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Abstract-Etiolated barley seedlings lose the ability to produce chlorophyll and soluble protein on exposure 
to light with increasing age. Similarly, the production of 8-aminolaevulinic acid-dehydratase and succinyl- 
CoA synthetase is decreased in older etiolated leaves exposed to light. The rate of protochlorophyllidessa 
regeneration decreased well before the rates of exogenous kminolaevulinic acid conversion to proto- 
chlorophyllide632 was affected by ageing. Application of kinetin retarded these ageing symptoms in the 
etiolated leaves. 

INTRODUCTION 

AGEING dark-grown barley seedlings lose the ability to synthesize chlorophyll to any great 
extent and show a diminished photosynthetic ability1 and the level of protein nitrogen in the 
leaves declines after about 8 days. 2 Moreover, Simon3 reports that attached cucumber 
cotyledons in the dark lose chlorophyll and protein and that this loss is greater in detached 
cotyledons. In the present work, attached etiolated leaves of barley seedlings have been 
examined for chlorophyll precursors and for their ability to synthesize such precursors from 
ALA* and the activity in vitro of other enzymes associated with chlorophyll synthesis, 
and break down is also reported. The effects of kinetin treatment on all these symptoms 
of ageing have been investigated. 

RESULTS 

Dark-grown etiolated barley seedlings from 4- to 20-day-old were placed under con- 
tinuous illumination for 16 hr and chlorophyll, protein, ALA-dehydratase and succinyl-CoA 
synthetase activity determined. Maximum chlorophyll production occurred in leaves of 
6-day-old seedlings and thereafter rapidly decreased until in the 20-day-old seedlings little 
chlorophyll production was detected (Fig. la). The increase in protein content, ALA- 
dehydratase and succinyl-CoA synthetase activities on illumination also decreased with the 
age of the etiolated seedlings. In leaves sprayed daily with kinetin, the amounts of chloro- 
phyll synthesized on exposure to light still declined with age but not to such an extent as in 

* Abbreviations: ALA, &aminolaevulinic acid; P 652, protochlorophyllide with maximum in vivo ab- 
sorption at 652 nm; PSs4, chlorophyllide absorbing at 684 nm; P 6’12, chlorophyllide absorbing at 672 nm; 
Pcsl, pigment absorbing at 632 nm synthesized from exogenous ALA. 

r M. J. C. RHODES and E. W. YEMM, in Le Chloroplaste (edited by C. SIRONVAL), p. 203. Masson and Cie 
(1967). 

2 M. J. C. RHODES and E. W. YEMM, Nature ZOO, 1077 (1963). 
3 E. W. SIMON, in Aspects of the Biology of Ageing, Symp. Sot. Exp. Biol. 21 (1967). 
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FIG. 1. DARK-GROWN BARLEY SEEDLINGS SPRAYED WITH WATER (0) OR KIMTIN (b BACH DAY. 
These were exposed to light for 16 hr and immediately analyzed for (a) chlorophyll, (h) protein, 
(c) ALA-dehydratase activity, and (d) succinyl-CGA synthetase activity. The seedlings were 
illuminated in this way and analysed for these components at various intervals between 4 and 20 

days after initial germination. 

the controls (Fig. la). Similarly, kinetin treatment delayed the decrease in protein content 
(Fig. lb) and ALA-dehydratase activity (Fig. Ic). Little difference was observed between 
succinyl-CoA synthetase activity in leaves treated with kinetin and the controls (Fig. Id). 

The levels of endogenous protochlorophyll and protochlorophyllide in leaves of etio- 
lated seedlings treated with either kinetin or water are given in Fig. 2. Kinetin treatment 
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FIG. 2. THE EFFECT OF KINETIN ON (a) PROTOCHLOROPHYLL AND (b) PROTOCHLOROPHYLLIDE LEVELS IN 
AGEING DARK-GROWN BARLEY SEEDLINGS. 
O-Water controls; A---kinetin treated. 
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depresses the level of protochlorophyll while preserving to some extent the levels of proto- 
chlorophyllide present in the leaves. The native protochlorophyllide,,, was converted 
in vivo to a PeS4 absorbing form (chlorophyllide) which within 8 min changed to a Ps,2 
absorbing form (Fig. 3a). Kinetin and water-treated leaves of various ages were given a brief 
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~G. 3. Znvivo ABSORPTIONSPEmRAOF %DAYOLDDARKGROWNBARLEYSEEDLINGS. 

