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The aim of this pork has been to study the factors controlling the develop-
ment of the first leaf of barley, and in particular the level and activity of 
RuDP carboxylase. It is known that shading the first leaf considerably reduces 
its photosynthetic activity which in turn has a considerable influence on subse-
quent seedling development; it has also been proposed that the activity of RuDP 
carboxylase is a major resistance to carbon fixation by the leaf. Results rele-
vant to these points have been obtained. 

The approach followed was to determine how the fundamental biochemical 
parameters of the first leaf as well as its oarborlation activity, measured on 
crude extracts of the enzyme and for whole leaves, developed under standard 
defined conditions. Seedlings were then grown under oonditions in which the first 
leaf was contained in foil covered shades, and the effect of this on both funda-
mental parameters and oarboxylation activity was investigated. 

The main findings were that for standard and shade treatments RuDP oarbo-
xylase activity and Fraction I protein level were closely correlated in a lii 
ratio. Under standard conditions they reached maximum levels on day 101 at the 
same time as did total soluble protein and nitrogen, whereas chlorophyll reached 
maximum level by day 12, after which no further significant changes occurred 
until day 17. 

Under shaded conditions all the parameters reached maximum levels on day 
8 which then continually declined, except chlorophyll which remained constant 
from day 8 until at least day 14. Shade treatment had the effect of reducing 
Fraction I protein level and RuDP carboxylase activity by a greater extent than 
total soluble protein level and whole lamina 002 fixation capacity respectively. 
However under both shaded and standard conditions the incorporation of 002 by 
RuDP carboxylase was still considerably greater than GC2 fixation by the intact 
leaf. 

The development which occurred under shaded conditions appeared to be 
entirely at the expense of grain reserves, as Fraction I protein and total soluble 
protein levels in shade-grown laminae were shown to be related to the initial grain 
dry weight, and maximum levels were attained on day 8 when seed reserves became 
exhausted. 

It was also shown that for attainment of maximum Fraction I protein and 
total soluble protein levels per lamina, nitrate needed to be supplied at a level 
of between 1.0 and 0.5 m moles per seedling on day 2 for normal grain (103% N), 
but the use of grain containing higher nitrogen levels (2.6- N) could overcome 
this requirement. 

A summary diagram is presented to show the major conclusions and from 
consideration of these results and those of other workers, it is suggested that 
it is unlikely that the activity or level of RuDP oarboxylaae is a major resist-
ance to the fixation of carbon in photosynthesis. 

Use other side if necessary. 
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S1J1MARY. 

The aim of this work has been to study the factors controlling the 

development of the first leaf of barley, and in particular the level and act-

ivity of RuDP carboxylase. It is known that shading the first leaf consider-

ably reduces its photosynthetic activity which in turn has a considerable 

influence on subsequent seedling development; it has also been proposed that 

the activity of RuDP carboxylase is a major resistance to carbon fixation by 

the leaf. Results relevant to these points have been obtained. 

The approach followed was to determine how the fundamental biochem- 

ical parameters of the first leaf as well as its carborlation activity, 

measured on crude extracts of the enzyme and for whole leaves, developed 

under standard defined conditions. Seedlings were then grown under conditi- 

ons in which the first leaf was contained in foil covered shades, and the 

effect of this on both fundamental parameters and oarborlat1on activity was 

investigated. 

The main findings were that for standard and shade treatments RuDP 

carboxylase activity and Fraction I protein level were closely correlated in 

a 181 ratio. Under standard conditions they reached maximum levels on day 10, 

at the same time as did total soluble protein and nitrogen, whereas chloro-

phyll reached maximum level by day 12, after which no further significant 

changes occurred until day 17. 

Under shaded conditions all the parameters reached maximum levels on 

day 8 which then continually declined, except chlorophyll which remained 

constant from day 8 until at least day 14. Shade treatment had the effect of 

reducing Fraction I protein level and RuDP carboxylase activity by a greater 
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extent than total soluble protein level and whole lamina 002 fixation capacity 

respectively. However under both shaded and standard conditions the incor-

poration of 002  by RuDP oarboxylase was still considerably greater than CO2 

fixation by the intact leaf. 

The development which occurred under shaded conditions appeared to be 

entirely at the expense of grain reserves, as Fraction I protein and total 

soluble protein levels in shade-grown laminae were shown to be related to the 

initial grain dry weight, and maximum levels were attained on day 8 when seed 

reserves became exhausted. 

It was also shown that for attainment of maximum Fraction I protein 

and total soluble protein levels per lamina, nitrate needed to be supplied 

at a level of between 1.0 and 0.5 m moles per seedling on day 2 for normal 

grain (1,3% N), but the use of grain containing higher nitrogen levels 

(2.6,;'N) could overcome this requirement. 

A summary diagram is presented to show the major conclusions and from 

consideration of these results and those of other workers, it is suggested 

that it is unlikely that the activity or level of RuDP oarboxylase is a major 

resistance to the fixation of carbon in photosynthesis. 
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CHAPTER 1 

INTRODUCTION 

The work described in this thesis is an investigation of the level and 

activity of the enzyme ribuloae.u.195-diphoephate carboxylase in the first leaf 

of barley seedlings. In the first part of this chapter the properties of the 

enzyme, and the factors controlling its level and activity are considered. In 

the second part the importance of the first leaf of barley to the development 

of the seedling is discussed, and in the final section the aims and objectives 

of the thesis are outlined. 

1) Ribulose-115-diphosphate carboxylase and Photosynthesis. 

Ribuloae-1 ,5-diphosiate oaxboxylase [3-phoBpho-1-glyoerate carbozylase 

(c 4.1.1.39)]9 originally called carboxydismutase, is situated in the stroma 

of obloroplasts (mi1lie and Fuller, 1959;  Park and Pont  1961;  Hober t  Pon and 

Heber, 1963) whore it catalyses the 002  fixing atop in photosynthesis 

(c4uayle, Fuller, Benson and Calvin, 1954; Weisebach, fforookor and Hurwitz, 

1956), whereby one molecule of CO2  combines with one molecule of D-ribulose-

10-.diphosphate (RuDP) to form two molecules of 3phosphog1.yoerate (PGA)i- 

002 + ribuloae-1 ,5diphoaphate 	 2 3-phoapho-i)..glycerate. 

Long before the discovery of RuDP carboxylase activity in ohloroplasts, 

Wildman and Bonner (1947)  carried out their classical investigations on the 

enzymic properties of the proteins of spinach leaves. They found a protein of 

high molecular weight, present in large c1uantities, which showed eleotropho-

ratio homogeneity on purification. The term Fraction I protein was adopted 

for this protein, to distinguish it from a second, minor component, designated 

Fraction II, which yielded a heterogeneous mixture of low molecular weight pro-

teins upon eleotrophoresia, and to which relatively little attention has since 
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been given. 

For many years the role of Fraction I protein in the leaf was uncertain, 

as no meaningful function could be associated with it. It was not until 1958, 

when I4yttleton and Ta'o (1958)  showed that Fraction I protein was localised in 

the ohloroplast and only reached maximum level when photosynthesis was occur-

ring, that it was postulated that this protein could be directly involved in 

photosynthesis. Three years later, the studies of Park and Pon (1961)  showed 

that Fraction I protein, and nearly all the leaf carbolase activity, were 

both located in chloroplaste. From that time onwards a direct relationship 

between Fraction I protein and Ribulose-1,5-dlphosphate carboxylaso (RuDP 

oarboxylase) was postulated, but it was not until the mid-sixties (Trown, 

1965; Thornber, Ridley and Bailey, 1965;  Paulsen and Lane, 1966; Ridley, 

Thornber and Bailey, 1967;  Pon, 1967) that the equivalence of Fraction I pro-

tein and RuDP oarboxylase was generally accepted. During this period it was 

also thought that Fraction I protein may have been the protein moiety of pro-

toohlorophyllide holoohrome (Boardsnan, 1962a, 1962b; Kupke, 1962  Trown,1965) 

but in view of the more recent work of Akoyunoglou's laboratory this now 

seems unlikely (.Akoyunoglou, Argyroudi.i4koyunoglou, Guiali and Dassiou, 1970). 

Since then a considerable number of studies have been carried out on 

both the structure and properties of Fraction I protein, and the function and 

properties of RuDP oarboxylase. No attempt is made to fully cover these here, 

instead a brief synopsis of the major findings is given. Detailed reviews of 

the early work on Fraction I protein have been summarised by Wildman and Jagen-

dorf (1952)  and Wildman and Cohen (1955)  and later studies have been covered 

in reviews by Kawashima and Wildman (1970) and Akazawa (1970).  For the most 

recent advances since 1970  reference should be made to the review by Ellis 

(1973). 
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Fraction I protein is probably the most abundant protein in nature, com-

prising up to 50 percent of the total leaf protein in plants containing chloro-

phyll al in fact Fraction I protein has been identified in 56 different ape-

ales of plants, embracing 15 families of angio,.Bperms as well as Bryophta, 

Pt,ridophyta and numerous microorganisms (Kawashima and Wildman, 1970). The 

protein has been shown to be homogeneous as judged by behaviour on electro-

phoresis and centrifugation. The range of early values quoted for both the 

molecular weight and sedimentation constant are quite large (Kawashima and 

Wildman, 1970). However in more recent studies, in which crystalline Frac-

tion I protein from spinach and tobacco was analysed Kawashima and Wildman 

(1971) quoted values for the molecular weight to be of the order 5.25 x 10 

daltona when calculated from a value of S,Wof 18.3 D.05. 

As expected for a protein of such a high molecular weight, Fraction I 

protein has been shown to have a complex quaternary structure. Haselkorn, 

Fern*Sndez-Morán, Kieras and van Bruggen (195)9 from electron microscopic 

studies, proposed a cubic structure composed of 24 identical subunits, each 

of 249000 daltons molecular weight. However similar studies on Fraction I 

protein by Steer, Gunning, Graham and Carr (1968)  led them to postulate an 

octahedral structure. The possibility of there being two distinct kinds of 

subunits was first postulated by Rutner and Lane (1967),  and since that 

time there has been a large number of investigations carried out, which 

have shown one subunit, of molecular weight 5.2-6.0x104  daltona, to be lar-

ger than the other, 1.2-1.8x104  daltona (Ellis, 973). In view of the fin-

ding's of Rutner (1970)9  it seems that for the native Fraction I protein mo-

lecule, the most likely composition is of 8 large subunits pins 8-10 small 

subunits. Although aulphydryl (SB) groups in the Fraction I molecule have 
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been implicated as having an important function in its RUDP oarboxylaae acti-

vity, mainly through the work of Akazawa'a laboratory (Akazawa, 1970;  Kawashi-

ma and Wildman, 1970)  it seems unlikely that disulphide bridges are involved 

in linking the subunits of the protein, since their dissociation does not re-

quire reducing agents (I(awashima and Wildman, 1971). 

In order to distinguish any differences between the two types of sub-

unit in Fraction I protein, numerous comparative studies on their amino acid 

composition have been carried out (Ellis, 1973).  These results show that the 

large subunit and small subunit are dissimilar in composition, as are small 

subunits from different species; however large subunits of different species 

are closely similar in composition. 

Early investigations on the enzymic activity of Fraction I protein 

proposed that in addition to RuDP carbox.ylase, the activities of two other 

enzymes of the Calvin cycle, phosphoribulokinase and phosphoriboisomerase, 

were also associated with the Fraction I protein molecule (Mendlola and 

Akazawa, 1964)9  and a multi-enzyme complex was thought possible. However 

since the studies of Paulsen and Lane (1966),  it has been shown that these 

enzyme activities are not associated with purified Fraction I protein, 

though the enzymes are probably situated close to the Fraction I molecule in 

the stroma of the ohioroplast. In recent years, an additional enzymic func-

tion has been associated with purified Fraction I protein namely the cataly-

sis of the reactions- 
3-phospho-D-glyoerate 

02 + ribulose-1,5-diphosphate 	> phosphoglycolate 

(Andrews,Lorimer and Tolbert,1973; Lorimer,.Andrews and Tolbert,1973). 

This enzyme activity has been termed RuDP oxygenase, and it would now appear 

that Fraction I protein may be involved in the major reactions of both 



photorespiration and photosynthesis (alis, 1973). A full treatment of pho-

torespiration is beyond the scope of this introduction. 

The RuDP oarbocy1aae activity of the fraction I protein molecule has 

been studied in great detail, and a vast amount of literature has been pub-

lished on the factors controlling the activity of the enzyme. The implicati-

on of SH groups in the functioning of the enzyme (Akazawa, 1970; Kawashima 

and Wildman, 1970), has led to widespread use of thiol group protecting 

agents in extracting and assaying this enzyme. The affinity of the purified 

enzyme has been shown to be widely different for its two substrates with 

most of the Km  values quoted for RuDP (1.0-2.410 40 showing a considerably 

higher affinity to exist for this substrate than for bicarbonate (1.0-3.Ox 

10M) (Kawashima and Wildman, 1970). 

The very low affinity of the purified Bnzyme for bicarbonate has con-

stituted an enigma, which has been at the centre of much controversy and 

speculation for many years. This topic has been part of the subject of a 

recent review by Walker (1973a) but it is proposed to discuss only the points 

which are relevant to this thesis. Calculations by Walker (1973a) have shown 

that to sustain half maximal rates for an enzyme with the low affinity for 

CO2  exhibited by purified RuDP oarboxylase, would require a concentration of 

002 of the order of 1 to 6 percent, whereas normal atmospheric concentration 

is nearer to 0.03 percent CO2  v 
 and that inside the leaf is lower still (Heath, 

1969). However Goldsworthy (1968) has shown that the apparent Michaelis con-

stants for photosynthesis for C3  and C4  plants are about 0.03 percent, which 

is of the order found in the atmosphere. Therefore a large discrepancy 

appears to exist between the apparently high rates of photosynthesis deter-

mined in the low 002 concentration of air, and the much higher CO2  levels 
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needed to saturate the purified enzyme. This discrepancy has interesting im-

plications relevant to the importance of ohloroplast integrity. 

Jensen and Baseham (1966) have shown that, whereas the concentration 

of bicarbonate required to maintain half maximal CO2  assimilation by intact 

obloroplasta is about the same as that required by the whole plant, when ohio-

roplasta are ruptured, their bicarbonate concentration requirement increases 

to the same order as that needed for the purified enzyme. Later, Cooper, Fi-

ner, Wishnick and Lane (1969)  proposed CO rather than HOC3  to be the active 

species of the oarborlation reaction, but as shown by Walker (1973a) this 

does not make the discrepancy between the affinities of the enzyme and the 

whole plant for 00.9  any easier to resolve. 

Since Pon, Rabin and Calvin (1963) showed Mg2  to be involved in the 

catalysis of the RuDP oarboxylation, extensive studies on RuDP carbox.ylase 

from spinach by bugiyama, Nakayama and Akazawa (1968)  have shown that the Km  

for HCO3  is decreased from 2x1OM when no 14g2  is present, to 5.6xlOM when 

20L ,2+  is added, intermediate concentrations of 
jg2f  showing intermediate 

effects on Ym. .3tudies by Basaham, Tharp and Morris (1968)  have confirmed the 

findings of 6ugiyama et al. (1968) in showing that Mg2+  concentration affects 

the pH optimum of the enzyme, and alters the affinity of the enzyme for bicar-

bonate. Reports by Nobel (1967)  of light-induced movement of magnesium ions 

into the stromal compartment of the ohioroplast, could indicate how the obser-

ved in vitro enzymic regulation could be realised in the whole plant. 

In order for photosynthesis to occur, 002 has to pass from the leaf 

surface to the site of oarboxylation in the ohioroplast. Many workers have 

investigated the factors restricting the passage of 002  to the enzyme, and 

since the classical work of Gaaatra (1959) many treatments have been considered 

ri 



(Jarvis, 1971). In simple terms it appears that two major factors are res-

ponsible for restricting the passage of CO2  across the lea-f, the first being 

the stomatal resistance, the second the mesophyll resistance. The former is 

associated with the passage of CO2  from the leaf surface to the internal air 

spaces of the leaf, the latter is more complex and can be divided into three 

components. The first is the hydro diffusive resistance, which is the re-

sistance to diffusion of CO2  in solution from the surface of the mesophyll 

cell, to the enzyme active site in the oh].oroplaat; the second is the photo-

excitation resistance which is a complex resistance dependent on the irradi-

ance necessary to saturate the photochemical reaction; the third is the oar-

boxylation resistance which is usually considered to be given by the activity 

of the oarboxylase enzyme, but which should really take into account the 

activity of the other enzymes of the Calvin cycle. The oarboxylation resis-

tance is the one of direct interest to this study. 

In attempting to assess the contribution made by the different leaf 

resistances in photosynthesis, Jarvis (1971)  considered the affinity of the 

purified enzyme for bicarbonate, in view of the Km  values quoted in the 

literature. He postulated that if the in vitro estimates for the Km for bi-

carbonate represented an in vivo activity of the enzyme, then it is likely 

that the oarboxylation resistance could be a limiting factor in photosynthes-

is • In light of the findings that changes in Mg
2+  concentration can appre-

ciably change Km (bicarbonate) va'ues this postulation would seem less likely. 

Studies on the level and activity of RuJ)P oarbozylase in relation to 

photosynthetic activity, carried out by Woolhouae (1967-68), Bjôrkman  (1968a, 

b), Wareing, Khalif a and Treharne (1968), Eagles and Treharne (1969)9 Tre-

harne and Eagles (1970)9  have suggested that it is the oarboxylation step 

which can limit photosynthesis, though the diffusion resistances have also 
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been implicated. In studies on sun and shade adapted species grown in their 

natural habitat (Bjrkiaan, 1968a), and sun and shade adapted species of Soli-

dao virgaurea grown in high and low irradiation environments (Bjorkman, 

1986b), it was found that the activity of the RUDP carborlaee in leaf extract 

and the photosynthetic activity of the whole leaf were closely correlated. A 

similar correlation was found in leaves of Phaseo]us vularis (Wareing et al., 

1968), and Dactylis glonierata (Eagles and Treharne, 1969; Treharne and Eagles, 

1970). 
In view of the proposal that RuDP oarboxylaae activity may limit pho-

tosynthesis the factors affecting the synthesis and activity of the enzyme 

are of considerable interest. 

