellular spaces of
aged tissua. It is perxhaps of significance that the presence of bacteria
was generally zelated to the pattern of cell degeneration most freguently

cbgerved in tlasue aged in ABA (l.e. cells in which the tonoplast, plasma-
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lemma, and chloroplast envelopes had been lost). It ig posgssible that
bacteria and other mlcro-organisms stimulated the degeneration of these
cells and that the effects of ABA on cell degeneratlon are, in fact, a
result of an interaction between ABA and microblal oxganisms. Alter-
natively, the growth of bhacteria may have been enhanced in the area of
those cells by products of cellular senescence (e.g. leakage of sugars).
Agaln, the presence of the bacteria may be totally unrelated to the speed
of senescence. It 1= not possible with the avallable evidence to distin-
gulsh between these varlous possibilitles. It is probably significant,
howvever, thaf‘cells in an advanced state of degeneratlon were seen in
fresh leaves, tissue in which microblial contamination would ba expected
to be minimal; moreover, even in aged tilssue the @hourrence of bactaeria
was relatively low. Thug, microblal contamination may well be a

coincidental or, indeed; a natural occurrence in leaf senescenca.

Roux and McHale (1968} considered that rupture of the tonoplast
and plasmalenma were early features in detached tomato leaves. In
general, however, these membranes appear to be relatively persistent
in senescing leaf tissue (Shaw and Manocha, 1965; Baxton, 1966; Butler,
1967; Mittelheuser and Van Steveninck, 1970). This was subgtantlated
by the obsegvations reporied here, both for tissue aged in water and for
naturally senescent material. Barton (1966) consiﬁered that the relative
stabllity of these membranes argued agalnst an early involvement of

hydrolytic enzymes of vacuolar oxigin in leaf senescence.

The nucleus has also been shown to be relatively long-lasting in
these studies; nuclei with distinct nucleolar or chromatin areas and
nuclear membranes were detectable in both water-aged and naturally senescent
tissue. These obzervations are in general agreement with the published
literature (e.g., Mittelheuser and Van Steveninck, 19270). Whether or not
these nuclei were stlll active in terms of RNA production is beyond the
scope of this work; it may be noteworthy, however, that the nucleus has
been shown to exerizome control over ithe senescence of the chloroplast
(Yoshida), 1961).

Similarly, in agreement with most of the literatuve (Butlexr, 1967;
Dennis et al., 1967), the nitochondria of senescing radish leaf tissue
persisted at a time when the chloroplasts were in an advanced gtate of
degeneration. Forthermore, the n}tochondria appeared to retain thelr
internal cristae structure. Again, lt is not possible from the present
data to detewmine whether or not these mitochondria retaln their activiiy
in senescent cells. Certainly, respilratlon noxmally declines with

senescence (Leinweber and Hall, 1959), although in intact leaves of some
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spacies there may be a c¢limacteric peak in resplratlion immediately prlox
to ahscisglion {(Katterman and Hall, 19261) for which functlonal mitochondria

would presumably be requlired.

A nuwber of other organelles have been detaected in agelng vadish leaf
tissue. The low fregquency of thelr occurrence, however, makes it difficult
to determine whether or not they are related to the progress of senescence.
Certainly, the fact that such bodies did not occur in a large number of
cells would suggest that their importance in texms of senescence is
probably limited. These bodies include structures designated as lomascmes,
myelin-like bodies, cytoplasmic lipophilic-vesicles and an unidentified
cytoplasmic body. Lomasone-like structures were scen as magbranous
vesicles at the plasmalemma-cell wall intexface. Similar structures
have also been seen in senescing wheat leaf tissue, although the possible
artefactual nature of these vesicles should be considered (Mittelheuser
and Van Steveninck, 1971b). The myelin~like bodies (Bowes, ;969), a
striking example of which was seen in a cell from naturally senescent
materlal, appeaved to be composed of masses of concentric membranes and
these were situated in the cvtoplasm or In the matwix of degenerate cells.
The occurrence of cytoplasmic lipld bodies has been noted in previous
atudles. Lipid bodles in the cytoplasm of tobacco leaf cells, deslgnated
as plastosomes, were apparently devived from the chloroplasts belng
released Into the cytoplasm by rupture of the chloroplast mewbrane (Hayris
and Axnott, 1973). Thig process, however, appavently occurred in cells
before the completion of leaf expansion and thus appears to be unrelated to
SENESCANCE PYOCesSses. Mlodziancowski and Rwintklewlicz (19273) noted the
ocourrence of osmiophllic masses on the surface of chloroplagts and mito-
chondria. Probably of move relevance to the cbserxvatlons reported heve
are the cytoplasmic lipid bodies noted by Mittelheuser and Van Steveninck
(1970) , which appeared and grew in size in naturally senescent wheat
leaves. Similar to the hodles reported here, these were more or less