(a) (i) Etiolated leaves; (ii) etiolated leaves after 60 set light treatment; (iii) etiolated leaves 8 min 
after light treatment. (b) (i) Etiolated leaves; (ii) absorption spectrum 2 hr after the addition of 

0.01 M ALA solution to the cuvette (see Experimental). 

light treatment to convert all the PsSz to the PsS4 and PST2 form. The rates of PsSz regener- 
ation were then measured on return to the dark. The capacity to regenerate PLSz rapidly 
diminished in etiolated leaves older than 6 days (Fig. 4a). The lag phase for P,,, regeneration 

in :<;;_: i ‘1 (;kAI 

4 6 8 IO 12 14 1620 4 6 6 IO 12 14 16 20 

Age.. days Age. days 

~_(~~~ ~'~(~~~~ 

4 6 6 IO I2 14 20 4 6 6 IO 12 14 I6 20 

Age, days Age. days’ 

FIG. ~.THE EFFECTOFKLNE~NON (a) RATESOFPROTOCHLOROPHYLLIDE(P~~~)RSGENSRATION; (b)THa 
LAG PHASE BEFORE REGENERATION; (c) ALA-DEHYDRATASE ACTIVITY; AND (d) PSS2 PRODUCTION 

FROM EXOGENOUS ALA,IN AGEING DARK-GROWNBARJJIYSEEDLINGS. 
O-Water controls; A-kinetin treated. 
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increased rapidly after 6 days (Fig. 4b). Kinetin treatment delayed both the reduction in rate 
of regeneration and the lag phase. The loss in synthetic ability was further investigated by 
following the production in uivo of protochlorophyllide,,, (P,,,) synthesized from exo- 
genous ALA. Etiolated leaves in a glass cuvette containing ALA (see Experimental) showed 
an increase in absorbance at 632 nm (Fig. 3b). The rates of Pesz synthesis from supplied 
ALA in ageing barley seedlings are given in Fig. 4d. The rate of synthesis was decreased in 
IO- to lZday-old etiolated seedlings. Kinetin-treated seedlings retained the ability to 
synthesize chlorophyll precursors from exogenous ALA. ALA-dehydratase activity de- 
clined after 8-10 days etiolation (Fig. 4c) and followed closely the loss in ability to convert 
ALA to protochlorophyllides32. Kinetin treatment retarded the loss in ALA-dehydratase 
activity in ageing etiolated seedlings (Fig. 4c). 
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FIG. 5. THE EFFECT OF KINETIN ON (a) SUCCINYL-CO A SYNTHETASE; (b) RNAsE (c) CHLORO- 
PHYLLASE;AND(d)SOLUBLEPROTEININAGEINGDARK-GROWNBARLEYSEEDLINGS. 

O-Water controls; A--kinetin treated. 

Protein levels (Fig. 5d) and succinyl-CoA synthetase activity (Fig. 5a) in the dark-grown 
seedlings decreased after 8 days. Kinetin treatment conserved, to some degree, the soluble 
protein level but had no detectable effect on succinyl-CoA synthetase activity. In ageing 
etiolated seedlings, RNAse (Fig. 5b) and chlorophyllase activity (Fig. 5c) increased, the 
increases being diminished by kinetin treatment. 

Sulpholipid synthesis in the dark-grown seedlings was determined by the incorporation 
of 35S042-. The maximum incorporation was found in 4- to g-day-old leaves. Kinetin 
treatment extended the period of sulpholipid synthesis (Fig. 6). 
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FIG. 6. TH@ EFFECT OF KINETIN ON 35SOqz- INCZORPORATIONINSULPHOLIPIDINAGEIN~DARK-GRO~ 
BARLEY SEEDLINGS. RESULTS EXPRESSED As A PERCENTAGE OF THE TOTAL JsSO~“- TAKEN UP. 

O-Water controls; &-kinetin treated. 

DISCUSSION 

It is well established that kinetin treatment retards senescence in detached green leaves of 
a variety of species .4-6 It is widely held that the critical action of kinetin might be the 
maintenance of protein synthesizing systems, perhaps by regulating RNA synthesis.‘*’ 
Changes in protein and nucleic acid metabolism accompany the loss of chlorophyll in 
ageing cucumber cotyledons9 and Draper lo demonstrated changes in plastid lipids in the 
same tissue. In barley, kinetin treatment overcomes to some extent the loss of the ability of 
ageing etiorated leaves to produce chlorophyll on exposure to light (Fig. la). This effect 
appears to be analogous to the situation found in detached green leaves treated with 
kinetin. 