The site of synthesis of Fraction I protein has been extensively studi-

ed ever since the discovery of its location in the ohioroplast (Iytt1eton and 

Ps'o, 1958).  Use of inhibitors of protein synthesis has implicated the ohio-

rop].ast as the site of synthesis (e.g. Smiflie, Graham, Dwyer, Grieve and 

Tobin, 1967; Margulies,  1970). More recent work by Criddle, Dau, Kleinkopf 

and Huffaker (1970), indicates that the synthesis of the large subunit of 

Fraction I protein takes place on chioroplast ribosomes,whereas that of the 

small subunit occurs on cytoplasmic ribosomes. 

The synthesis of Fraction I protein has been shown to occur in the 

dark for bean (Racusen and Foote, 1965) and. barley (Kannangara, 1969) seed-

lings, however studies on RuD? carborlase activity during greening of dark.. 

grown seedlings is extensive, and it is proposed to summarise only the major 

findings. Upon illumination, a rapid de novo synthesis of the enzyme occurs 

in bean (Margulies, 1970)9 barley (Keller and Huffalcer, 1967; Kleinkopf, 

Huffaker and Matheson, 1970b) and pea (Graham, Grieve and Sniiliie, 1968)9  

which involves a phytoohrome-mediated response (1ner and Klein, 1968; 
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Graham et a)., 1968). 

Earlier, Hall, Huffaker, Shannon and Wallace (1959),  showed rapid de-

velopment of photosynthetic activity, later shown to involve a rapid increase 

in RuDP oarboçlase activity (Huffaker, Obendorf, Keller and Kleinkopf, 1964)9  

when dark-grown seedlings were illuminated. Keller and Huffaker (1967) re-

ported that if dark-grown barley seedlings were put into water containing 

magnesium ions and then left in the dark, the activity of RuDP carboxylase 

in the first leaf almost equalled that in illuminated seedlings placed in 

water. At the same time as enzyme development occurs upon illumination of 

barley leaves, changes in plastid fine structure also take place, with the 

development of the lamella system, and the differentiation of the grana 

(Rhodes and Yetum, 1966). 

The increase in RuDP carboxylase activity upon illumination of dark-

grown bean seedlings has been reported to show initial lags (Bradbeer, 1969, 

1970) and to be age-dependent (Dassiou and Akoyunoglou, 1969). Upon illumin-

ation of dark-grown barley leaves a decrease in the enzyme level and activity 

has been shown to occur after the initial induction, followed thereafter by a 

steady increase (Kannangara, 1969). 

Increases in RuDP carboxylase activity in dark-grown Zea mays, follow-

ing brief periods of illumination, have been shown to occur even when photo-

synthesis is inhibited (McMahon and Bogorad, 1968). In dark-grown corn 

plants the response of RuDP carboxylase activity to illumination is immediate, 

whereas for two other enzymes of the Calvin cycle, phosphoribulokinase and 

phosphoriboisomerase, a 12 to 18 hour lag occurs (Chen, McMahon and Bogorad, 

1967). Huffaker, Obendorf, Keller and Kleinkopf (1966)  also showed a lag 

period in the initial synthesis of phosphoribulokinase upon illumination of 

dark-grown barley seedlings. Their studies also indicated that phosphori- 



boisonierase and RuDP oarboxylase activities were highly correlated with chlo-

rophyll synthesis for all light intensities studied, whereas phosphoribulo-

kinase activity was only correlated with chlorophyll synthesis as light inten-

sity neared saturation. Later work of Obendorf and Huffaker (1970) on illumin- 

ating dark-grown barley seedlings showed that activities of the three enzymes, 

accumulation of chlorophyll, and levels of soluble protein decreased from the 

tip to the base of the leaf blade. However with increasing time of illumin-

ation the accumulation of chlorophyll and the activities of phosphoribulokin-

ass and RuDP carboxylase increased more in the tip of the blade, whereas the 

level of soluble protein and the activity of phosphoriboisomerase increased 

similarly in all sections of the blade. 

Most of the studies on the effects of illuminating dark-grown seed-

lings have concentrated on the changes in activity of RuDP carboxylase, but 

in those oases where changes in Fraction I protein level has also been follow-

ed they have shown these to parallel those of enzyme activity (Graham et al., 

1968; Kannangara, 1969). Björkman has carried out several investigations on 

the responses and adaptation of the photosynthetic apparatus of species of 

plants, from exposed and shaded habitats, when grown under conditions of high 

and low light intensity (e.g. Bjrkman and Holingren, 1963, 1966). Similar 

work on Dacty1i (Eagles and Treharne, 1969) has shown that populations from 

a warm, exposed habitat, respond better to high irradiance than do those from 

cold, shaded habitats, which is reflected in their respective RuDP carbo-

xylase activities. Thus light of the correct intensity is necessary for the 

full development of RuDP oarboxylaae activity, but other factors are also 

known to be essential. The importance of nitrogen supply to whole plant growth 

is well known, but the more specific effect of nitrogen supply on the carbo-

xylation capacity of plants is not so well documented. Nichiporovich, Osipova, 
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Nikolaeva, Romanko, Khein, Slobodskaya and icrylov (1967) showed that the 

photosynthetic activity of leaves of cabbage and bean plants grown under con-

ditions of high nitrogen supply, was higher than that of leaves of plants 

grown without or with only low levels of nitrogen. Iy1e and Hesketh (1969) 

showed that growth of maize, cotton and bean plants, under nitrogen defici-

ent conditions, resulted in decreased carbon assimilation, accompanied by an 

apparent increase in mesophyll resistance to CO2  transfer, and a detectable 

increase in stomataJ. resistance. Working with sugar beet, Nevins and Loomis 

(1970) found that nitrogen deficiency reduced the maximum photosynthetic 

rate, which was related to a decrease in the lamina protein level, and an in-

crease in the resistances to CO2  diffusion. Studies by Medina (1969-70; 

1970-71) showed that when seedlings of Atriplex patula were grown under nit-

rogen deficient conditions, the activity of RuDP carboxylase  in the leaves 

was considerably reduced, and that this correlated with a reduction in photo-

synthetic activity in the leaves. 

The temperature under which plants are grown has been shown to influ-

ence the characteristics of the carboxylase enzyme. Treharne and Eagles 

(1970) showed differences in temperature resposo of two ecotypes of Dacty-

ls; those from a cold climate having a much higher photosynthetic activity 

than those from a warmer climate, when both populations were grown at low 

temperature. The species from the colder climate also had a lower tempera-

ture optimum than those from the warmer climate. Previously Treharne and 

Cooper (1969)  found the optimum assay temperatures for Ru])P carboxylase of 

Lolium and Averia (temperate spp.) and Cenchrus (tropical sp.) to be between 

20-30°C, whereas for Zea (tropical sp.) the optimum was higher, at between 

30-350C. It appears that the adaptation of the photosynthetic activities 

of plants to their environment is usually reflected in the characteristics 
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and activities of their RuDP oarboxylase. 

The synthesis of RuDP oarboxylase has also been shown to be influenced 

by plant growth substances. Wareing et al. (1968)  found that partial defoli-

ation of Phaseolua plants resulted in a higher enrme activity in the leaves 

remaining. They proposed that this resulted from an increased supply of en-

dogenous cytokinins, which led to an increase in synthesis of RuDP oarbo-

xylase. Feisrabend (1969)  showed that kinetin treatment stimulated the rate 

of synthesis of RuDP carboxylase when dark-grown rye seedlings were exposed 

to light. Kinetin application also stimulated the synthesis of enzymes in 

dark-grown seedlings to the level found in untreated light-grown seedlings. 

However application of kinetin had no effect on RuDP carboy1ase synthesis 

in the presence of inhibitions of protein synthesis (Feierabend, 1970). 

Gibberellin has also been shown to stimulate the activity of RuDP carbo-

xylase in red clover (Treharne and Stoddart, 1968) and Phaseolus (Treharne, 

Stoddart, Pughe, Paranjothy and Wareing (1970),  though in the latter case 

the effect was only on enzyme activity and not on level. 

2) The Importance of the Barley First Leaf to 'thole Plant Development. 

Interest in the contribution made by, and importance of, the first 

leaf of barley to the growth and grain yield of the whole plant, arose from 

a series of unpublished experiments carried out by H.K. Porter on the de-

velopment of the barley plant. It was known from earlier reports that the 

nutrition of developing cereal grains appears to be dependent on the photo-

synthetic activity of the later formed leaves and on the grain itself (Arch-

bold, 1942;  Nsberger and Thorne, 1965). Porter's experiments examined the 

influence of the first formed leaves on plant development. 

12 
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She investigated the importance of the first 5 formed leaves of barley, 

by covering each of these in turn with tubular shades, and seeing what effect 

this had on tiller number and final grain yield. The shades were designed to 

reduce the amount of light falling on the leaf to a very low level, but are 

still adequate to saturate the low energy requirements of any photoinorpho-

genic reactions. She found that shading the first leaf delayed the appear-

ance of subsequent leaves by 4 to 6 days, whereas shading the second leaf had 

only slight effects, and shading leaves 3,4 and 5 had no effect. The shade 

treatment had to be done early to produce this effect, which was permanent 

for the rest of the plant's development. That is, shading the first leaf 

affected the plant from first leaf emergence to the appearance of the awn, 

hence it is a long-term effect. Porter showed that early shading of the first 

leaf had much greater effects than later shading, but even shading on day 11 

affected the final grain yield. 

These preliminary experiments have been extended by Dale, Felippe and 

Fletcher (1972)  who confirmed Porter's findings that shading the second leaf 

had very little effect on plant development, whereas shading the first leaf 

on day 5 delayed the appearance of all subsequent leaves (except the second) 

by up to 3 days, compared to 4 to 6 days found by Porter From these studies 

they showed that the effects of first leaf shading are immediate, leading to 

delays in leaf and tiller emergence. However, shading did not affect grain 

size or the number of grain per stem, but total grain yield was reduced be-

cause of a reduction in the number of tillers bearing grain. They attributed 

these effects to an early retardation of growth as a result of reduced levels 

of photosynthesis in the shaded first leaf. 

It has also been shown by Dale (1972)  that nitrogen supply affects 
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photosynthetic activity in the barley first leaf. Delaying application of 

nitrate from day 2 to day 8, after planting, led to an estimated reduction 

in CO2, fixed by the first leaf over the period day 7 to 14, of about 30 per-

cent. Delay in nitrogen application also led to reduction in leaf length, 

breadth, area and dry weight. 

In extended studies on the effects of shading the first leaf, Dale and 

Felippe (1972a)  attempted to assess the effects of shade on the photosynthet-

ic activity of the first leaf, and to use shade treatment as a means of 

assessing the contribution of the first leaf to the growth of the young seed-

ling. They found that the application of shades to the first leaf was most 

effective when done immediately after leaf emergence, as both first leaf dry 

weight and root dry weight ceased to increase after day 81  the time when 

grain reserves became exhausted. In control seedlings, first leaf and root 

dry weight were significantly higher than for shaded seedlings over the peri-

od day 5 to 8, and continued to increase between days 8 and 10. These higher 

dry weights in control plants, and the continued increase between days 8 and 

10, were attributed to the photosynthetic activity of the first leaf, and it 

was postulated that from day 8 onwards, seedling growth is closely dependent 

upon the activity of the first leaf. Under shaded conditions the photosynthet-

ic activity of the first leaf was slight. 

Studies on '4CO2  uptake, showed that shading the first leaf signifi-

fioantly reduced the amount of 002  fixed both by the first and second leaves. 

Infra-red gas analysis studies showed that previous shading reduced the up-

take of CO2  by the first leaf at saturating light intensity from day 6 until 

day 10, when maximum activities were attained for both treatments. Further 

studies on the effects of shade application showed that the longer the period, 

and the earlier the time of shade treatment, the greater was the effect on the 
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leaf dry weight. From these investigations it was concluded that early shad-

ing reduced the subsequent production of dry matter and it was proposed that 

shading was acting in two ways i "firstly, by reducing light intensity to lim-

iting values so that the level of photosynthesis is reduced, and secondly, 

through a morphogenic mechanism which reduces the capacity of the shaded leaf 

to fix carbon whin it is subsequently exposed to high levels of light.' (Dale 

and Felippe, 1972). 

3) .ie1eotion and Objectives of the Thesis. 

From the studies started by Porter, and extended by Dale's group 

(Dale et al., 1972; Dale and Felippe, 1972), it appears that shading the bar-

lay first leaf reduces its photosynthetic activity and dry matter accumulati-

on. The early activity of the first leaf has been shown to be of direct im-

portance to the subsequent development of the plant and its final grain yield, 

as it is the only significant photosynthetically active organ present at this 

time. Later formed leaves, with the exception of the flag leaf, appear to be 

of much less importance in controlling the plant's development. In view of 

these findings and those of Bj5rkman (1968a,b) and Medina (1969-70, 1970-71) 

that RuOP carbolaae could be a major factor limiting the photosynthetic 

activity of shade adapted and nitrogen deficient plants respectively, it was 

decided to investigate the effect of these treatments on the level and acti-

vity of this enzyme. Although a great deal of information has been published 

on the changes in enzyme activity and protein level during periods of illumin-

ation following initial dark-growth, and a limited amount of work on enzyme 

changes during leaf senescence has been carried out (Dorner, Kahn and Wild-

man, 1957; Kannanara and ..00lhouse, 1967; Kawashina and Mitake, 1969), very 



little work has been carried out on the fate of this enzyme between these 

periods, and on its development following germination under full light con-

ditiona. It was therefore decided to study the factors which control the 

level and activity of RuDP oarboxylase in the developing first leaf of barley. 

Owin: to the background to the investigation, and the gaps still ex-

isting in our knowledge, the first leaf of Hordeum vulgare L. cv-. Proctor 

was the obvious choice of experimental material for these studies. The more 

general choice of barley, as opposed to any other cereal, came from the fact 

that a large amount of information was already available in this department 

on the techniques of growing this plant under controlled environmental con-

ditions. In addition my personal background, interests and future aims, made 

it the ideal cereal to study. 

The initial aim of this thesis was to study the development of the 

first leaf of barley under standard, defined, conditions. The level and acti-

vity of RuDP carboxylase and other relevant parameters were followed during 

the growth of the first leaf to obtain a comprehensive picture of the changes 

ocouring during leaf development. Growth under other, experimentally differ-

ent, conditions was then investigated, and the results compared with those 

from standard conditions. This enabled a picture to be built up of some of 

the factors, both Internal and external to the plant, which control the de-

velopment of RuDP carboxylase in the first leaf lamina. 

Knowing how RuDP oarboxylase develops under standard conditions, it 

was then hoped to assess the effect of shade treatment, not only on enzyme 

development, but also the extent to which the enzyme is instrumental in lim-

iting the light-saturated photosynthetic activity of shade-grown barley first 

leaves. 
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In view of the findings of Dale (1972)9  which showed that delaying 

nitrate application affected the photosynthetic activity of the first leaf, 

investigation of the effect of nutrient regime, and nitrate application in 

particular, as possible limiting factors in the enzyme's development, was 

considered to be of great importance. 

The studies on the development of the first leaf, and more specific-

ally RuDP carboxylase, under standard growth conditions are presented in 

chapter 3. The work involving investigations of the effects of shade-treat-

ments is dealt with in chapter 4, and in chapters 5 and 6 the relationship 

between enzyme development and nitrogen sypply together with other minor 

investigations of relevance to this study are given. The main conclusions 

from these sections are then presented in a final discussion in chapter 7. 
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CHAPTER 2 

MATERIAL AND METHODS 

THE MATERIAL. 

Barley, Hordeum vulgare L. of the Proctor oultivar, supplied by the 

Plant Breeding Institute, Cambridge, was used throughout this work. It was 

selected mainly because the supply of Proctor from the 1969 harvest of the 

Scottish Plant Breeding Station, Pentlandfield, used by Dale et al. (1972) 

was almost exhausted and would not have covered the requirements of the 3 

year research programme. The Cambridge grain was also found to give a 

higher percentage, and more uniform germination, than the grain available 

from the 1970 Pentlandfield harvest. 

The fundamental problem of whether to use a single batch of grain 

which would age with time, or to use a new batch of grain each year, was 

resolved by deciding to use a single batch of grain for the 3 years of the 

experimental programme. It was believed that year to year variations bet-

ween different batches would have created unknown problems in comparison 

of results. 

METHODS. 

1) The Growing Regime. 

(a) Choice of Medium. In order to carry out experiments involving nut-

rient application, it was necessary to use a medium which was essentially 

nutrient-free. This eliminated the possibility of using peat or soil. Ver-

miculite was also unsuitable, as it was sometimes contaminated with heavy 

metals, and was difficult to remove from root systems at harvest. Sand was 

found to be the most suitable of the media remaining. It was low in cost 
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and readily available, as well as being suitably inert. 

Although the sand, Quartzag B obtained fromuartzag Ltd., Blaneuield, 

had been prewashod before receipt, an additional washing procedure was given 

before it was used. Sand was sifted into a bin containing running water and 

the coarser grains settled to the bottom. The fine clay particles and other 

contaminants were removed as a surface scum. With the washing procedure ad-

opted the sand supported reasonable growth of plants, although this differed 

slightly in different batches of sand, 

(b) Choice of Container. Early experiments were carried out using 

plastic seed trays 36x40  cm, containing sand to a depth of 5 cm. 40 grains 

per tray were planted, so this method was useful for growing large numbers of 

seedlings, but it gave large variations in seedling size, because of competi-

tion effects. Trials of growing 2 seedlings per pot in plastic pots 15 am 

diameter also resulted in an unacceptable level of seedling variation. 

The method finally adopted was to plant one grain per pot, at a depth 

of 3 cm, in circular or square pots, 9 cm diameter or edge, containing 250  ml 

moist sand. 50 ml distilled water was given on planting, and usually on every 

alternate day following this, except when nutrient was applied. It was pos-

sible to place 187 pots on the table of the growth room, and with care in 

grain selection and planting, usually upwards of 150  of these were suitable 

for experimental purposes. 

(a) Nutrient Regime. Nutrients, based on a modified Hoagland's Formul-

ation as used by H.K. Porter in her unpublished experiments, was applied 

according to the regime of Dale et al. (1972).  Nutrient solution consisted of 

two components i Solution I which contained all the components other than nit-

rate listed in table 1, and a nitrogen source which was sodium nitrate. Initial 



Table 1 Nutrient Regime 

The nutrient solution consists of two components 

1) Solution I and 2) a nitrogen source. 50m] nutrient solution are 

given per pot on days 49  11 and 18, except where stated otherwise. 