round, devold of internal structure and apparently were not membrane hound.

Little consistent difference was observed between the sections result-
ing from Fflyatlon by the two procedures. The Karnovaky fixative shounld
reduce any distortlon ocourring between the time of lealf excigion and the
time that the fixative becomes effeoctive, since the formaldehyde compon-
ent of this fixative will penetrate the cell raplidly, relative to the
penetration rate of glutaraldechyde. It iz pertinent herve to draw attention
to the increased delicacy of genescent leaf tissune compared to that of
fresh leaves (see also, Bariton, 1966; Roux and McHale, 1968). Although
it is possible to reduce damage during procegsaing to some extent (see,

for instance, Mittelheuser and Van Steveninck, 197la), the possibility
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remains that the obsorvations made on senescant tigsues are distorted by

avtefoctual offects ocourring during the processing of the wmaterial.

Many studlos of leaf senescence, including this one, havae used
vhale detoched leaves and oxcigsed leaf dises or leaf gscctlions as an assay
gsyaten for invostigating the manifestations and rogulation of senesconce
processes (sea, for instance, Osborne, 1l962; El-Antobly et al., 1967;
Mizyrahl et al., 1970). By using excised lenf tigssuve, the correlative
influences of other parts of the plant ox, indeed, of the same leaf can
he mininmlsed, Moreover, leaf disces or segmonts can provide large numberg
of apparently repvodueible cxperinental units and thus are freguently more
convenient in experimental terms than attachod leaves, especially since
exclosed tissuwe often senesces more rapldly thon leaves yemaining on the
plant {(although exceptions do exist -~ oo, for instance, Simon, 1967;
Snencer and Titus, 1973). In studlas of the hoxmenal regulation of leaf
senescence, it has beon observed that exogenous hoymoneg do not always
penctrate the swwiface of the intact leaf succossfully (BEl-Antably et al.,
1967; Bloger and Caldwell, 1970); the use of exolsed leafd {isoue

permlis greater upiake of these and otherx compounds via the cut edge.

If leaf discs and other excised tlsoues are to be used an assay systems
in plant physlolegy: Lt is necessary to dewmonstyrate thait the normal
seguence of cellulay events 1s not greatly altered, relative to those
ccocurying in the tlssue Iin sltu. Curvent evidence suggeste that sencescence
changes in exelsed ovr detached leaf tissue may be fundamentally diffexent
in someo respecita from the pattorn of changes assoclated with natural
senegcenee in attached leavas {(see, Ffor lnstance, Simon, 1967; Haxdwlck

and Voolhonse, 1968; Loewington and Simon, 1962; Dove, 1973).

Ay the nltrastrucitural lovel, differences betwean the senescence
procesges of detached and attached leaves have heen noted (Butlex, 1967;
Rogetld et al., 1870; Mlttelhouser and Van Stevonlnck, 197la,b).
Siwilarly, the pattern of cellulayr changes ohserved in zadish leaf discs

differed somevhat from those ocourrlng duwlng natuval genescence.