The rate of P,,, regeneration (Fig. 4a) decreases before the rate of conversion of 
exogenous ALA to P6s2 is affected by ageing (Fig. 4d). Although ALA-dehydratase activity 
increases in greening systems 11*12 there is probably only a slow turnover of the enzymes 
catalysing the conversion of ALA to protochlorophyllide whereas the enzyme(s) responsible 
for ALA formation in higher plants (ALA-synthetase ) ? 13*14 exhibits rapid turnover. In- 
hibitor studies suggest that the enzyme(s) for ALA synthesis may undergo rapid destruction 
and require rapid protein synthesis for maintenance. Kirk,’ 5 on the other hand, has shown 

4 A. RICHMOND and A. LANG, Science 125,650 (1957). 
’ K. MOTHES, Naturwiss. 47,337 (1960). 
6 M. SHAW,P.K.BHA~TA CHARYA and W. A. QUICK, Can. J. Bot.43,739(1965). 
’ D. J. OSBORNE, PI. Physiol., Lancaster 37,595 (1962). 
* C. M. CHEN and R. H. HALL, Phytochem. 8,1687 (1969). 
’ R.J. LEXINGTON, M.TALBOT and E. W. SIMON, J. ExptlBot.18,526 (1967). 

lo S. R. DRAPER, Phytochem. 8, 1641 (1969). 
I’ A. K. STOBART and D. R. THOMAS, Phytochem. 7,1313 (1968). 
I2 B. T. STEER and M. GIBBS, PI. Physiol., Lancaster 44,781 (1969). 
l3 M. GA~SMAN and L. BOG~RAD, PI. Physiot. (Luncaster) 42,774 (1967). 
I4 M. GASWAN and L. Boaow, PI. Physiok (Lancaster) 42, 781 (1967). 
” J. T. 0. I(IRK, Planta 78,200 (1968). 
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that protein synthesis other than that required for ALA synthesis is also necessary for 
chlorophyll formation in Euglena and suggests that this may be structural protein. 

Succinyl-CoA synthetase is known to increase in etiolated barley leaves exposed to 
light.16 The increase on illumination is dependent on the age of the etiolated tissue and the 
decline in activity with age does not appear to be affected by kinetin treatment (Fig. 5a). 
RNAse activity (Fig. 5b) and, to a lesser extent, chlorophyllase activity (Fig. 5c) increased 
in the ageing seedlings maintained in darkness, the increases in activity being suppressed by 
kinetin. Kinetin treatment extended the period of active protein synthesis (Fig. lb) in 
ageing etiolated barley seedlings and also chlorophyll synthesis when the seedlings were 
exposed to light (Fig. la). Whether kinetin is specifically involved in maintaining active 
plastid protein synthesis remains to be determined. 

Sodek and Wright” report an increase in RNAse activity expressed as units per 
gram fresh weight in detached green leaves of wheat and barley, but in the present investiga- 
tion RNAse increases were observed only when expressed on a protein basis. Other 
workers’* report a decline in RNAse activity (units/g fresh weight) in detached barley 
leaf segments. The RNA present in the chloroplasts of mature leaves may degrade rapidly 
with senescenceI and an active RNAse component may develop in the plastid.20 Chloro- 
phyllase activity increases in greening systems2’p22 and it has been suggested that this may 
be the enzyme responsible for the phytylation of chlorophyllide.23 In the present work, 
however, the slight increase in chlorophyllase in ageing etiolated tissue (Fig. 5c) might also 
suggest some hydrolytic role for this enzyme. 

Sulpholipid appears to be closely associated with chlorophyll formation.24-26 In the 
ageing etiolated seedlings the incorporation of 35S042- into sulpholipid is reduced (Fig. 6) 
as is the ability to regenerate P652 (Fig. 4a). Thus for sulpholipid synthesis there is probably a 
requirement for active protein synthesis either structural or enzymic. 

EXPERIMENTAL 

Plant material. Barley seeds (Hordeurn vulgare L. cv. Proctor) were grown in the dark in moist vermiculite 
at 24”. Selected pots of seedlings were sprayed daily with 100 ml @I6 mM solution of kinetin (dfurfiuyl- 
aminopurine, Sigma). Control seedlings were sprayed with distilled water. Seedlings were taken for ex- 
perimental purposes at regular intervals from 4 to 20 days after sowing. Light treatment was provided from 
fluorescent tubes (6000 lx). 