Solution I :- 

20m1 	0.5M IC 50 	stock solution ) 
2 	4 ) 

]Ornl 	0,2M K112PO4 	" ) ) this mixture is made up to 
lOmi 	0.5M CaC] ) 2 ) a final volume of 1 litre, 
lOmi 	0.4M Mg804 	" ) ) to give the nutrient 
1Cm1 	0.025% EJYFA ) ) solutions 
lOmi 	micronutrient 	ft  ) ) 
Nitrogen :- ) ) 
20m] 	1.OM Nam 3 	stock solution ) 
The amounts of the major minerals supplied per pot using the above 

regime is:- 

- 1 
 K 	— 4.3mgpot 

Ca 	— 10.0 mg 

P 	— 	3.2 mg I. 

Mg 	— 	20 9 mg 	
of 

It 
N 	— 	14,0 mg 



application, in a volume of 50 ml per pot, was given on day 49 with applicat-

ions on every seventh day after this. 

(d) Selection of Grain and Seedling. To obtain uniform seedling germin-

ation, careful selection of grains was necessary before planting. Any grains 

which were damaged or appeared to have bacterial contamination were rejected. 

Of the remaining grains only those which were reasonably rounded in appear- 

ance and within the weight range 45 - 55 mg were used. 1ongated 	ins, and 

those outside this weight range were found to give variable germination. 

When grains had sprouted, additional selection was made at the start 

of day 4. Any pots whose seedlings had not yet appeared above the sand sur-

face were rejected. The remaining seedlings were assessed for evenness of 

appearance and any which appeared to be appreciably smaller or larger than 

the average were rejected. Rejections on day 4 did not usually account for 

more than 10 percent of the total. If it was necessary to reject large num-

bers of seedlings, this usually reflected some fundamental problem associated 

with growing conditions common to all seedlings, and the experiment was re-

planted. 

Even adopting those rigorous selection procedures did not always pro-

vent large variations in leaf size from occurring during later stages of de-

velopment, and although plants surplus to the needs of the experiment were 

usually grown as "spares", in some cases even these did not help to alleviate 

the problem of large material variation. The main difficulty seemed to be 

that if leaves were within a range usually 1 20 mg of the mean fresh weight 

(fig. 9a), then correction for fresh weight usually brought high or low val-

ues of certain parameters to a common level. However, when variations in 

fresh weight extended above or below this limit, then correction by propor-

tionality did not always result in similar levels being attained, as larger 
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leaves sometimes had significantly higher parameter values per unit fresh 

weight than did small leaves. It was thought that this probably reflected a 

difference in volume to area ratio between large and small leaves, with the 

larger leaves having a higher ratio and hence presumably a higher proportion 

of mesophyll to epidermal cells, which would give a higher soluble protein 

and chlorophyll level per unit fresh weight. 

Growing Conditions. Growth rooms of the walk-in type were used to 

control the external environment of the pot. A day length of 16 hours with 

a constant night and day temperature of 2000  was used. Warm-white fluores-

cent tubes (Phillips) and tungsten-filament lamps gave an intensity, radiant 

flux density, at the pot surface of between 70-140 Wm 2  in the wavelength 

range 400-700 nm; this is equivalent to about 2000 - 4000 ft.o and 96 - 192 

cal cm-2  i6h; in these conditions 1000 ft.o is equivalent to 35 72 The 

intensity depended upon the table height, pot position and age of the tubes; 

the tubes were changed every 3500 hours. Experiments carried out at differ-

ent light intensities, showed that the parameters under investigation were 

unaffected above 2000 ft.o, but could be considerably affected at lower in-

tensities. 

Randomisation of Experiments. In any experiment using growth rooms 

some gradation in environmental factors is inevitable. In the growth rooms 

used, the circulating air stream was passed across the table from side to 

side, causing variation in the rate at which pots dried out; also the light 

intensity declined from the centre of the table towards the edges. It was 

therefore necessary in any experiment using the whole table surface to ran-

domise the experimental material. The approach adopted depended on the nat-

ure of the individual experiments, and the number of variables being investi- 
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gated. For example, randomisation in the more complicated experiments was 

sometimes restricted, in order to avoid errors in treatment applications. 

3hading of Seedlings. Tubular aluminium foil covered paper shades 

similar to those designed by Dale (Dale at al., 1972),  were used to shade the 

first lea.f, fig. 1. The internal diameter of these shades was 1.4 cm, but it 

was found necessary to extend the length from 14 cm to 20 cm, because the 

grain of the Proctor oultivar supplied by the Plant Breeding Institute, Cam-

bridge, produced first leaves which were longer than those grown from the 

Pentland.fie].d grain used by Dale. The light intensity in the 14 cm open-ended 

shades was shown to decline from the tip to the base at a rapid rate which did 

not follow the inverse square law. The light intensity in the 20 cm shades 

was expected to fall in a similar manner, but reaching an even lower value at 

the base. 

In a typical experiment using continual shading the following procedure 

was adopted : on day 5 a shade was applied over the first leaf and as the leaf 

grew the base of the shade was kept in line with the ligule by sliding the 

shade up the stake to which it was attached. The second leaf appeared between 

days 8 and 9 and was released from the shade and allowed to develop in full 

light as shown in fig.2. 

Time Scale of Experiments. The time scale used in these experiments 

usually covered the period from day 6 up to between days 15 and 209  depending 

on the individual experiments; but in some cases, development was studied over 

shorter periods. During this time course the second leaf emerges, usually 

between days 8 and 9, while the third leaf appears between days 14 and 15. 

The study of the first leaf also meant that experiments could be planted every 

3 to 4 Weeks, enabling a much larger number of experiments to be carried out 



Figure 1 	- 	6 day old barley seedling with first loaf enclosed in shade, 

Figure 2 	- 	10 day old barley seedling showing first leaf shaded and 

second leaf released from the shade. 





than would have been possible if later formed leaves were studied. 

(i) Analysis of Results. The degree of replication used throughout this 

study va-id depending on the nature of the particular experiment and the 

amount of material available. No general rule concerning the treatment of 

results can be given; in oases where trends were not entirely clear standard 

statistical methods were used in order to resolve the points in question, 

2) Basic Measurements on the Leaf. 

Fresh Weightj Dry Weight and Area Determinations. The fresh weight 

of leaves was routinely determined to 1 mg. Dry weight was obtained to 0.1 

mg following a 24 h drying period at 9000.  Leaf area was determined by 

tracing the outline of the leaf on to paper. The image was out out, weighed 

and compared to the weight of a known area of paper. Measurements were also 

taken of leaf length and width for comparison with leaf area data. 

Segment Preparation and Cell Counting Procedures. Seedlings were re-

moved from the pots by cutting the base close to the point of attachment to 

the grain. The coleoptile was removed with forceps, and the lamina of the 

first leaf out at the ligule. It was then placed between two sheets of moist 

blotting paper, prior to cutting into segments with a razor blade, using a 

graph paper template. In cell counting experiments only six 1 cm segments 

were taken from the leaf. These were the terminal two 1 cm segments (desig-

nated 1 and 2 respectively), the middle two segments, cut from a position 

3 cm below the lower edge of segment 2 (designated 3 and 4), and segments 5 

and 6, out from the base of the leaf; the remaining parts of the leaf were 

discarded. This procedure was adopted on days 6, 7, 9 and 12. On day 5, 

leaves were very short and no gap was left between the cutting of segments 

2 and 3. In all other studies using segments, leaf laminae were out into 3 

23 



24 

equal sections rather than using the procedure outlined above, which would 

have given an unmanageable number of samples. 

Cell count determinations were made using the technique of Brown and 

Rickless (1949).  Two segments from each leaf position were placed in 5 ml 

of 5 percent chromic acid for 72 hours. At this time cell separation was 

achieved by breaking up the material with the tip of a pasteur pipette, and 

aspirating the suspension ten times. Solution volume was adjusted to bring 

the cell numbers to a reasonable level for counting using a haemooytoineter slide 

(approximately 150 - 250 cells per grid). Six samples were counted per rep-

licate, and three replicates were prepared for each segment position on each 

day. 

(o) Determination of Chlorophyll. The chlorophyll content of segments 

and whole leaves was determined using the method of Amen (1949).  Segments 

and leaves were ground in a glass/glass or teflon/glass homogeniser in a 

known volume of 80 percent acetone, and the suspension centrifuged at 2,500 g 

for 15 minutes • The supernatant was diluted to a known volume with 80 per-

cent acetone to give optical density (0.D.) readings between 0.1 and 0.5 at 

645 and 663 nm on a Unioam SP 500 spectrophotometer. 

(d) Determination of Nitrogen. The total nitrogen content of the first 

leaf of barley was determined according to Ballentine (1957)  and Conway 

(1962). Laminae from seedlings were dried and then weighed. The leaf was 

then ground to a homogeneous powder, from which a sample, c. 10 mg, was weigh-

ed into a hard glass boiling tube. A few carborundum chips were then added to 

the tube to prevent "bumping" on subsequent digestion. 0.5 ml of digest aiid 

(concentrated N-free sulphuric acid containing 6% K2 SO
4' 
 1% Hg SO4  and 0.2' 

selenium) was then added to the tube, which was gently shaken before trans- 
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ferring to an electric heating rack. The tube was heated, in a fume cupboard, 

for 30 minutes at full heat, and then for a further 2.5 hours at low heat. 

This ensured adequate digestion of the leaf. The tube was then cooled and the 

volume of the sample made up to 10 ml with distilled water. The tube was 

capped and the contents thoroughly mixed using a vortex mixer. 

The Conway vessel was then greased with vasoline around its inner and 

outer well rims; two additional streaks of vaseline were placed across the 

moat, between the rims, at diametrically opposite positions, in order to di-

vide the moat into two compartments. 0.2 ml boric acid indicator was added to 

the centre well, and 0.2 ml 40 percent Na OH was added to one moat compart-

ment, and 0.2 ml of the sample to the other moat compartment. The vessel was 

then sealed on the top with a glass plate. The Conway vessel was then tilted 

several times to mix the sample and the 40 percent NaOH, and loft overnight. 

Duplicate units were prepared for each sample, and duplicate water blanks were 

made for each day of assay. The next day the lids were removed and the nitro-

gen was titrated with 0.01 M H2  SO4. 

The nitrogen present in the leaf was then calculated from the relation-

ship that 1 p1 of 0.01 M 112  SO4  is equivalent to 0.28 ag of nitrogen. Thus 

as the leaf is diluted x 50 for assay, the amount of nitrogen per leaf - 

(titration of sample - titration of blank) x 50 x 0.28 

Division by leaf dry weight gives the value for jig N per mg dry wejk 

This method however is limiting In that large amounts of nitrogen pres-

ent in the form of nitrate and nitrite will not be recovered on digestion, un-

less the material is given a predigestion Incubation with salicylate in sul-

phuric acid and thiosulphate. (Humphries, 1956).  When these determinations 

were carried out it was not realised that the first leaf can accumulate large 



amounts of nitrate, of up to 1000 jig, as laterreported by Dale (1972). The 

method described was used for all nitrogen assays,  but it must be borne in 

mind that the absolute values recorded may be low. 

3) Methods Involving Lea! Extracts. 

(a) Preparation of Thole Leaf and. Leaf Segment Extracts. For measure-

ment of the soluble protein content and RuDP oarboxylase activity of the 

first leaf, a solubilised lamina protein extract was needed. A medium, 

whose characteristics were suitable for measuring the activity of RuDP oar-

boxylase was selected as the grinding buffer. The choice of buffer, its 

components and pH, were decided upon after surveying the conditions used by 

other workers (Kawashima and Wildman, 1970; Akazawa,  1970).  On the basis 

of this information, and work done by Hayes and Dale (1971),  the grinding 

medium shown below was used. 

Tris Buffer (Trizma Base, sigma) 	 50 n 
Magnesium Chloride (B.D.}1..) 	 10 mM 
Ethylene Diamine Tetra acetic acid (EIf1Ai supplied BDH) 0.2 mM 
Dithiothreitol (Koch-Light) 	 5 mM 

The final pH of the medium was adjusted to 7.9 using 2 M HCL. 

The use of tria (50 mM) and EIYVA (0.2 mM) appeared to be standard 

throughout the literature. The magnesium needed for enzyme activity (Weiss-

bach et al., 1956) was shown by Basehain at al. (1968),  and  Sugtyama  at al. 

(1968), to affect the enzyme pH optimum with varying concentration, and at 

10 mM Mg2  the pH optimum lay between 7.8 and 8.09  and so a mean of 7.9 was 

used. Dithiothreitol was selected as the suiphydryl  group protecting agent, 

In preference to glutathione, mercaptoethanol or oysteine hydrochloride, as 

it had the additional advantage of being an inhibitor of polyphenoloxidase 

activity. The grinding medium was made up at double strength and stored at 
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2°C in the dark for up to 3 weeks. All work inv,;Iving extraction of leaf 

material was carried out in a cold room at 2°C, where all apparatus was left 

on ice for 1. hour prior to uo. The tissue was extracted in a ratio of one 

first leaf lamina per 2 ml of grinding medium; usually extracts of 4 leaves 

in 8 ml medium were made. 

At the start of an extraction, first leaves were removed at the hg-

ule, weighed, and held over ice on moist filter paper until extracted. On 

transfer to the cold room, the leaves were torn into small segments and 

ground in & pestle and mortar until a uniform homogenate was produced. This 

was then filtered through nylon mtuh, 56 urn pore size, into a 15 ml polyprop-

ylone centrifuge tuba. The samples were centrifuged for 15 mlnutee at 200 

and 259000  g in an 	13 centrifuge. The bright yellow supernatant was 

decanted and retained for Ru..DP oarbolaae assay, Fraction I protein deter-

mination, and total soluble protein estimation. The pellet containing cell 

debris and starch was discarded. In preliminary experiments, debris held on 

the nylon mesh was reground in fresh medium then refiltered and centrifuged. 

The protein content of the supernatant obtained was always found to be lens 

than 5 percent of that in the original extract • It was therefore decided 

that one extraction was adequate for investigations and no additional extrac-

tions were carried out, as were shown to be necessary for leaves of species 

showing characteristic bundle sheaths. (Baldry, Buoke and Cocb8, 1971;  Ducks 

and Long, 1971). 

(b) Determination of Total Jolublo protein. The determination of the 

total soluble protein content of the first leaf was based on the method of 

Lowry, osebrough, Parr and $azidall (1951). 2 ml of 10 percent trichioro-

acetic acid (Tw.) were added to a 15 ml glass centrifuge tube oontainin 0.5 

ml of the leaf extract supernatant, and allowed to stand for 30 minutes on ice. 
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This precipitated the protein and removed contaminating components (O'Sullivan 

and Mathison, 1970). The sample was then centrifuged for 10 minutes at 20500 g, 

producing a compact protein pellet. After discarding the clear supernatant, 

the tube was sealed with Parafilm and stored at 2°C until required. Usual 

practice was to collect all the samples taken during an experiment and analyse 

them together against a single standard curve. 

When all the samples were ready for analysis, the protein precipitates 

were taken up into solution using 0.1 M sodium hydroxide (NaOH), 5 ml for con-

trol, 2.5 ml for shaded leaf extracts and day 6 controls. Alter solubilisat-

ion, 0.5 ml of the protein solution was added to a tube containing 0.5 ml of 

0.1 M NaOH. 5 ml of a freshly prepared solution of 0.1 M NaOH containing 21/. 

w/v Na2  CO3 
 0.1. w/v CuZO4. 5JI20 and 0.2% VT/V  sodium potassium tartrate, was 

then added, and the mixture allowed to stand for 15 minutes at room temperat-

ure. Vthi1e the samples were standing the Folin solution (2 volumes of Folin-

Ciooalteaa Reagent (B.D.H.) and 1 volume of 1 M NaOH) was prepared. 0.5 ml 

of this solution was added to the protein sample and immediately mixed using 

a vortex mixer. The solution was allowed to stand for 45 minutes at room 

temperature before reading the optical density of the resulting blue solution 

in an EEL colorimeter using a red 608 filter. The samples, standards, and re-

agent blanks, were read against distilled water. 

While the precipitates were solubilising, a standard curve (fig. 3) 

was prepared using bovine serum albumin (BSA) fraction IV (Sigma Chemicals 

Ltd.) as the protein source. The standard curve covered the range up to 

125 ug BSA, and over the range from approximately 15 ,ug to 125 ,ug the relat-

ionship of protein concentration to optical density was linear, but on extra-

polation did not go through the origin. A more detailed study of the relat-

ionship between protein concentration and optical density between 0 and 15 ,ig 



Figure 3 	- 	TOTAL SOLUBLE PROTEIN STANDARD CURVE. 

Graph of optical density against concentration of bovine 

serum albumin, used to determine total soluble protein 

content of leaf extracts. Each point is the mean of 

triplicate determinations. 
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BSA showed a linear relationship which went through the origin and gave a 

high O.D. reading per zg of protein. The precise reason for this apparent 

break in the graph was not known, and to avoid complications, the final con-

centrations of all protein solutions were adjusted to give values between 25 

and 100 pg when assayed. 

A standard curve of optical density against 1ig BA was prepared for 

each experiment, from which the protein concentration of the original ex-

tracts were determined. The method was found to be very reproducible, pro-

viding developing times were allowed to proceed for their full duration, and 

reagents were freshly prepared for each experiment. 

(c) Ribulo8e -1,5 - Dijthosphato Carboxylase Assay System. Although an 

attempt was made to obtain measurements of maximal enzyme activity in the 

system used, there was no guarantee that this particular system was the best 

one for study. As the aim of this investigation was to determine the devel-

opment of the enzyme, and not its fundamental biochemical characteristics, 

then the approach of using one specific system to compare relative enzyme acti-

vities, during the growth of the leaf, was considered justifiable. 

The choice of any enzyme assay system is governed by the factors which 

control the velocity of the reaction. The basic enzyme reaction had there-

fore to be defined, and from this the conditions necessary to produce maximal 

rates investigated. The basic reaction was shown in the introduction and can 

be summarised as 
2+ 

Ribulose - 1,5 - diphosphate + sodium bicarbonate 	> 2 3-Phospho- 
glyceric acid. 