Leaf detachment may disrupt the normal xéapixaﬁory netabolism of the
leaf (Vowm, 1965). In addition, oxeision may indupe a climactevie-iike
vige in vesplration rate (MacMiceol, 1973): <this may be asscoelated with
the incrxoease in uptake of 1ACmABA noced foy radish lead diges. s
suggestaed above, excislon may incrcase the speclflc activity of RNA
fractions (see also Chevyy et al., 1965; Srivastava and Atkin, 1968)
and may alsoe increase the content of lydosomes and of ¢ertaln specles of
A (Udvaxdy et al., 1969). Noreover, leaff detachnent may distorit the

sizo of ithe precursor pools for protein synthesis: onine acids voleased
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by proteolysis, instead of belng translocated to other parts of the plant
(Simon, 1967), tend to accumulate in detached leaf tlssue (Wood ei al.,
1943; Anderson and Rowan, 1968). Although the pattern of changea fox
some enzymes is simllar in exclsed and attached senescing leaves (Lanax

and Farkas, 1970; Moore and Stone, 1972), leaf excision can enhance the
synthesie of partlcular enzmymes aund may induce the de novo synthesis of
others (Udvardy et al., 1964; Wyen et al., 1971; Dove, 1971, 1973).
Notably, the enhanced actlvity of specldflc nucleases as an apparent
condequence of leaf excision may result from a stimulatlion of metabolism
by a direct vesponse to wounding or by disruptlion of nommal osmotlc control
at the cut edge of the tigsue (Dove, 1971, 1973). The uptake of radio-
active pregursoxs occurs via the cut edge of leaf dlscs (Hardwick and
Woolhouse, 1968), although the data presented here (see Section I(k))and the
data of Spencey (1973)indlcate that there is no marked stimulation of

lncorporation into total proteln as a result of disc excision.

The role of C2H4

tissue is uncleayr, although C

in the processes of senescence in exclsed leaf
2H4 production by plant tissues can be
stimulated by wounding (see Prati and Goeschl, 1969).

In sumary, therefore, the use of exclsed leaf tissue and detached
leaves for the study of leaf senescence should perhaps be questioned.
Although as an assay system, these types of tlssue offer conslderable
experimental advantages, these are perhaps outwelghed by the distortion

of cell metabollsm induced by detachment or excision of the leaf,

The leaf 1ls a hetexrogeneous organ with several other types of cells
in addition to mesophyllous tissue. In discussing the ultrastructural
aspects of senescence of yradlsh leaves, the asynchronous nature of cellulax
degenexation was considexed. Pogsibly, thexefore, the degreec of senes-
conce of the dififerent types of leaf tissue lsz also unsynchronized.
Certainly, the supply of matrlents and hormones to different tissues within
the leaf is likely to vaxy; this may be criitleal in determining the onset
and gpeed of senescencea. In addition, in expevimental use, the different
rates of uptake incorporation and metabolism of exogenous ccmpounds by
different tlssues may be important. It may thus be coneluded that the
heterogeneous nature of the leaf tends o confound analysis of changes
at the cellular level during leaf senescence. At the organelle level,
further investigatlion of the velative rates of senescence of the vavious

oxganalles in leaf tlsoues may prove of interest.
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The abllity to control ageing, both of animals and plants, could
be of fundamental soclal and economle lmportance. In crop plants,
growth hoxmones and their synthetle derxlvatives may offer opportunlties
for the chemleal vegulation of senescence and vipoening and foyx under-
gtanding the natural mechanisms governing ageing processes, Although
ABA can promote the senescence of excisged leaf tissue and stimulate the
decline in chlovophyll, RNA and proteln, 1t remalns uncertain vwhether or
not ABA can be clalmed to be an important endogenous factor for controlling
matural senescence, Cartainly it appears unllkely that the rate of
inactivation of ABA plays a major role ln regulating ARA levels priox to
and during radlsh leaf senescence. Indeed, liitle consistent thange
could be obgerved in the concentration of ABA in bean leaves during
devalopment; furthemmore, the large zlges in ABA obgexved as a result
of envirommental stress musi inevitably guestion the signlficance of any
small changes in ABA assoclated with sencscence and other developmental
processes., Ultragtsuctural studles suggest that the pattern of cellulax
changes observed in ABA~treated exclged leaf tissue differ In certain
important respects from those of water—-aged tissue. Moreovexr, the
dliferences observed in the pattern of senescence hetween excised leaf
tissue and naturally aged material must cast further doubi on the use
of-excised tissue in senescence studies, If plant development lg viewed
as a continuous and genetlcally programmed sequence of biochemical events,
the role of ABA and other plant hormones may be to act as rate-regulating

factors, rather than as prime causes of entirely new cellular processes.
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