Enzyme assays. ALA-dehydratase (E.C. 4.2.1.24) was assayed, in buffered extracts prepared from 
acetone powders of the plant material. 27 Activity is expressed as pmoles porphobilinogen formed/mg 
protein/IO min. Succinyl-CoA synthetase (E.C. 6.2.1.5) was assayed in extracts of acetone powders.2S 
Specitic activity is expressed as pmoles hydroxamic acid produced/mg protein/60 min. Chlorophyllase 
(E.C. 3.1.1.14) activity was determined by following the breakdown of phaeophytin a by acetone powder 

I6 A. K. STOBART and N. J. PINF~ELD, New Phytol. 69,31 (1970). 
I7 L. SODEK and S. T. C. WRIGHT, Phytochem: 8, 1625 (1969). 
I8 B. I. SRNA~TAVA and G. WARE. PI. Physiol. (Lancaster) 40, 62 (1965). 
I9 R. M. KNIGHT and W. A. Q&K, Can. J. Bit. 47,180s (1569): 
2o D. HADZIYEV, S. L. MEHTA and S. ZALIK, Can. J. Biochem. 47,273 (1969). 
Z1 M. HOLDEN, B&hem. J. 78,359 (1961). 
22 A. K. STOBART and D. R. THOMAS, Phytochem. 7,1963 (1968). 
23 Y. CHIBA, I. AIGA, K. TAKAGI and T. SASA, in Comparative Biochem. and Biophys. of Photosynthesis 

(edited by K. SHIBATA), University of Tokyo Press. 
24 i. SHIBGA and E. HA&, PI. Cell >hysiol. Tokyo 6, 267 (1965). 
Z5 A. ROSENFIURG and M. PECKER. Biochem. 3.254 (1964). 
26 D. R. THOMAS and A. K. STOB~T, J. Expti Bot. il, 274 (1970). 
27 D. SHEMIN, in Methods in Enzymology (edited by S. P. C~LOWICK and N. 0. KAPLAN), Vol. 5, p. 883 

(1963). 
28 D. L. NANDI and E. R. WAYGOOD, Can. J. Biochem. 43,1605 (1965). 
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preparations in the presence of Triton X-1OO.2g Results are expressed as pg phaeophytin hydrolysed/lOO mg 
acetone powder 60 min. RNAse activity was determined by the method of Sodek and Wright.l’ Specific 
activity is given as pmoles acid-soluble r&e&ides produced/mg protein/60 mm. Acetone powders were 
prepared by the method of Loomis .30 Soluble protein was determined using Foliu-CiocaIteu reagent.jr 
Chlorophyll was determined in 80% acetone .32 Protochlorophyllide and protochlorophyll iu 80% acetone 
extracts of etiolated leaves were separated from each other by phase separation against light petroleum 
(b.p. 60°-800) when the protochlorophyll largely entered the ether phase. Quantitative determinations 
were made spectrophotometrically.33 

In vivo studies. The apical 5 cm of each leaf were removed and placed vertically in glass cells with a light 
path of 2 mm. Usually 10 such leaves were necessary to fill a cell 50 x 10 x 2 mm and to give a layer 1 leaf 
thick. The samples were scanned in the second cell holder of an S.P. 800 Unicam recordmg spectrophoto- 
meter. Endogenous protochlorophyllide was removed by light treatment and its regeneration recorded at 
652 mn using au expanded scale unit. ALA-induced protochlorophyllide synthesis was measured by adding 
I.5 ml 0.01 M ALA solution, pH 6.9, to the cell and following the increase in absorption at 632 nm. For the 
determination of sulpholipid formation 3sS042- (carrier free) was obtained from the Radiochemical Centre, 
Amersham. 30 seedlings were cut off at the base and placed in 30 ml distilled water containing 50 pCi 
3sS0.,2-. The plants were kept in the dark in a current of air to facilitate uptake. After all the radioactive 
solution had been taken up, 10 ml distilled water was added and the lipids were extracted from the seedlings 
when this water had been taken up. Sulpholipid was extracted and purifled by TLC.34 Areas on the chro- 
matograms corresponding to sulpholipid were removed, eluted in warm ethanol, and assayed for radio- 
activity. Results are expressed as percentage of the total activity recovered in alcohol. 
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