In the assay system, enzyme activity was determined by following the 

fixation of 14CO2  from NaH14  CO3  into acid-stable products in the presence of 

ribulose -1,5 - diphoaphate (RuDP). 
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(i) The Assay System :- The system used was a modification of that used 

by Hayes and Dale (1971).  Stock substrate solutions of kuDP and Nail14  CO3  

(Radiochemicals Centre, Amorshani) were prepared fresh for each experiment, 

but not for each assays As investigations were carried out on crude homogen-

ates, speed of assay was important, and assay times were reduced to 1 and 2 

minutes, as used by Bj5rkman (1968a). This enabled maximal linear rates to 

be obtained without significant loss of activity. Duplicate determinations 

were made for each time of assay. 

At the start of an assay, 0.1 ml of3mMRuDP and 0.1 ml of 150 m 

NaH 4  CO3  (1 pCi per 1.5).1  moles) were added to each reaction tube. The tubes, 

and the tube containing the crude RuDP carboxylase, were placed in a water 

bath at 25°C  for 5 minutes. The choice of 250C  for assay was based on the 

findings of Treharne and Cooper (1969).  The reaction was started by pipett-

ing 0.1 ml of the crude enzyme extract into the reaction tube, which was 

gently swirled to ensure adequate mixing without denaturing the enzyme. After 

1 or 2 minutes the reaction was stopped by the addition of 0.2 ml of 5M HM 

from a 1 ml plastic syringe. All excess bicarbonate remaining in the tube 

was degraded, and the carbon dioxide released was absorbedonto a square of 

filter paper, moistened with 8 M NaOH, which was impaled on the syringe needle 

and rested on the top of the reaction tube. The 14002  trapped in this manner 

was released overnight in a fume cupboard to reduce any safety hazards. 

hen all assays were oompleted, usually within 1 hour from harvest, 

the tubes were mixed and 10 p1 samples spotted on to 1 x 3 cm strips of What-

man No. 1 filter paper, using microcap capillaries (Shandon). These papers 

were dried for 3 hours in a warm air strewn before placing in Beckmann scin- 

tillation vials containing 10 ml of sointillant 	.na1ar toluene containing 
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5 percent PPO (295 Diphenyloxazole) and 0.3 percent POPOP (1,4, bis [2-(5 

phenyloxazolyl)] - benzene)]. The samples were counted for 10 minutes bet-

ween 18 and 24 percent gain on a Packard Tri-Carb Liquid Scintillation Spec-

trometer, model 3003. 

(ii) Choice of iubstrate Concentrations. In any enzyme Investigation, 

it is important to ensure that the substrate concentrations used are on the 

plateau of the relationship between enzyme velocity and substrate concent-

ration. The optimal concentrations of the two substrates used in this assay 

were therefore determined- 

RuDP:- 

Using a constant bicarbonate concentration of 50 mM, the RuDF concen-

tration in the assay was varied over the range 0.025 mM to 2 mM. To obtain 

linear rates at these lower concentrations, only 20 xl of enzyme were added, 

and 30 second measurements were made, In addition to those at 1 and 2 minutes. 

The additional 80 p1, required to make up the 0.3 ml final volume, came from 

grinding medium. Fig. 4a shows the graph of RuDP concentration (s) against 

reaction velocity (v). The choice of an assay concentration of 1 mM was on 

the plateau for the graph of V against S. 

Bicarbonate:- 

The effect of bicarbonate concentration on reaction velocity was ex-

amined, fig. 4b, as for RuDP, using a constant RuDP concentration of 1 mM. 

The graph shows a velocity-concentration dependence up to 25 mM bicarbonate 

with a plateau above this. 50 mM bicarbonate was therefore selected for use 

in assay. 

When the calculation for bicarbonate concentration was made, two com-

ponents of the system had to be considered, the labelled substrate and the non- 



Figure 4a 	- 	The graph or enzyme reaction velocity CV) against RuDP 

substrate (3) concentration. Each point is the mean of 

two determinations. 

Figure 4b 	- 	The graph of enzyme reaction velocity (V) against 

bicarbonate substrate (S) concentration. Each point is 

the mean of two determinations. 
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labelled, or carrier, substrate. Ideally the labelled bicarbonate should 

have been a high proportion of the total bicarbonate, but owing to safety 

considerations in disposing of excess bicarbonate on completion of reaction, 

an optimum of 10 .iCi per assay tube was chosen. The activity of the label-

led bicarbonate supplied varied between 57 - 60 mCi mmoles, thus 10 pCi 

only provided 0.17 p moles bicarbonate, the remainder of the 15 u mol was 

provided by non-labelled bicarbonate. 

Effect of Enzyme Concentration on Reaction Velocity. In the pre-

liminary studies designed to determine the optimal concentration of enzyme 

to use for assay, leaf extracts at a range of concentrations, varying from 

1 leaf per 10 ml to 1 leaf per 1 ml of grinding medium, were prepare.. Al-

though reaction velocities were found to be linear with time for any one 

concentration, they were not always linear against the amount of extract used 

when extract concentrations of less than 1 leaf per 5 ml of grinding medium 

were used. However when lamina extract concentrations were increased to 1 

leaf per 2 ml of grinding medium, the enzyme reaction velocities were found 

to be linear with the amount of extract, when leaves from either control or 

shade grown seedlings were used. Fig. 5a shows a typical graph of reaction 

velocity against enzyme concentration, showing linearity over at least a four-

fold concentration range. 

The apparent non-linearity of enzyme extract added to reaction velocity, 

obtained if extracts of loss than 1 leaf per 5 ml of grinding medium were used, 

was not prevented by the addition of B..A., as an enzyme stabiliser, up to a 

concentration of 0.2 percent. 

Enzyme Stability. The crude preparations of RUDP .carbolase used 

were unstable at 25°C but stable at 2°C for up to 2 hours. Fig. 5b shows the 



Figure 5a 	- 	Graph of the velocity of RuDP carboxylane reaction against 

enzyme concentration. Each value is the mean of three 

determinations. 

Figure Sb 	- 	Loss of RUDP carboxylase activity In lamina extracts with 

time when started at 2°C (continuous line), and 250C 

(broken line). Each value is the mean of two 

determinations. 
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stability of an enzyme extract, one portion of which was placed at 25°C  immed-

iately after centrifugation, the other kept at 20C for 2 hours and then placed 

at 250C. The loss of activity at 2°C was less than 5 percent, but at 25°C the 

enzyme appeared to have a half-life of only 3 to 4 hours. It was therefore 

essential to use short assay periods to obtain maximal activity of the enzyme. 

In order to avoid any handling differences between extracts, extraction of 

leaves, and their subsequent assay, followed a strict procedure. All enzyme 

extracts were stored at 2°C until the proceeding extract was to be assayed, 

then the next extract was placed at 250C.  This meant that every enzyme ex-

tract was only incubated at 250C for 5 minutes before assay, so that loss of 

activity for all preparations should have been similar. The order of extrac-

tion of the treatments in any experiment was randomised to avoid systematic 

sequence-of-extraction errors. 

(v) Scintillation Counting. The optimum gain settings for counting were 

determined at the start of each experiment using a standard of 14C glyoine. 

The plateau obtained was usually over the range 18 to 24 percent gain for 

toluene scintillator, and 30 to 40 percent gain for dioxane sointillator. 

To convert the sample counts per minute into i mole substrate per minute, the 

number of counts produced by the lOp Ci of H14CO3  had to be determined. As 

H14CO 3- could not be counted by spotting onto paper without loss of 002  y a 

direct-liquid scintillant medium was required, and so a dioxane scintillator 

containing dioxane and cellosolve in a 5z1 ratio, with 0.05 percent FOPOP, 

1 percent PPO and 5 percent naphthalene was used. To allow for the different 

efficiencies of the two counting media, a 14C glycine solution of high acti-

vity was used. 10p1 samples of this were spotted on to filter paper and coun-

ted in the toluene sointillator described earlier; other lOpi samples were 

dropped directly into dioxane sointillator and counted. The ratio of these 
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counts was used to convert the counts obtained from the bicarbonate in dio-

xane to a theoretical value for what would have been obtained in toluene. 

(vi) Calculation of Enzyme Activity. 

Stock Solutions:- 

3 mM RuDP 	solution 

151.7 MM NaHCO3  solution [i ml contains 150 p moles NaHCO3  and 

1.7 p moles NaH14 03 (100 p ci)] 

Enzyme extract (1 lamina extracted in 2 ml grinding medium) 

Reaction mixtures- 

0.1 ml stock RuDP solution [0.3 i moles RuDP] 

0.1 ml stock NaHCO solution [15 p moles NaBC03 + 0.17 p moles 
NaH14 003] 

0.1 ml enzyme extract 

Basic reaction:- 

	

RuDP + NaH14  003 	 ) 2 3-PGA 

.,15.17i moles RuDP + 15.17 p moles NaIT14  003 ...... 30.34 ji moles NA 

Correction of counts:- 

If activity of stock NaHCO3 solution = W counts per minute (c.p.m.) 
in dioxane and 

14Cglycine solution Z Z c.p.m. (in dioxane 
Y o.p.m. (in toluene 

then if stock I'TalICC3 was counted in toluene the activity would be 
:W 4, 	: 	x o.p.m. 

	

X c.p.m. 15.17  u moles NaHCO3 	15.17 p moles RuDP being utilised. 

If the assay sample has t c.p.m., then the number of u moles of sub- 

strate converted per minute 

= t . 15.17 p moles substrate 0.1 inl enzyme extract 
-1  min 

t . 15.17.20 p moles substrate lamina min 

Those values were converted to specific activities of p  moles substrate 

ig protein 1  min by dividing the activity lamina7 min7 by the 

value for total soluble protein per lamina. 



(d) Determination of Fraction I Protein. Fraction I protein content of leaf 

extracts was determined using the technique of polyacrylamide gel oleotro-

phoresis (P.A.G.E.) (Davis, 1964). As the intention of these studies was 

simply to determine Fraction I protein level, and not the changes in other 

soluble lamina proteins, a system was adopted which gave a rapid and clear 

separation of Fraction I protein; none of the various modifications and re-

finements which have given the technique such high resolving powers were 

used (Chrambach and Rodbard, 1971).  In the preliminary iveotigationa, gels 

of2.5, 4, 5 and  7.5 percent total acrylamide concentration were prepared. 

All gave good separation of the Fraction I protein, but 5 percent gels were 

selected for use, as higher concentrations produced no better separation of 

the protein, and had the disadvantage of taking longer to run; 2.5 percent 

gels were rejected because their more elastic nature made them more prone to 

damage on handling. The buffer system adopted was of the continuous type. 

(1) Preparation and Use of Gels. The following stock solutions were 

used to prepare polyacrylamtde gels i - 

Electrophoresis Running Buffer :- 

0.36 M Tris buffer, adjusted to pH 9.5 with 20 jercent w/v glycine. 

The buffer was made up each month and stored at 2°C in the dark. 

Acrylamide 3- 

20 percent aorylamide, 0.5 percent bis-acrylamide (Kodak, astinan) 

in distilled water was made up each month and stored at 2°C in the dark. 

Great care was taken in handling acrylamide because of its cumulative, highly 

toxic, properties. 

Ammonium Persuiphate s- 

0.15 percent ammonium persuiphate in distilled water was made up 

each day. 
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4. N,N,N,N, Tetra methylethylene Diaznine (TD) s- 

Kept as commercial stock solution (Koch-Light), in the dark at 2°C, 

5 percent acrylamide gels were prepared as followss 0.3 ml of TEMED was added 

to 250  ml of stock running buffer and 15 ml of the mixture was added to a 

100 ml round bottom quick-fit flask. 15 ml of stock aorylamide and 30 ml of 

ammonium persuiphate were added to this, and the adaptor neck sealed into the 

flask. The solution was then degassed under reduced pressure for 20 seconds 

while swirling the flask. Degassing was essential, as air inhibited polymeri-

sation. The solution was injected, by syringe, into cylindrical perapex 

tubes, 6 mm internal diameter and 9 cm length. A. glass rod and a ring of 

plastic tubing were inserted at the base of the tube to prevent the liquid 

running out prior to polymerisation. Water or iso-butanol was then carefully 

layered over the top of the gel to give a flat surface. The gels were allow-

ed to polymerise for 45 minutes at room temperature, and the glass rods were 

then removed. The water or iso-butanol was removed from the tops of the gels 

and the surfaces rinsed several times with quarter-strength stock running 

buffer. 

The electrophoresis unit consisted of two compartments, one placed 

directly above the other. The gel tubes were slotted through holes in the 

floor of the upper compartment with an equal length of gel tube above and 

below the floor. The tubes were held firm in this position by rubber grom-

mets surrounding the holes. The stock running buffer, diluted four-fold 

with distilled water, was then poured into the upper and lower compartments, 

completely immersing the tubes in the top compartment, and making contact 

with the tubes protruding into the lower compartment. Any air bubbles trap-

ped in the base of the gel tubes were removed, and the loading surfaces of 



the gels were given a final rinse with buffer. 

The anode was then connected to the bottom tank and gels were pre-run 

at a constant 1.5 mA per tube for 30 minutes, to remove persuiphate and any 

unpolymerised aorylamide. While the gels were pre-running. the leaf extracts 

were prepared. After pre-running the gels, sucrose was added to the leaf 

supernatant to a concentration of 5 percent, and 0.1 ml of supernatent, usu-

ally containing between 30 to 160 pg protein, was loaded on to the tops of 

the gelsj duplicate or triplicate gels were loaded for each extract. The 

gels were then run for 1.5 to 2 hours at a constant current of 1.5 mA per 

tube. 

(ii) Staining of Gels. After separating the Fraction I protein on the 

gel, a method was required for quantitatively measuring the amount of protein 

present in the band. Speotrophotometric scanning methods, utilising the ul-

traviolet absorbance of the protein are unsuitable for crude tissue extracts 

due to interference from nucleic acids (Watkin and Miller, 1970);  a protein 

stain was therefore used for estimation. 

Three main stains have been used by workers estimating proteins in 

gels z Fast Green (Gorovaky, Carlson and Rosenbaum, 1970);  Coomassie Bril-

liant Blue R250  (Chrambach, Reisfeld, Wyckoff and Zaccari, 1967);  and Amido 

Black lOB (Graham et al,, 1968). Fast Green is of limited application but 

Coomassie Blue binds to Fraction I protein in a linear relationship if cor-

rectly measured (Bennett and Scott, 1971),  as does Amido Black (Graham et al., 

1968; Kruski and Nara.yan, 1968). However in preliminary investigations with 

these two dyes, Cooinassie Blue did not give as clear a background to the gels 

on deataining, as did Amido Black, which was therefore used in these studies. 

After electrophoresis, the gels were removed from the tubes by insert- 

ing a rubber teat over the bottom end and gently applying pressure. The gels 
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were immersed in 0.3 percent Amido Black lOB (Gurr's) in 7 percent acetic 

acid, for two hours. Excess stain was removed by immersing in 7 percent 

acetic acid at 30°C for approximately 50 hours. Several changes of acetic 

acid were required before the background of the gels became clear, leaving 

the Fraction I protein band readily visible, and separate from the other 

protein bands. 

Fraction I protein was removed by slicing the gel with a razor blade 

on either side of the band. The band was placed in a 15 ml round bottomed 

centrifuge tube containing 10 ml formamide (B.DaH.). larbles were placed on 

top of the tubes, which were left in a water-bath at 50°C for up to 20 hours 

to ensure that the dye eluted into the formamide until an equilibrium bet-

ween the concentration in the gel slice and the formamide was attained. The 

resulting blue solutions were cooled to room temperature, and the optical 

densities read at 625 run against a formamide blank, in a IJnicar P 500 Spec-

trophotometer, using silica cuvettes of path length 4 cm. It was decided to 

out out and elute the Fraction I protein band rather than measure the absor-

bancy of the dye using a densitometer, as Kruski and Narayan (1965) had shown 

difficulties with this method when measuring )roteins o' high molecular 

weight, present in large amounts; however these difficulties were later over-

come (Bennett and Scott, 19, 1). 

(iii) Estimation of Fraction I Protein on Gel. The optical density of 

the solution obtained from eluting the gel slice was used as a measure of the 

amount of Fraction I protein present. However it was necessary to show that 

the amount of dye bound to the Fraction I protein band on the gel was relat-

ed to the amount of protein loaded. The valuas obtained from a range of 

loadings showed that a linear relationship existed between optical density 
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and volume of sample loaded up to at least 1.5 O.D. units, which is compar-

able with that found by Racusen and Foote (1965). 

In order to convert 0.De units to ag protein, the experiment was re-

peated, but for each level of protein loaded, one sot of gels was stained in 

amido black after running, and another set was fixed in 10 percent TCA. The 

amido black stained gels were processed in the usual way. Those fixed in 

10 percent TCA showed an opaque band at the Fraction I protein position; 

this band, which corresponded to the amido black stained band on the gels, 

was out out, frozen in solid CO2, and sliced into 0.5 mm slices, using a 

Miokle gel slicer. The slices were then incubated at 5CC in 0.1 M NaOH for 

20 hours, and the eluted protein content of the sample was estimated by the 

method described earlier. A gel slice from an unloaded gel which had been 

electrophoresed and fixed with TCA was used as a blank, 

The standard curve obtained for the optical density of the eluted 

amido black against the amount of protein in the band (fig. 6) showed a lin-

ear relationship over the loading range of 0 to 100 p.g Fraction I protein. 

The linearity agrees with, and extends the findings of Van Loon (1973) who 

showed that a linear relationship existed bet,'oen stain:ng intensity with 

amido black and the amount of protein on a given gel band up to 40 ig pro-

tein when tobacco mosaic virus coat protein was used as a standard. 

4) Measurement of Photosynthesis using Infra-Red Gas Analysis (IRGA). 

(a) Preparation of Material. Jxperiments were carried out to determine 

carbon dioxide (CO 2)uptake by leaves using the infra
-red gas analyser 

(IRGA). For this it was necessary to enclose material in a sealed system, 

which could be incorporated into the IRGA circuit (Dale and Felippe, 1972). 

The procedure was to allow the seedling, on emergence, to grow through the 
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Figure 6 	- 	Fraction I protein standard curve. 

Graph of relationship between Fraction I 

protein in gel and the amount of amido 

blank 100 stain which is bound. Each point 

is the mean of triplicate samples both for 

optical density and protein determinations. 
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centre hole (2 mm diameter) of a tnoated perspex disc (diameter 5.7 cm, dia-

meter to moat 1.4 cm, moat width 4 mm). When required, the seedling base 

was sealed into the centre hole of the disc with a gel of 15 percent gelatin 

in 2 percent glycerol. A cylindrical perspex chamber (1.4 m internal dia-

meter, 20 or 25 cm long, open at the base) fitted with an aluminized melinex 

reflector on the rear surface, was placed over the aerial part of the plant, 

and sealed into the moat of the disc with gelatin. The seedling was thus 

held in a system for which gas exchange was possible via the inlet and out-

let ports of the perspex chamber, which were coupled to the IRGA circuit. 

The method provided a quick and efficient wr of preparing the plant for 

measurement of gas exchange, without causing damage. The main drawbacks of 

the technique were that the leaf bases and the young developing second leaves 

were included, and so could contribute to photosynthesis. In treatments 

where plants older than 9 days were used, the second and third leaves were 

excised immediately prior to sealing the seedling into the chamber. Dale and 

Felippe (1972)  stated that removal of the second leaf did not affect the rate 

of photosynthesis in the first leaf over periods of less than 1 hour. In ex-

periments using shaded material, shades were removed from the first leaf lam-

inae one hour before the plants were fixed into the perspex chambers. For 

shade-grown material the 25 cm chambers were used, as shade treatment resul-

ted in seedlings having longer leaf bases. 

(b) Use of the IRGA. The infra-red gas analyser used (IRGA; Grubb-Par-

sons, Newcastle-upon-Tyne, model SB2, connected to a Honeywell Brown Chart 

Recorder) was run in open circuit as shown in Fig. 7a. The analyser was 

switched on 2 days prior to use, and the circuit and the main compartment of 

the IRGA were purged with a stream of oxygen-free nitrogen; purging of the 
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Figure 7a 	- 	Diagram of IRGA circuit. 

Abbreviations used :- 

A = Nichrome heater. 

B = Absorption chambers. 

C = Absorbing vessels - filled with gas to be detected. 

S = Rotating shutter, 

D = Thin metal diaphragm. 

F = Perforated metal plate. 

It = Rotameter tlowmetera. 

Entry ports to leaf chamber. 

E2 = Exit pta from loaf chamber, 

X = Silica gel column. 

Z = Ca Cl2  column, 

Figure 7b 	- 	Infra red gas analyser showing seedling in enclosed chamber, 
(overleaf) 
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main compartment continued throughout the experiment. After initial purging, 

an air mixture, containing 299 vpm CO2 (supplied by B.0.C.) was passed through 

both the absorption tubes B and the meter reading adjusted to register at 25 

units, which was the mid-point of the scale. 

It usually required several hours before a steady reading was achieved. 

The scale was then calibrated in terms of vpm 002 as follows. Air from a 

second standard cylinder, containing 340 vpm CO21  was passed through one cham-

ber while the air containing 299 vpn CO2 was passed through the other. A de-

flection was registered on the scale and recorded on the chart; this was a 

measure of the difference between the lovel9 of 002  passing through the two 

chambers and from it the number of vin 002 per division was calculated. The 

whole procedure was then repeated by reversing the cylinders and a second 

figure of vpm CO2 per division was obtained. This was usually found to agree 

with that made in the first calibration, but if a slight difference existed, 

the mean of the two values was taken. 

During the first day of use it was necessary to readjust the needle 

to the mid-scale position 3 or 4 times before the machine was used. On sub-

sequent days, the standard gas mixture of 299 vpm was passed through the cir-

cuit for 1 hour after the needle had been centralised, before plants were in-

troduced and measurements taken. The gas stream was passed through the chain- 

-1 	 -1-2 
bera at a rate of 20 lh , approximately equivalent to 2 lh cm leaf 

On any occasion when flow rates or instrument sensitivity had to be altered, 

the needle was readjusted to its mid-scale position before any further meas-

urements were made. 

At the start of an experiment, when the flow rate had been fixed and the 

meter needle centralised, the seedling was sealed into the perspex chamber. 
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When the gel had set the circuit was broken at point E (fig. 7a) and the 

plant chamber connected into the system. The readins on the two flow meters 

(Rotameter MPG Co. Ltd.), one on either aide of the plant, were checked to 

ensure that no leeks had oocured, and that the flow rate reiined unaltered. 

A drop of 1 litre 	between the flow meters was accepted, although the dif- 

ference was usually lees than this. Larger drops signified a leak in the 

circuit between tho meters, which was usually traced to cracks in the gel 

seals, incurred when fitting the chamber into the circuit • The gas mixture 

leaving the leaf chamber was dried by passing through calcium chloride and 

silica gel columns; this was necessary as water vapour absorbs infra-red rad-

iation and would give anomalous values for CO2 measurements • The leaf cham-

bar was then illuminated using a 300W fan-cooled projector lamp giving a nom-

inal irradiance of 270Wm'2  (fig. 'Tb). In practice, light intensity at the 

leaf surface could not be measured, since detecting photo cells and thermo-

piles were too large to insert into the chamber. The value of 270flm'2  is 

only approximate, and was obtained with a sheet of plane perspex placed bet-

ween the light source and the light meter. When the IRGA meter readings had 

stabilised at a plateau value, usually after 20 minutes, the light was switch-

ed off and the  plant left in the dark for a further 20 minutes until a steady 

rate of CO2  evolution was obtained. The plant was then disconnected from the 

circuit and leaf size was determined. The needle position and gas flow rate 

were checked before the next seedling was measured. 

(c) Calculation of Rate of 002 Fixation. The difference between the light 

and dark plateau readins, recorded on the chart, gave a measure of the 

apparent rate of photosynthesis produced by that part of the seedling present 

in the circuit; namely the whole of aerial part (minus the second leaf after 
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day 9) but in fact virtually entirely due to the first leaf lamina. In these 

experiments, the lamina areas encountered were usually of the order of 8 CM 
2 

once expansion had ceased, though In some cases laminae as large as 9.5 cm2  

were found, and so the area of leaf bases was neglected in the calculations 

of net photosynthetic rates. 

By calibration - 1 division on the recording chart = 1.5ppm CO2  

The total gas exchange is given by a- 

a (the mean maximum plateau value on the chart) - b (the mean raininium plateau 

value on the chart) x 1.5 x Plow Rate vpm CO2  leaf h 

At S.T.P1 449 002 occupies 22.4 1. and 

1 ppm 002  is equal to 	44 	g.l= 0.00197 rag CO2 1_1 

106 x 22.4 

the total gas exchange = (ab) x 1.5 x Plow Rate x 0.00197 rag CO2leafh 
rl 

These values were converted to figures of rag. 002 rag. dry wt. 1  h and rag 002 

by dividing the values per leaf by the leaf dry weight or area respeoti- 

vely. 



DEVELOPMENT OF THE FIRST LEAF LAMINA UNDER STANDARD CONDITIONS 

Introduction. 

An outline of the investigations carried out in this study is given in 

Chapter 1 (Introduction). The aim of this section of the work was to study 

the development of the lamina of the first leaf under standard, defined, con-

ditions. These were as follows s a constant temperature of 200C, a 16 hour 

photoperiod at 29000 - 4,000 ft-c-  light intensity with nutrient solutions 

(table 1), supplied on days 4, 11 and. 18 and water applied as required. The 

development of the lamina was followed over the time period from day 6 9  when 

cell division in the lamina has ceased (table 2), through leaf expansion and 

attainment of maximum size, on day 99  and on up to day 18. The second leaf 

appeared between days 8 and 9 and reached maximum size between days 15 and 

16, one day after the appearance of the third leaf on day 14. 

1) Basic Parameters. 

(a) Leaf Size. fresh weight, dry weight and area were taken as suitable 

parameters for measuring the development of the lamina. Dale et al. (1972) 

showed, using material grown from Pentlandfield grain, that the lamina of the 

first leaf reached maximal area, approximately 8 cm2, by day 3. This was 

confirmed using Cambridge grain (fig. 8a) grown in two separate experiments, 

one of which was carried out between days 6 and 18, the other between days 12 

and 189  both with ten fold replication. 

The results from the two runs are both qualitatively and quantitativ- 

ely similar over the common time period and the first experiment showed a 

marked increase in leaf area between days 6 and 7 with a further small increase 
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Table 2 Cell Number per Segment 

Changes in cell number per segment of control-grown first leaf laminae over the period 
days 5 to 12. Replication is as described in Chapter 2, section 2a. 

Cell Number Segment x 10 	 Cell Number lemma'  x 10 

Segment No, 
Age (days) 	2;. 

998 ) 

5 	 172 	241 	267 	285 	274 	336 	 1095 ) 1,034 
1008) 

l.s,d. 	34 x 10 3 



Figure 8a 	- 	Changes in area of the first leaf lemma with age. The 

results of two experiments are shown, (open and closed 

circles), with each value representing the mean of ten 

determinations. 

Figure 8b 	- 	Changes in first leaf lemma length with time. The 

results are from one experiment, and each value 

represents the mean of ten determinations. 
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to day 8 after which no further increase occurred in either experiment. 

Inc±'ease in lamina length (fig. Sb) and maximum width was also completed by 

day 8 agreeing with the published data of Dale et al. (1972),  but lamina 

lengths were longer. 

The product of lamina length (L) and maximum width () was compared 

against area (A) by regression analysis. This gave a correlation coeffici-

ent of 0.96 using data for laminae which had ceased to expand; including re-
sults obtained before maximum area was reached gave a value for r of 0.92 

and from these data an equation relating lamina area (y) to L.W (x) was pro-

duced :- 

y - 0.20 + 0.76 x 

This figure disagrees with the equation obtained by Lazarov (1965) for bar-

ley of A = 0.64 L.W and probably reflects the difference in oultivars, or 

growing conditions used. Fig. 9 shows changes in lamina fresh weight with 
age using the leaves from the two experiments in fig 8a. The values obtain-

ed for fresh weight are similar, both qualitatively and quantitatively, and 

show a non-linear increase in weight between days 6 and 9. Statistical an-

alysis, indicated by the least significant difference (L.S.D.) showeu no 

further significant increase in fresh weight beyond day 9. 

In the experiments in this thesis, lamina fresh weigh for the first 

leaf were found to range from 125 tug to 185 tug over the period days 10 to 18 

and within the same experiment. Thus not all experiments gave results as 

uniform with respect to fresh weight, as those in fig. 9. In yet other ex-

periments fresh weight over the day 10 to 18 period were either consistently 

lower or consistently higher than the value of 155  tug lamina-' recorded in 

fig. 9. The reason for these differences between experiments is not known 
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Figure 9 	- 	Changes in first leaf fresh (open and closed circles) 

and dry weight (open and closed triangles) with age. 

For each graph results from two separate experiments 

are included, and each point is the mean of ten 

samples. 
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but could possibly be attributable to small differences in conditions between 

one experiment and another. 

Fig 9 also shows the dry weights of the same sets of laminae used for 

the fresh weight determinations. Again the values were qualitatively and 

quantitatively similar in both experiments with the qualitative picture being 

similar to that for fresh weight, but showing a linear increase in dry weight 

between days 6 and 9 9  after which no further increase occurred until day 16. 

Between days 16 and 18 a rise was observed in both experiments and this has 

also been found in several other experiments. No explanation is given for 

this rise. These results for dry weight are broadly similar to those of Dale 

and Fe].ippe (1972)  using plants grown from Pentlar4field grain. 

It may be concluded that the lamina of the first leaf increases in 

area to a maximum value on day 8 which is one day earlier than that at which 

maximum fresh weight was reached. With the exception of the occasionally ob-

served rise at or after day 16, dry weight also reaches a maximum value for 

the lamina at about day 9 or 10. 

(b) Use of Seaents for Studying Lamina Development. The lamina of the 

first leaf of barley, like that of other cereals, grows from a basal men-. 

stem. This results in a sequential development from the base to the tip of 

the blade, during growth. Collier (1969)  analysed growth of wheat first 

leaves by dividing the blade into equal segments, which were studied for 

plants 72 and 96 hours after sowing. He showed that, for certain parameters, 

gradients existed along the blade and that these differed at the two sampling 

times. A rather similar approach using segments was followed for the barley 

first leaf to determine developmental differences between parts of the blade. 

The levels of chlorophyll, total soluble protein and total nitrogen were in- 
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veetigated between days 8 and 16 using laminae out into three equal segments 

(methods 2b). Cell number was examined using six segrnentB, two from each of 

the terminal, middle and basal, parts of the blade (methods 2b). 

(i) Cell Number. The approach used to determine cell number, was to di-

vide the lamina into 5 zones; the terminal. 2 cm zone was divided into 2 x 1 cm 

segments, designated numbers 1 and 2, and the second zone 3 cm long was dis-

carded, The third zone, 2 cm long, was divided into 2 x 1 cm segments number-

ed 3 and 4 respectively and the fifth zone which consisted of the 2 cm region 

distal to the ligule was equally divided to give segments 5 and 6. The fourth 

zone of indeterminate but measured length was that between the third and fifth 

zones and was discarded. Cell number data are presented in table 2. 

Cell number in the tip (segment 1) did not change between days 5 and 129  

with the exception of a small fall, probably not real, between days 5 and  7. 
One may conclude that the cells at the tip were fully expanded by day 5. The 

same seems true also for segments 29  3 and 4 where no significant reductions 

in cell number occurred between days 5 and 12. For the two basal segments 

(5 and 6) there was a significant decrease in cell number between days 5 and 7 

with no bsequent change. In the final differences in cell number between 

segments reflect the slope of the blade and the fact that the basal (fifth) 

zone is narrower than the middle portion, while the extreme tip (segments 

1 and 2) narrows to a broad, obtuse point. 

These results indicate that expansion in cell length is completed by 

about day 7, at which time lamina length (fig. Bb) is also complete. However, 
lamina fresh weight continues to increase suggesting continued cell expansion, 

presumably in the vertical plane, increasing leaf thickness since maximum area 

also is attained after the start of day 7. Later unpublished studies by Dale 



have confirmed and extended these findings by showing that cell division was 

completed in all sections of the lamina by day 6. 

If the values obtained for cell number per segment are summed, and an 

estimate is made, by extrapolation, for the cell content of the discarded 

sections of the leaf, then this gives a figure for the total number of cells 

per lamina. The results (table 2) show that by day 5 there are approximately 

one million cells per lamina and by day 7 this has increased to approximately 

one and a quarter million cells per lamina after which no further change 

occurs. The unpublished studies of Dale agree with these figures and show 

that the value of one and a quarter million cells is reached by day 6. 

(ii) Chlorophyll. Changes in chlorophyll levels in the lamina were 

followed for 3 positions, the blade being divided into 3 equal length seg-

ments; data for days 6 to 15 are shown in fig. 10a. 

At day 6 the chlorophyll content was highest in the tip segment, at 

40 ag chlorophyll segment, with the middle segment only containing 75 per-

cent of this level, even though it was larger in size. The level in the bas-

al segment was much lower, being only 25 percent of the tip level. Between 

days 6 zaild 7 the levels in the tip and middle segments showed a parallel in-

crease, which doubled the level in the middle segment, while that in the 

basal segment only increased very slightly. Up to day 7, the data reflect 

the developmental age of the segments in relation to one another; thus the 

tip segment, which develops first, has the highest level while the basal 

segment, which develops last, has the lowest. Between days 7 and 8, maximum 

leaf area was reached, and rate of chlorophyll synthesis in the tip segment 

declined, although that in the middle segment continued at the same rate as 

previously. This led to a higher chlorophyll content per segment than in 



Figure LOa 	- 	Changes in chlorophyll level per lamina and per lamina 

segment with age from two separate experiments. 

Whole lamina values (closed circles) represent the mean 

of 5 determinations. Segment values represent the mean 

of 3 four segment analyses; closed squares are the tip 

segment, open triangles the middle segment, and open 

circles thc basal segment, 

Figure lOb 	- 	Changes in chlorophyll level per mg fresh weight for 

segments with age. Replication and symbols are as in 

Figure ba. 
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the tip. At this time rapid chlorophyll synthesis began in the basal segment. 

Between days 8 and 10, the chlorophyll content of the tip segment 

attained 90 percent of the maximum level, which was reached some time before 

day 13. In the middle segment chlorophyll synthesi8 continued at a slower 

rate, the maximum level of 140 jig chlorophyll segment-1  again being shown by 

day 13. Chlorophyll synthesis In the basal segment continued between days 

3 and 10 and the maximum value, which equalled that of the tip was also reach-

ed by day 13. It was concluded that maximum levels of chlorophyll per segment 

were attained by day 13 and that the middle portion of the leaf contained 

about 40 percent of all the chlorophyll. This could reflect the smaller areas 

of the terminal and basal segments. 

The values obtained for the day 6 results, showing an increase in chlo-

rophyll per segment from the base to the tip of the blade, agree with the find-

ings of Collier (1969). He showed that In 3 and 4 day old wheat seedlings, the 

chlorophyll level per segment increased from the base to the tip of the lemma, 

with a decline occurring only in the tip 5 mm segment; this decline was due to 

the much smaller size of this segment owing to the terminal end of the wheat 

leaf extending to a point. Collier concluded that the very low levels of 

chlorophyll in the wheat leaf basal segments at 96 hours were probably due to 

a smaller number of chioroplasts in the inoristeniatic cells. 

If the results are expressed as jig. chlorophyll per mg fresh weight 

(fig. lob), then over the whole time course the level in the tip segment is 

greater than that in the middle, which is greater than that in the basal seg-

ment. In the basal segment, cell division ceased by day 69  and the low rate 

of chlorophyll synthesis which occurs between days 6 and 79 indicates that 

rapid synthesis does not start until cell elongation is completed. 
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Obendorf and Huffaker (1970) analysed the chlorophyll level of barley 

first leaf lamina segments from seedlings which had been grown in the dark 

for 7 days, and then illuminated at 1,076  ft.o for either 12, 249  36 or 48 

hours, They showed that after 48 hours of illumination the chlorophyll level 

per unit fresh weight increased from the base to the tip of the leaf with 

only a. slight reduction occurring in the extreme tip segment. 

(iii) Total Jolublo Protein. The total soluble protein content of the 

lamina was analysed using the segmental approaoh employed in chlorophyll an-

alysis, At day 8 the level of soluble protein in the middle segment was 

about 10 percent higher than that in the tip, and 100 percent higher than 

that in the base (fig. ila). This is very similar to the differences which 

occurred in the chlorophyll levels of these 3 segments at day 8. Between 

days 8 and 10 the protein level remained constant in the tip and middle seg-

ments, but increased by 25 percent in the basal segment. After day 10 the 

protein level in all 3 segments followed a similar pattern of change by in-

creasing from day 10 to day 13 and then declining after day 13, to a value 

on day 16 which was equal to the day 10 values. The overall pattern therefore, 

was that between days 8 and 16 the level of protein was always highest in the 

middle, and lowest in the basal segment. 

The rise and decline which occurred around day 13 was probably more 

apparent than real • The fresh weights of the leaves used on days 10 and 16 

were much lower than values usually obtained on these days. If the results 

are expressed as jig protein per mg fresh weight (fig. lib) the qualitative 

picture obtained is different, as the tip segment now has the highest level 

of protein, though the basal segment was still the lowest, over the period 

day 8 to 16. No change in protein level occurred between days 8 and 16 for 



Figure ha 	- 	changes in total soluble protein level per lamina 

and per lamina segment with age, from two separate 

experiments. Whole lemma values (closed circles) 

represent the mean of two determinations on each 

of 3 four leaf extracts. Segment values represent 

the mean of two determinations on each of 2 two 

segment extracts; closed squares are the tip segment, 

open triangles the middle segment, and open circles 

the basal segment. 

Figure lib 	- 	Changes in total soluble protein level per mg fresh 

weight for segments with age. Replication and symbols 

are as in fig. lOs. 
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the tip segment. For the middle and basal segments an increase did occur 

between days 8 and 10 after which no further change was apparent. It would 

therefore seem that by day 8 the tip has reached maximum development, and 

the further increase which occurred in lamina weight and protein content 

between days 8 and 10 (figs. 9a, ha) was mainly associated with maturation 

of the basal segment, though a small proportion was attributable to changes 

in the middle region of the lamina. 

Obendorf and Huffaker (1970) in their analysis of dark-grown barley 

seedlings, subsequently illuminated, followed the development of the soluble 

protein content of the lamina. This, when expressed as ig protein per mg 

fresh weight, showed a continual increase from the base to the tip of the 

leaf, which agreed with the qualitative findings of the present experiment. 

The values obtained, however, were quantitatively different, since their 

seedlings were grown in darkness for 7 days before illumination; the mean 

values for soluble protein in the leaf tip were only about 30 percent of the 

corresponding values obtained in this experiment from seedlings grown through-

out in a 16 hour photoperlod. 

(iv) Total Nitrogen (excluding Nitrate and Nitrit 	In qualitative terms 

the data for changes in total nitrogen (excluding nitrate and nitrite) in 

segments (fig. 12a) was similar to that found for the total soluble protein. 

At day 8 the level of nitrogen expressed as g nitrogen per segment was high-

eat in the middle and lowest in the basal segment and this difference was 

maintained over the whole period between days 8 and 16. In the middle and 

tip segments of the leaf no change occurred in the nitrogen levels between 

days 8 and 16 which remained of the order of 300 ig nitrogen segment-1  and 

250 ag nitrogen segment-1  respectively. The values obtained for the basal 



Figure 12a 	- 	Changes in total nitrogen level per lamina and per lamina 

segment with age, from two separate experiments. thole 

lamina values (closed circles) represent the mean of 

two determinations on each of 3 laminae. Segment values 

represent the mean of two determinations on each of 2 

two segment samples; closed squares are the tip segment, 

open triangles the middle segment, and open circles the 

basal segment. 

Figure 12b 	- 	Changes in total nitrogen level per mg dry weight with 

age for whole laminae. Replication is as in Figure 12a. 
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segments were variable, but suggested a alight increase between days 8 and 

16. 

(v) 3ummar. The data are consistent with the belief that the lemma 

tip matures first while the basal region matures last. Cell count data in-

dicate that there is no change in cell number in the terminal and middle 

regions of the blade after day 6, but that there is a decline in number in 

equal-length portions taken for the basal region between days 5 and  79 coin-

ciding with the expansion of cells in that region; expansion in call length 

is completed over the terminal 4 cm of the lamina by day 5 and subsequent 

increase in length occurs by expansion of cells in the basal regions between 

days 5 and  7. 

Values for total soluble protein and total nitrogen, show that there 

is no further increase in tip and middle regions of the leaf after day 8 9  

whereas the younger tissues at the base continue to increase in these para-

meters until day 10. Maximum levels of total soluble protein and nitrogen 

are attained at about the time that full expansion of the leaf is found. 

However for chlorophyll,  a continuing synthesis beyond day 10 000urs • Un-

published data by Dale shows that there is no increase in plastid number per 

cell for first leaf lamina of Proctor barley beyond day 6, so that the obser-

ved increase must be in chlorophyll per ohloroplast, which thus increases by 

tenfold in the basal part of the lamina, and by two and a half fold in the 

leaf tip region, over the period day 6 to maximum. 

a) Biochemical Components of the First Leaf Lamina. In the previous sec-

tion the changes in the level along the lamina of certain components were 

followed during leaf development. This showed that, as the leaf developed 

from the basal meristem, gradients in concentration of certain components 
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from base to tip of the lamina were established. With an indication of the 

variations existing in the levels of these components throughout the lamina 

available, it was now important to determine variations in absolute levels 

in the lamina as a whole. Such data could be obtained by summing the values 

obtained using the segment approach. In fact the data which follow have 

been obtained from separate experiments, designed to confirm the conclusions 

of the segment work, relating to the lamina as a whole. With this background 

information available, the development of the oarbolation activity (sec-

tion 2) can be related to other aspects of leaf development. 

(i) Chlorophyll. The chlorophyll content of the whole first leaf lamina 

was determined between days 6 and 16. The results are shown in fig. ba; 

chlorophyll level rapidly increased between days 6 and 8, then continued to 

increase between days 8 and 12 but at a continually diminishing rate. By 

day 9 the chlorophyll level was 210 pg chlorophyll lamizm 1  only 11 percent 

lees than the maximum value, which was found on day 12, one day earlier than 

using segments. It was notable that there was no detectable decline in chlo-

rophyll level up to clay 20 in this experiment. 

The levels of chlorophyll determined in these laminae were much lower 

than those obtained by summing the values for leaf segments in the previous 

section. This was probably clue to the smaller size of the leaf blades used 

in the present experiment. 

Confirmation of this comes from the fact that if the results were ex-

pressed on a ig chlorophyll per mg fresh weight basis these discrepancies 

were eliminated and the results were found to be both qualitatively and quant-

itatively similar over the period day 6 to day 16. Both sets of values showed 

an increase in chlorophyll level up to days 12 to 139  after which no further 



increase occurred. 

(ii) Total Soluble Protein. The total soluble protein content of the 

first leaf lamina was determined in several experimental the results in 

fig* ha have been obtained from one major experiment. 

The total soluble protein content of the lamina showed a linear in-

crease from 1300 pg protein lamina on day 6 to 2500 pg protein lamina7l  on 

day 9 followed by a further slight increase to day 10 when a maximum value 

of 2700 pg protein lamina-1  was attained. No significant increase occurred 

between days 10 and 18, in either these, or in any subsequent experiments. 

The range of values obtained at the plateau level was from 2500  to 2900 pg. 

protein lamina and this range is typical of values found in later runs. 

Summing the values for segments obtained earlier (fig. ha) gave rather low-

er values on days 10 and 16 due to the leaves used on these two days showing 

a lower fresh weight than was normally encountered. 

In some later experiments values for total soluble protein, on day 6, 

were as low as 1100 pg  protein lamina, doubling by day 81  with only a small 

increase between days 8 and 10 • In these experiments the rate of increase 

between days 6 and 10 was not linear, and resembled the qualitative pattern 

obtained for changes in chlorophyll level (fig. lOa), namely showing a rapid, 

then a slower rate of synthesis. The difference between the patterns of in-

crease in soluble protein over the day 6 to 10 period appears to reflect the 

rate at which different seedlings develop. Sampling variations determine 

whether the laminae harvested on a particular day are ahead of, at the same 

stage as, or behind the mean level of development for the batch as a whole. 

Restrictions on space within the growth rooms prevented complete elimination 

of sample - to - sample variation within, and between, experiments. 
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Total Nitrogen (excluding Nitrate and Nitrite. The results for 

total nitrogen content of the first leaf lemma, assayed over the period day 

6 to 16 (fig. 12a), show a pattern which is qualitatively similar to that 

obtained for changes in total soluble protein. An increase of about 80 per-

cent occurred in the nitrogen content of the lamina between days 6 and 8, 

the level rising from about 500 jig nitrogen larnina4, to about 900 ig nitro- 

1 gen lemma-  • Between days 8 and 10 a further, but slower, increase occurr-

ed, resulting in a maximum value of just over 1000 jig nitrogen laznina be-

ing attained. The doubling in level between days 6 and 10 was very similar 

to the change which occurred in total soluble protein over this period. 

After day 10 no further significant increase in the total nitrogen content 

occurred. 

Summation of the values obtained using segments, showed lower values 

than those obtained using the whole lamina (fig. 12a); this paralleled the 

lower values also found for total soluble protein. When the results were 

expressed as yg nitrogen per mg dry weight (fig. 12b), it was found that val-

ues for segments were slightly higher than those for entire blades although 

both sets of results were qualitatively very similar in showing a slight grad-

ual decline from day 6 onwards. This suggests an Increase in non-nitrogenous 

material in the lamina over the period and this could represent an increase in 

cell, wall material. 

The level of nitrogen in the lamina between 45 to  55 ig nitrogen mg 

dry wt.' was similar to that found by Berner (1971) in barley leaves and by 

Medina (1969-70)  in leaves of Atriplex pattila. 

Ethanol-Insoluble Nitrogen. The ethanol-insoluble nitrogen content 

of the first leaf (fig. 13a) increased between days 6 and 10. After this stage 

the level remained constant at about 700 jig nitrogen lamina, which was 30 per- 



Figure 13a 	- 	Changes in ethanol-insoluble nitrogen level per lamina 

with age. Values are the mean of two determinations 

on each of 3 laminae. 

Figure 13b 	- 	Changes in ethanol-insoluble nitrogen level per mg 

dry weight with age. Dry weights are calculated 

assuming no loss of material on ethano].ic extraction. 

Replication In as in fig. 13a. 

Figure 13c 	- 	Changes in ethanol-soluble nitrogen level per mg dry 

weight with ago. Values are estimated as the difference 

between the values in fig. 12b and fig. 13b. 
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cent less than the total nitrogen maximum values, until day 16 when a further 

increase was found giving values of 870 jig nitrogen lamina-1. The reason for 

this increase is not known but an increase in lamina dry weight also occurred 

at around this time. 

When the results were expressed on a unit dry weight basis (fig. 13b), 

assuming no significant loss of weight on extracting in ethanol, the values 

obtained were reasonably constant between days 8 and 16. If these results 

were subtracted from those obtained for total nitrogen per mg dry weight then 

measures of the ethanol-soluble nitrogen content of the lamina were obtained 

(fig. 13o). From these data it appeared that this fraction remained constant 

at about 15 pg nitrogen mg dry weight-1  between days 6 and 13 after which a 

slight decline of doubtful significance occurred by day 16. This finding 

suggests that the soluble amino compounds and probably the amino acid pools 

in the lamina remain constant in size during the period of lamina growth both 

before and after the maximum levels of total soluble protein were attained. 

(v) Summary. The results obtained for the biochemical components analys-

ed on a whole lamina basis confirm and extend the findings made in the seg-

ment experiments. The level of chlorophyll was shown to continually increase 

until between days 12 and 139  which was different to total soluble protein and 

total nitrogen, which both reached maximum values by day 10. All three para-

meters showed no further change in levels for the rest of the experiment, once 

the maximum had been attained. The ethanol-insoluble nitrogen content of the 

lamina also reached a level which remained constant between days 10 and 13 but 

around day 16 a further increase in level was observed, though the real signi-

ficance of this is doubtful. 

Comparisons of values obtained for the various components using whole 



lamina and summed segment data, showed discrepancies, but when the results 

were expressed on a weight basis, the discrepancies disappeared, or were con-

siderably reduced. 

2) Carboxylation Activity of the First Leaf Lamina. 

In the introduction (chapter 1), the importance of the carborlation 

step in photosynthesis was discussed with specific reference to RuDP carbo-

xylase, and a major aim of this work has been to assess the factors influen-

cing the development of this enzyme. A preliminary step was to determine 

how enzyme activity changed in barley first leaves under standard conditions, 

before going on to study development under experimentally varied conditions. 

It was also necessary to show that a correlation existed between enzyme acti-

vity and Fraction I protein level during development in order to use the 

latter as a measure of the in vitro 002 fixing capacity of the first leaf 

Lamina. 

Knowledge of levels of RuDP carboxylase activity and level gives no 

information about the other physico-ahemioal components involved in the pas-

sage of 002 into the leaf and eventually the ch].oroplast. A measure of the 

002 fixing capacity of the intact lamina, was therefore made using the tech-

nique of infra-red gas analysis, in order to compare the photosynthetic acti-

vity of whole leaves with 002 fixation by lamina extracts. 

(a) RuDP Carboxylase Activity. 

(i) Characterisation of the Enzyme i Results and Discussion. As a 

preliminary step, it was necessary to show that the enzyme being assayed in 

leaf extracts was in fact RuDP carboxylase. The Michaelis Constant, K, of 

the two substrates involved in the reaction, RuDP and NaB0039  were therefore 

determined and the values compared with those in the literature. 
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In the experiments done to determine values of Michaelis constants the 

amount of enzyme added per assay tube was reduced to 20 ul, as used in deter-

mining the substrate concentrations for the assay (methods 3 c(ii)). 50 ul 

samples were spotted for counting, compared to the 10 ul samples used in the 

standard assay system. Apart from these two variations, all other procedures 

were the same as for the standard assay system (methods 3 c(i)). 

The Km  for RuDP was determined over the concentration range 25 to 500 

mM RuDP, using a constant NaHCO3 concentration of 50 mM (i uCi per 1.5u  moles). 

For each concentration of RuDP used, duplicate enzyme velocity determinations 

were made following 0.5,  1 and 2 minute reaction times; in all cases the velo-

city of the reaction was found to be linear over the 2 minute period followed. 

Plotting the velocities (v) obtained for the different RuDP concentrations (3) 

as a Michaelis-Menten double reciprocal plot (fig. 14a)  gave a straight line 

indicating that no allosterio effects on carboxylase activity occur with in-

creasing concentrations of RuDP. A Km of 6.1 x 10" M RuDP was obtained from 

the intercept on the negative axis. This result is somewhat lower than the 

values of 1.0 to 2.5 x 10' M (Kawashima and Wildxnan,1970) found by other 

workers, but is in good agreement with the value of 7.5 x 10 M found by Ben-

edict (1973) using crude preparations of castor bean endosperms. 

The Km for NaHCO3 was determined over the concentration range 0.5 to 

50 mM NaHCO3, using a constant RuDP concentration of 1 mM; other conditions were 

exactly as used for determining the Km for RuDP. The reaction was found to be 

saturated at 25 mM bicarbonate concentration, and a Michaelis-Menten double re-

ciprocal plot of bicarbonate concentration against enzyme velocity yielded a 

straight line (fig.14b). The Km value of 2 x 10 M was lower by a factor of 

ten than the values of around 2 x 10 2  M obtained with purified carboxy-

lase by Racker (1957) and Paulsen and Lane (1966), and by a factor of 



Figure 14 	- 	iichaelia - Lenten double reciprocal plots of a) RuDP , 

b) HCO3  concentration (S) against enzyme reaction velocity 

(V) 	Each point is the mean of two determinations. 
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5 than that found by Sugiyaina at al. (1968) using a 10 mM Mg 2+  concentration. 

It is however of the same order as values quoted by Basshain at al. (1968) of 

2.5 x 10 3M, using a 45 x lM Mg 2+  concentration, and Walker (1971)  of 

3 x 10M, using a 'reconstituted" chioroplast system having a 5mM Mg 2+  con-

centration. 

In view of the range of K, values reported for both purified enzyri.e 

and ohioroplast systems, it can be said that the values obtained in these 

studies are compatible with those .ir the enzyme RuDP carboxylase. 

(ii) Development of Enzyme Activity. Changes In the level of RuDP oarbe-

xylase activity during lamina development was examined in two main series of 

experiments (fig. 15a).  These differed in the samples of RuDP (Sigma Chemi-

cals Ltd.) which were used, one having a higher purity than the other as 

judged on the content of inorganic phosphate (table 3). Results for the two 

runs were qualitatively similar indicating a low initial value for enzyme 

activity on day 6 and a maximum value reached on day 9 or soon after and main-

tained until the end of the run. It was clear from a number of runs that the 

maximum values are attained between days 9 and 10. 

However, the unexpected finding was that using the purer batch of 

RuDP, maximum values for activity were obtained which were almost twice those 

obtained using the less pure batch. As the substrate molarities, and all 

other assay conditions used in each investigation were Identical, it seems 

likely that the different activites obtained are attributable to differences 

in level of inorganic phosphate present. It has been shown that orthophos-

phate inhibits the carboxylation reaction (Weissbach at al., 1956)  and that 

the inhibition is competitive with respect to RuDP (Paulsen and Lane, 1966). 

Possibly a similar mechanism could be involved here. 



Figure 18a 	- 	Changes in RUDP carboxylaae activity per lamina with 

age, assayed in separate experiments using two batches 

of RuDP with different purities (see table 3)9 each 

value is the mean of two determinations on each of 2 

four-leaf extracts. 



c 

E 

c 
E 

1( 

N 
0 
0 
0) 
0 
E 
C 



Table 3 RUDP batch Punt 

Two batches of RUDP, supplied by Sigma Chemicals Ltd., were used in these studies. 	Details of 

substrate purity are quoted from the Sigma data sheets. 

Ljcromole RuIP per mg sample 	Inorganic P, as % of sample Organic P 	as % of sample 
Sample 	Batch No. Theoretical Observed 	Theoretical Observed Theoretical Observed 

A 	109B-7220 2.26 1.88 	0.0% 4.6% 14.0% 10.3% 

B 	91C-7100 2.22 2.10 	0.0% 0.42% 13.7% 13.4% 



The maximum enzyme activity of 1350  n moles 002  lamina-  min 
-1  and 

the activity on day 6 of 250 n moles CO2 lainina4  min-1  obtained with the 

purer RuDP were Just less than double the corresponding values of 700 and 

140 n moles CO2 lamina4  min-' obtained with the other sample of RuDP. The 

rate of increase in enzyme activity was rather greater for the material 

using the purer sample of RuDP. 

The maximum value obtained with the purer substrate represented a 

48 percent utilisation of substrate in the 2 minute reaction period, during 

which time the rate of reaction was linear. Paulsen and Lane (1966)  claim-

ed that linear rates of reaction were proportional to enzyme concentration 

until at least 36 percent of the RuDP was consumed. These results are pro-

bably related to the very high affinity exhibited for RuDP by the enzyme, as 

reflected in the low Km  value of 6.1 x 10 5M. 

To compare the enzyme activities obtained in this study with those 

quoted by other workers, the values obtained using the purer batch of RuDP 

were expre8sed as a specific activity, ji moles CO2 mg. soluble protein4  

min-  . The data (fig. 15b) follow the same qualitative pattern as the acti-

vities expressed on a lamina basis. The specific activity showed an in-

crease from 0.20 )1 moles CO2  mg. protein min-' on day 6 to a maximum of 

0.50 )a moles 002 mg protein mm 4  on day 10 after which no further change 

occurred up to day 17. The fact that the specific activity only showed a 

2 to 3 fold increase between days 6 and 10 compared to a 4 to 5 fold in-

crease in the activity per lamina is a reflection of the fact that at day 

6 RuDP carbolase protein (Fraction I protein) is a relatively small pro-

portion of the total soluble protein but from day 6 to day 10 the oarboxyl-

ase rapidly increases in amount, and as a percentage of the total soluble 

protein. 



Figure 15b 	- 	Changes in iUDP carboxylase activity per rag total soluble 

protein with age using the purer batch of RDP. 

Each value is the mean of two determinations on each of 2 

four leaf extracts. 
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b) Fraction I Protein. 

(i) Charaterisation. A variety of techniques have been used by workers 

in the isolation, purification and characterisation of Fraction I protein. 

The three major quantitative techniques being :- 

1. Analytical Ultracebrifugation - followed by measurement of the area 

under the boundary-peaks of the sedimentation pattern (e.g. Paulsen 

and Lane, 1966; lack and Hatch, 1967). 

2, Polyaorylamide Gel Electrophoresis - followed by quantitative 

staining of the Fraction I protein band (e.g. Racusen and FoOte, 

1965; Graham .t al., 1968). 

3. Gel Filtration - followed by estimation of the purified protein 

(e.g. Kannangara and Woolhou.ee, 1968; Kannangara, 1969; Andreeva 

and Avdeeva, 1970). 

Although analytical ultracentrifugation is more rapid and accurate 

it can only be applied to samples containing a Fraction I protein concent-

ration of at least 500 pg protein ml-  (Bennett and Scott, 1971).  Gel fil-

tration suffers from this same basic difficulty as analytical ultracent-

riugation, without having the additional advantage of rapidity. In this 

work only polyacrylamide gel electrophoresis(iIAGE) was used to measure 

Fraction I protein, as it was the most convenient method of processing 

several samples of crude leaf extracts, made up of only 4 laminae. Klein-

kopf, Hu.ffaker and Matheson (1970a)  showed that purified Fraction I protein 

from barley leaves ran as a single band of low relative mobility on poly-

acrylamido gels. This band could not be resolved further when the Fraction 

I protein was run on gels of acrylamide concentration varied from 2 to 8 per-

cent. They therefore concluded that the Fraction I protein satisfied the 

criteria for size homogeneity as outlined by Hedrick and Smith (1960).  In 
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preliminary work with crude extracts of barley first leaves (methods 3d) it 

was found that a single, large, slow-running band occurred on 2.5,  41  5 and 

7.5 percent aorylamide gels. This band was considered to represent Fraction 

I protein. 

Fraction I protein has been shown to be located within the ohioro-

plast. If the band obtained on 5 percent gels could be shown to originate 

from this organelle and not the cytoplasm then this would be a further in-

dication of it being Fraction I protein. Intact chioroplasts were prepared 

from barley leaves with the assistance of C.J. Leaver, to whom thanks are 

due, using the method described by Walker (1964). The isolated ohioroplast 

pellet was resuspended in normal leaf grinding medium then lysed with Triton 

X-lOO and finally 8Ufl at 25,000  g for 10 minutes to remove debris. The re-

sulting supernatant was then subjected to electrophoresis on 5 percent gels. 

On staining a single large slow running band was obtained. This band coin-

cided with the major band obtained from crude lamina extracts which thus 

appeared to be of a ohioroplast protein present as a large proportion of the 

total soluble protein. This was additional evidence to suggest that this 

band was Fraction I protein. 

Other evidence for the presence of Fraction I protein in leaf extracts 

comes from the schileren patterns obtained after analytical ultracentrifug-

ation of the supernatant in a 3pinco Model E ultracentrifuge. The dialysis 

procedure and operating conditions used for the Model E were as described by 

Bennett and Scott (1971);  thanks are due to J. Anclair for operating the 

Model L. The characteristic pattern for the Fraction I protein peak (fig.16) 

was similar to that shown by Paulsen and Lane (1966) and Kawashima and Wild-

man (1970),  though it was not as sharp since crude extract rather than puri-

fied enzyme was used. 

T. 



Figure 16 	- 	Schlieren optical pattern of barley leaf extract subjected 

to analytic—i. ultra centrifugation. 

Running and preparative details are given in the text. 
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Accepting that the large slow running band obtained on 5 percent gels 

was Fraction I protein, it was necessary to show that the level of Fraction 

I protein in the lamina extract was correlated with the activity of RuDP 

oarboxylaae present. Establishment of this would mean that Fraction I pro-

tein level could be used as an index of RuDP carbor1ase activity. Andersen, 

Wildner and Criddle (1970)  have shown that specific activities of RuDP c;rbo-

xylase from tomato leaf extracts were correlated with the Fraction I protein 

levels measured by the relative areas under the boundary peaks of the acdi-

inentation pattern obtained by ultracentrifugation. Graham et al. (1968) and 

Kannangara (1969)  have shown that RuJP carboxylase activity and Fraction I 

protein level show parallel increases during greening of dark-grown pea and 

barley seedlings respectively, while Slack and Hatch (1967) showed there to 

be a 11 ratio between enzyme activity and its protein moiety for a range of 

temperate and tropical plants. 

An experiment was designed in which RuDP oarboxylase activity and 

Fraction I protein levels were measured in extracts of barley first leaf 

laminae obtained from seedlings grown over the period day 6 to 17 under a 

range of conditions, including continual and variable shade. (Chapter 4). 

Plotting Fraction I protein level against RuDP carboxylase activity 

for all the results obtained (fig. 17)  gave a linear relationship with a 

highly significant correlation of 0.99 with 28 degrees of freedom. Plotting 

the different treatment results separately (table 4) gave a correlation co-

efficient of 0.99 with 10 degrees of freedom for control grown material; 

0.9t with 12 degrees of freedom for continual shade; and 0.96  with 6 degrees 

of freedom for variable shade. The fact that the line of best fit does not 

go through the origin is probably a result of some slight constant contaiuin- 
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Figure 17 	- 	Graph of RUDP carboxylase activity against Fraction I 

protein level, obtained from leaf extracts of seedlings 

grown under a range of conditionse ICach point is the 

mean of duplicate determinations of enzyme activity, and 

triplicate determinations of Fraction I protein level, 

in a four leaf extract. Control plants are closed circles, 

continually shaded plants are open circles and variable 

shaded plants are open squares. 
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Table 4 

Correlation of Fraction I protein level with RuD? carboxylase activity 

for different growth treatznenta. (See also fig. 17). 

Treatment 

Control 

Continual Shade 

Variable Shade 

All three treatments 

Correlation 
Coefficient r 

0.99 

0.98 

0.96 

0.99 

Degrees of 
freedom df) 

10 

12 

6 

28 

Equation for 
relationship 

x = 73 + 0.97y 

x = 66 + 0.97y 

x = 84 + 1.03y 

x = 77 + 0. 97y 



ation of the Fraction I protein band. This could be due to phosphoribo-

isornerase or phosphoribulokinase or both or else a certain amount of back-

ground stain associated with the protein band on the gel. flevertheless the 

point is made that the Fraction I protein level is correlated with RuDP car-

boxylase activity. This analysis has been repeated in other experiments and 

highly significant correlatiow between fraction I protein level and RuDP 

carboxylase activity were always found for all growth conditions in which 

they were both measured. These fixJings therefore agree with and extend the 

findings of the above mentioned workers, especially those of Kannangara 

(1969) as he showed that the specific activity of RuDP oarboxylaae per pg. 

Fraction I protein did not change during dark growth or greening of barley 

leaves. 

It has already been mentioned (chapter 2) that enzyme activity is not 

alwayu proportional to the auont of extract used when low concentration ex-

tracts are prepared. In addition it has been found that if the supernatant 

from a crude lamina extract is diluted with grinding medium, then as the 

dilution is increased by more than a factor of two the enzyme activity de-

clines at a non-linear rate. It was wondered whether this was due to enzyme 

inactivation at low concentration possibly by affecting the subunit stabil-

ity and orientation within the Fraction I protein complex, or was it in fact 

due to the actual dissociation of Fraction I protein molecules. Studies 

carried out showed loss of activity to be paralleled by a lose in assayable 

Fraction I protein)aa at all dilutions studied fraction I protein levels and 

.RuDP carboxylase activities were correlated with values of r being similar 

to those quoted above. 

In view of these findings it is therefore considered justifiable to 
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use the level of Fraction I protein as a measure of the carboxylation acti-

vity of the lamina. 

(ii) Development of Fraction I Protein. The development of Fraction I 

protein in the lamina was followed over the period day 6 to day 8 (Fig. 18a). 

It was found that the level 2 Fraction I protein increased from day 6 to 

between days 9 and 10 after which no further significant change occurred. 

The increase between days 6 and 9 appeared linear but the variation in day 8 

values was quite high both within a single experiment and between experi-

ment; the significance of this is discussed later. However the results of 

most experiments indicated a linear increase over the period from day 6 to 

between days 9 and 10. This development of Fraction I protein was qualita-

tively similar to that of RuDP carboxylase and total soluble protein. 

The quantitative increase in Fraction I protein from 320 pg protein 

laiuir& on day 6 to 1260 jig j tiin lamina by day 10, was similar to the 

4 to  5 fold increase in RUDP carbocylase activity which occurred over this 

period, but different to the soluble protein level, which only increased two 

fold. This reflected the fact that, while Fraction I protein was rapidly 

increasing between days 6 and 10, the sum of the other soluble proteins in 

the lamina was increasing much more slowly. This is shown in fig. 18b where 

Fraction I protein is expressed as a percentage of the total soluble protein 

over this period. At its highest level, Fraction I protein accounted for 

between 45 to 50 percent of the total soluble protein with a mean of about 

47 percent. This value agrees well ith published values for barley of 46 

percent (Kleiniopf et at., 1970a)  and bean of 45 percent (Racusen and Foote, 

1965) and those of other plants and micro-organisms of between 45 and 60 per-

cent (Kawashlina and Wildman, 1970). 
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Figure 18a 	- 	Changes in Fraction I protein level per lamina with 

ago. Each value represents the mean of three 

determinations on each of 3 four leaf extracts. 

Figure 18b 	- 	Changes in Fraction I protein per lemma as a 

percentage of total soluble protein per lamina with 

age. 

Replication as in Figure iSa. 
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M.- 
c) Whole Lamina CO. Fixation. 

002 fixation by the intact aerial parts of the barley seedling was 

measured by infra-red gas analysis (Methods 4) under conditions where light 

intensity and carbon dioxide were not limiting. The values obtained were 

virtually entirely due to the first leaf lamina, as the leaf base has been 

shown to contribute very little to the photosynthetic 002  fixation by the 

young seedling (Thorne, 1959). Using an identical, enclosed, system to the 

IRGA for feeding 14CO2  Dale and Marriott (unpublished work) showed that all 

the 14co initially incorporated by the seedling was via the first and to a 

lesser extent the second leaf; no 14co was found to be incorporated into 

the base of the seedling. The data (fig. 19a)  are presented on a unit area 

basis, but as RuDP carboxylase activities and Fraction I protein values have 

been expressed on a per lemma basis, the values obtained for CO2  fixation 

were also similarly expressed for comparison (fig. 19b). The variation en-

countered within the 3 replicate seedlings measured per assay was less than 

10 percent. 

The results show the photosynthetic activity of leaves to increase 

between days 7 and  9 after which no further change occurred. This pattern of 

change agreed qualitatively with that found for RuDP carboxylase activity and 

for Fraction I protein level over this period. Quantitatively however, photo-

synthetic activity increased by over 80 percent between days 7 and  9, compared 

to a 92 percent increase in RuDP carboxylase activity over the corresponding 

period. 

The maximum photosynthetic activity for the results expressed on a unit 

area basis (fig. 19a)  of 13.5 mg 002 -2 h was similar to the values ob-

tained by Dale and Felippe (1972)  using material grown from Pentlandfield grain. 

When C82  fixation was expressed on a molarity basis (fig. 19b), a maximum value 
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of 415 n moles CO2  lamina7l  min7l  was obtained; this was only about one third 

of the maximum RuDP oarboxylase activity of 1450 n moles CO2  lamina" min 

(fig. 15a). However, in the intact leaf, all the components in the resist-

ance to the passage of CO2  from the atmosphere to the enzyme active site are 

aotirig, whereas in the lamina extract these barriers are removed and the en-

zyme is assayed under considerably higher CO2  concentrations than are found 

in the chioroplast. The enigma of the CO2  concentration required for maxi-

mal enzyme activity in vitro and the concentration available in the air and 

the chioroplast has been summarised in a recent review by Walker (1973), 

and this point is discussed further in chapter 7- 

d) Diurnal Rhythm Investigations. 

When the development of RuDP oarborlase and Faction I protein was 

measured, leaves were usually harvested between one and two hours from the 

start of the photoperiod. On certain days however extraction had to be com-

menced earlier or later and it was necessary to know if this variation in 

harvest period affected the results obtained, owing to effects attributable 

to diurnal rhythms in enzyme activity or amount. Dale (unpublished work) 

during his IRGA studies found no evidence for hour - of - day effects on 

photosynthesis of intact barley seedlings examined throughout the photo-

period. However Bush and Sweeney (1972)  showed that in Gonyaulax the acti-

vity of RuDP carboxylase  in all extracts remained constant over the 24 hours, 

whereas the photosynthetic activity of whole cells showed a distinct diurnal 

rhythm. It was therefore necessary to establish whether or not extracts pre-

pared from leaves harvested at intervals over the 24 hour period showed any 

rhythm in their carboxylation activitles,and levels of Fraction I protein 

were therefore followed over this period. 
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The level of Fraction I protein and total soluble protein in leaf ex-

tracts was determined at intervals over a 24 hour period for plants of two 

stages of development. The first assay was carried out after the protein con-

tent of the first leaf was maximal and followed changes in level over the 24 

hours between days 14 and 15. The second assay was made over the 24 hours 

between days 8 and 9 when the leaf was fully expanded but the protein level 

was still increasing. The results (table 5 and figs. 20a, 20b) clearly 

showed that for both Fraction I protein and total soluble protein no diurnal 

rhythm could be detected either before or after the maximum protein levels 

were attained in the first leaf. Over the day 14 to 15 period both Fraction 

I protein and total soluble protein levels did not vary significantly (table 

5). During the earlier period from day 8 to day 9, total soluble protein 

appeared to increase linearly over the whole 24 hours even though variation 

between extracts was considerable (fig. 20b). For Fraction I protein an ex-

ceptionally high value was obtained for one extract at the starting time, and 

if this value is neglected it would again appear that levels continually in-

creased with time (fig. 20a). 

On the basis of these results it was concluded that there was no evi-

dence for diurnal rhythms in the levels, or rate of synthesis of, Fraction I 

protein and total soluble protein; it was therefore considered permissible to 

use results from extracts prepared outside the normal extraction period. 

These findings have been verified by recent work of Peterson, Kleirikopf and 

Huffaker (1973) who have shown that not only is there no diurnal rhythm in 

RUDP oarboxylase level but there is no turnover of the enzyme if barley seed-

lings cv. Nuinar are kept in continuous illumination. However these findings 

are in contrast to those of Steer (1973) who showedaperiodicity to occur in 



Table 5 Diurnal Rhyh 

Changes in Fraction I protein and of total soluble protein in control- 

grown first leaves over the period days 14 to 15. 	Two extracts of 4 leaves 

each were prepared at each time of assay :- 

.S5Lk  
Day 	Time Fraction I Pr?tein 1r8tal Soluble_jrotein 

C pg lamina 	) (pg lamina) 

14 	8 am. 2700 ; 2600 1300 ; 1300 

14 	ii a,m. 	2550 ; 2650 
	

1250 ; 1200 

14 	5 p.m. 	2600 ; 2750 
	

1190 ; 1300 

15 	Midnight 
	

2700 ; 2650 
	

1290 ; 1350 

15 	5 Vm, 	2500 ; 2600 	 1150 ; 1260 

15 	8 a.m. 	2800 ; 2750 	 1280 ; 1280 



Figure 20a 	- 	changes in level of Fraction I protein per lamina 

over the period day 8 to 9. '.ach value is the mean 

of three determinations on each of 2 four leaf extracts; 

the moan of each extract is denoted by a bar - 

Figure 20b 	Changes in level of total soluble protein per lamina 

over the period day 8 to 9. Replication was as in 

fig. 20a. 
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the synthesis of fraction I protein in Capsicum frutescens, which appeared to 

be controlled by the availability of reduced nitrogen. 

e) Discussion. 

From the experiments described in this chapter, and from others not 

included here, it is apparent that the maximal level of RuDP oarbox.ylase 

activity is attained after the leaf is fully expanded. This is in contrast 

to the situation found in dicot leaves. (3millie, 1962; steer, 1971;  Heyea 

and Dale, 1971) where maximum activity has been found to occur prior to the 

full expansion of the lamina. The slower attainment of peak values in the 

barley first leaf lemma, presumably reflects its development from the in-. 

tercalary rueristem as already described (section Ab). The fact that the 

level of RuDP oarboxylase, Fraction I protein and total soluble protein, all 

remained constant for at least 7 days after maximum values were attained 

agree with the findings of Peterson et al. (1973) who found that RuDP carbo-

xylaee activity and total soluble protein level in first leaves of barley 

cv. Numa.r remained constant for at least 5 days after maximum levels were 

attained. However there are considerable differences in cultural conditions 

between their experiments and this work; for example their plants were grown 

in continuous light and at a temperature of 27°C compared to a 16 hour photo-

period and temperature of 20°C ued in these studies. These cultural as well 

as possible varietal differences are probably responsible for their enzyme 

activity and protein levels attaining maximum activity on day 6 compared to 

day 10 found in these studies. 

These findings also show that increase in RuflP carboxylaae activity is 

not correlated with the increase in chlorophyll level, which does not reach 

a maximum until day 12, and which only shows a 3 to 4 fold increase in level 
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between days 6 and 12 compared to an almost 5 fold increase in RuDP carbo- 

r1ase activity between days 6 and 10. These results therefore disagree with 

those of Huffaker et al. (1966) who showed that the activity of RuDP carbo-. 

xylase was highly correlated with the synthesis of chlorophyll, at all light 

intensities used to study the early greening of dark-grown barley seedlings. 

Steer (1972) however showed that the changes in RuDP oarboxylase activity 

and chlorophyll level in expanding leaves of Capsicum frutesoeris were inde-

pendent. 

The maximum value of enzyme activity is achieved usually by day 10. 

It is clear from the data (fig. 15a)  that the level attained is dependent on 

the purity of the RuDP substrate. Using a single batch of RuDP, it has become 

apparent that, although the peak values are similar, the rate at which they 

are achieved varies between experiments. This is thought to reflect plant to 

plant variation whereby some plants are physiologically more advanced than 

others. Since increase in enzyme activity is rapid between days 6 and 10 this 

variation could, since relatively few plants were used in each extract, give 

rise to variation between extracts for the same and different experiments. 

This variation is probably unavoidable with the procedures used in this study, 

and it should be noted that the variation in maximum plateau values between 

experiments is quite small. These conclusions apply equally well to the de-

velopmental pattern for Fraction I protein and total soluble protein levels 

over this period. 

The differences in enzyme activities obtained using the two batches of 

RuDP indicate the difficulty of comparing these data with those quoted in the 

literature. Not only do different workers use different conditions of p H 

optimum, temperature, Mg 2+ and substrate concentrations for assay, but it 



71 

would appear that the RuDP purity may also vary depending on the batch pur- 

chased direct from a chemicals supplier or whether it is extracted and puri- 

fied in the workers' own laboratory, as is done by Huffaker's group. 

Bearing these points in mind the specific activity of RuDP carboy- 

lase in these experiments can be compared with published values (table 6) 

where these are quoted as i mole CO, mg soluble protein min, or as p 

mole CO2  mg chlorophyll-1  min; in the latter case the results were correc- 

ted using the relationship that the maximum soluble protein and chlorophyll 

levels per lamina are 2800 jig and 260 jg  respectively (fig. ila and flg.loa), 

giving a factor of 1 mg chlorophyll a 11.4 mg soluble protein. In addition 

some results for barley were corrected from a p moles 002  g f. wt.
-1  min-'  

value using the ratio from fig. 9a and fig. ha that at maximum activity ig 

fresh weight a 17 mg soluble protein. However the values calculated on this 

latter basis are only intended as a crude guide on account of the obvious 

dangers of fresh weight comparisons. 

The maximum specific activity of 0.51 p moles CO2  protein mm 

determined using the purer batch of RuDP is in good agreement with the 

values quoted by other workers (table 6) using crude leaf extracts. Bjôrk- 

man (1968) and Pearcy and Bjrkman (1969-70) found that the specific activity of 

RuDP oarboxylase in leaves of Atriplex patula varied from 0.43 to t...74 p 

moles 002 rug soluble protein min, though the lower values were suspect, 

as assay was carried out at limiting bicarbonate concentration (5 W)- 

Values quoted by Chen, Brown and Black Jr. (1971), initially expressed on a 

unit chlorophyll basis, have been converted to a unit protein basis and the 

value of 0.43 p moles  002  rug protein min7l  for barley of a non-specified 

cultivar is similar to that obtained for Proctor. The chlorophyll correction 



Table 6 

Values quoted for RuDP carboxylase activity by other workers. 

Specific Activity RuDP 
Author 	 Plant 	 Carboxylase 

(pnzole Co m soluble 
protein min 11 

Benedict, McCree and 
Kohel (1972) Cotton 0.45 

Blenkinsop Barley cv. Proctor 0.51 

Pearcy and Bjorkinan 
(1969-1970) A. patula 0.74 

Bjbrkman (1968a) A patula 0.43 

Bj&?kman and Gauhi (1969) Diatichlj,a Spicata 0.38 

Chen et al (1971) Fetuca arun dthacea 
schreb 0.55 * 

Chen et al (1971) barley 0.43 * 

Huang and Boevera (1972) spinach 0.72 

Huffaker, Cox, Kloinkopf 
and Stanford (1970) Medicago 	L 0.44 

Kleinkopf et al 	(1970a) barley cv Blanco 
Mariout 006 

Poyarkova et al. (1973) barley grown under 
Red Light 0,21 

barley grown under 
Blue Light 0.40 * 

Slack and Hatch (1967) wheat 0.41 * 

Slack and Hatch (1967) oats 040 * 

Slack and Hatch (1967) silver-beet 0.37* 

* = calculated from values expressed on a unit chlorophyll basis. 

= calculated from values expressed on a unit fresh weight basis. 



factor given above appears to be reliable as Björkman and Gauhi (1969) quoted 

values for RuDP carboxylase activity in leaves of Atriplex patula of 8.4 p 

moles 002  mg chlorophyll mm -1  which when divided by 11.4 gave 0.73 i 

moles 002  mg protein -1 min-  1  agreeing with the quoted values of Pearoy and 

Björkmazi (1969-70). Values quoted by Poyarkova, Drozdova and Voskresenskaya 

(1973) for barley seedlings grown under blue or red light were initially ex-

pressed on a unit fresh weight basis but agreed with those for Proctor when 

expressed on a unit soluble protein basis. 

Kleinkopf et al. (1970a) quoted a value for the enzyme activity from 

a crude homogenate of day 7 barley leaves, cv. Blanco Mariout, of 0.06 p 

moles 002  mg protein min. This is much lower than the value of 0.30 p 

moles 002  mg protein min (fig. ].5b) found for 7 day old laminae of Proc-

tor barley It may be relevant that their assay uses RuDP substrate pro-

duced in their laboratory. The specific activity obtained for their pun-

fled enzyme was 0.15 p moles 002  mg protein
-1  min-' which compared closely 

to that of 0.13 to 0.15 p moles 002  mg protein min, reported for spin-

ach by Thown (1965). Specific activities for the purified enzyme of between 

0.03 to 3 p moles 002  mg protein min have been reported by other workers 

as summarised by Kleinkopf et al. (1970a). One reason for the much lower 

activities found for RuDP carboxylase after purification could be the loss 

of a factor necessary for activity. llildner and Criddle (1969) working on 

tomato have isolated a small factor both from leaves and from isolated chlo-

roplasts which increases the enzyme activity of RuDP carboxylase both in 

crude extracts and in the isolated enzyme preparations. They claimed that 

the higher the degree of purification the more the enzyme becomes dependent 

on this factor. If such a factor is essential for oarboy1ase activity then 
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differences in extraction techniques, as well as assay conditions used, could 

account for the large variation in the activity of RuDP carboxylase reported 

throughout the literature for both purified and crude enzyme preparations. 

It therefore appears from the results in table 6 that the values ob- 

tained for the specific activity of RuDP carboxylase from first leaves of 

Proctor barley, are in general agreement with those quoted in the literature 

for Hordeuin vulgare L. and for other plants when workers have used crude 

leaf extracts. 

The variation found for RuDP carboxylase activities during lamina de-

velopment were also found for Fraction I protein and total soluble protein 

levels over the same time period. For Fraction I protein however it is of 

importance to note that as a percentage of total soluble protein it reaches 

a maximum erie day prior to the attainment of its maximum lamina level. 

The linear increase followed by a levelling off in Fraction I protein 

content, which occurred during lamina development was similar to that obtain-

ed by Patterson and Smillie (1971)  in their studies on developing wheat leav-

es. Most of the studies carried out on barley (Huffaker et al., 1966; Kan- 

nangara, 1969); Obendorf and Huffaker, 1970; Kleinkopf et al., 1970b) have 

tended to follow the changes in RuDP carboxylase activity and Fraction I pro-

tein level which occur when dark-grown seedlings are illuminated at various 

light intensities for varying periods of time. The levels quoted by these 

workers are naturally very much lower than those found in these studies on 

light-grown Proctor barley. 

It was concluded that Fraction I protein level is correlated with 

RuDP carboxylase over the whole time period investigated for standard growth. 

Measurement of whole lamina photosynthesis by IRGA showed that its maximum 

CO2  fixing activity was only one third of that found for lamina extracts. 
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These differences were attributed to the destruction of leaf resistances in-

volved in the passage of 002  from the atmosphere to the site of fixation and 

other factors as further discussed in chapter 7. In addition no evidence for 

diurnal rhythms in leaf protein levels were obtained. The final conclusion 

to be drawn from this section of the studies is that under standard conditi-

ons of growth there was no indication of an onset in leaf senescence before 

day 18 as the levels of all parameters measured, except dry weight, remain-

ed constant over at least the six days preceding this. 
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CHAPTER 4 

EFFECT 01? SHADE ON LEAF CROH AND CARBOXYLATION ACTIVITY 

Introduction. 

Dale and Felippe (1972) showed that shading the first leaf of barley 

reduced the capacity of the lamina to fix carbon dioxide at saturating light 

intensity, as measured by infra-red gas analysis and '4CO2  methods; growth 

of the whole plant was also affected (Dale et al., 1972). Investigations 

were therefore carried out to determine to what extent shading affected the 

parameters investigated in chapter 3. RuDP carboxylase activity and Frac-

tion I protein levels were both studied, as shading the first leaf lamina 

could cause enzyme inactivation, without breakdown of the Fraction I protein 

quaternary structure. shading could equally well affect the contribution 

made by the other components involved in the resistance to the passage of 

carbon dioxide from the atmosphere to the site of carboxylation. Because 

of lack of time, no attempt was made to investigate these possibilities how- 

ever. The effect of shade on photosynthesis of the first leaf was also 

studied, to see if seedlings grown from Cambridge seed responded to the same 

extent as those grown from the ?entlandfield grain used by Dale and Felippe; 

at the same time these data enable comparison to be made of effects on pho- 

tosynthetic activity and on RuDP carboxylase activity. 

Three types of shading treatments were carried out. In the first 

shades were applied on day 5 (methods 1 g), and left over the first leaf 

lamina for the duration of the experiment; this treatment is termed "contin-

ual shading". In the second type of experiment seedlings were grown under 

control conditions and at certain times after day 5 shades were applied over 

the first leaves, and subsequent changes in Fraction I protein levels followed; 



these treatments are termed "effects of time of application of shade" • In 

the third type of experiment, shades were applied on day 5 but were later re-

moved and the subsequent increase in Fraction I protein levels during growth 

in full light was followed; these treatments are termed "effects of duration 

of shade treatment". In addition, some experiments were carried out in which 

shades were applied after day 5 and then released after only 3 or 4 days of 

shade; these rune are described with the second type of shading experiments. 

When comparing results obtained from shading experiments with those 

from standard oonditione, the latter results are referred to as standard or 

control results depending on the context in which the comparison is made. 

i) Continual shade Experiments. 

(a) LeafJige. The values for the fresh weights of first leaf lam-

mae, harvba ted from seedlings grown under continually shaded conditions, 

were qualitatively similar to those obtained under standard conditions of 

growth. Typical results (fig. 21) showed that the lemmas increased from a 

fresh weight of 89 mg lamina-' on day 6 to a maximum of 140  mg lamina on 

day 8 after which no further change occurred, as indicated by the L..D. 

The maximum value of 140  mg lamina7l  was 10 percent less than the maximum 

value of  155  mg lamina4  obtained from control seedlings grown under stan-

dard conditions, indicating that shading has an effect on the final fresh 

weight of the first leaf lemma. 

As with seedlings grown under standard conditions the maximum fresh 

weights of shaded lemmas varied, usually in the range of 120 to 150  mg, 

both within and between experiments. Any laminae which were above or below 

this range were rejected at harvest. 

The dry weight values of laminae from seedlings grown under continually 
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Figure 21 	- 	Changes in fresh (circles) and dry weight (triangles) 

of shaded first leaf lemma with age. Values represent 

the mean of 16 (open circles), 8 (closed circles) and 

5 (closed triangles) replicates respectively, 
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shaded conditions (fig. 21) are both qualitatively and quanttativeIyd 

ant to those obtained under non-shaded conditions. The lamina, 

increased from a value of less than 8 mg on day 6 to a maximum of just over 

12 tag on day 8 after which values gradually declined until day 16. On day 8 

the shaded value was about 70 percent of that of the controls on day 10; by 

day 16 shaded lamina weight was half that of controls, owing partly to the 

observed decline, and partly to the fact that control lemmas tended to in-

crease in dry weight at about day 16. The difference between oontrol and 

shaded material is considerably greater for dry weight than for fresh weight. 

Shading the first leaf also altered its physical appearance, as well 

as reducing the dry weight. The shaded leaf was considerably softer in tex-

ture than controls, and removal of shades from seedlings older than 8 days 

resulted in a tendency for the seedling to fall over as the elongated sheath, 

which resulted from shading (Dale at al., 1972), was unable to support it. 

No measurements of lemma length and width of shaded blades were made in 

these experiments. 

(b) Lamina and egmente. 

(i) Chlorophyll. The values for the chlorophyll content of whole lam-

inae and laminae segments of first leaves, harvested from seedlings grown 

under conditions of continual shade are shown in fig. 22. The results 

(fig. 22) are both qualitatively and quantitatively different from those 

found for first leaves grown under standard conditions • In shade-grown lam-

mae, maximum chlorophyll concentration 4ras attained at day B compared with 

day 12 in the control material. The level at day 6 9  of 56 mg chlorophyll 

lamina, was slightly less than values found under control conditions, but 

the maximum value of 125 ig ohloropbyll lsmina 19  was only just over half 

the oontro]. maximum. After day 8 the chlorophyll level remained constant 
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Figure 22 	- 	Changes in chlorophyll level per shaded lamina and 

per shaded lamina segment with age from two separate 

experiments. Whole lemma values (closed circles) 

represent the mean of 5 determinations. Segment values 

represent the mean of 3 four-segment analyses; closed 

squares are the tip segment, open triangles the middle 

segment, and open circles the basal segment. The 

corresponding values for control grown leaves are 

presented for comparison more detailed presentation 

of these are given in fig. be. 
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until day 149 when 4 slight decline occurred to day 16; after this period, 

however, no further decline occurred until at least day 20. 

Analysis of chlorophyll concentrations throughout the lemma showed 

it to be highest in the tip, and lowest in the basal segment, over the period 

days 6 to 16, whereas in control material the level was always highest in the 

middle segment after day 8. In both tip and middle segments, chlorophyll 

levels rose between days 6 and 8 and then remained constant, whereas in the 

basal segment the level increased until day 10 before levelling off. There 

is thus a difference from control material, in which chlorophyll levels in 

all 3 segments rose until day 13. 

Two important conclusions can be summarised; firstly that shade 

treatment reduces chlorophyll level in the first leaf blade, the reduction 

being greater in the physiologically younger basal part of the lamina. The 

second point is that treatment did not lead to a decline in chlorophyll level 

in any part of the lamina between days 8 and 13; this is in direct contrast 

to findings for all other parameters measured where a continual decline in 

level was found after day 8 in shaded conditions. 

Bjorkman (1968a) investigating the levels of chlorophyll in several 

species of plants whose natural habitat was either in high light intensity 

or deep shade, found that on a fresh weight basis the chlorophyll level was 

highest in the leaves of the shade species. This was not found to be the 

case for the barley leaves, as the levels in shaded leaves were considerably 

less than those for control leaves. It should however be remembered that 

"deep shade" in Bjórkman's emperiments was probably equivalent to a higher 

light intensity than that of the present shade experiments. 

(ii) Total Nitrogen. Under conditions of continual shade the total nit-

rogen (minus nitrate and nitrite) content of the first leaf lamina increased 
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between days 6 and 8, and then declined until day 16 (fig. 23a). Analysis 

of segments ma separate experiment , showed this to be true also for the parts 

of the leaf, the decline being greatest for the tip and middle segments, and 

least for the basal portion of the blade. When compared to control values, 

the levels of nitrogen in shaded laminae were initially similar, but by day 0 

the maximum values for shaded material were about 65 percent of the maximum 

control levels attained on day 10. By day 16 however, the level in shaded 

material had declined to a value of 510 1ig nitrogen lamina which was only 

50 percent of the control values. Expressing the results on a unit dry 

weight basis, showed (fig. 23b) a continual decline In value between days 6 

and 16, qualitatively agreeing with the results from laminae grown under 

control conditions. However, nitrogen as a percentage of dry matter, was 

greater in the shaded material (5.5 to 6.0 percent) than in control leaves 

(4.5 to 5.0 percent). 

The main conclusion from this section of the work was that total 

nitrogen content of the shaded leaf was lower than that of control leaves. 

The greater percentage of nitrogen per unit dry matter in the shaded materi-

al ndicatos a lower content of non-nitrogenous material and could perhaps 

be associated with restricted photosynthesis and reduced production of carbo-

hydrates, and perhaps of cell wall material. This last suggestion is compat-

ible with the more fragile, weaker nature of the shaded leaf, referred to 

previously. 

(iii) Ethanol-insoluble Nitrogen. The ethanol-insoluble nitrogen (ex-

cluding nitrate and nitrite) content of the first leaf lamina followed the 

seine qualitative pattern of change (fig. 24a) as the total nitrogen content 

(fig. 23a), under conditions of continual shade. The level rose from 350 jAg 

nitrogen lamina7l  on day 6, which was about 75 percent of the corresponding 



Figure 23a 	- 	Changes in total nitrogen level per shaded lemma and 

per shaded lamina segment with age from two separate 

experiments. Whole lamina values (closed circles) 

represent the mean of two determinations on each of 3 

lemmas. Segment values represent the mean of two 

determinations on each of 2 two segment samples; closed 

squares are the tip segment, open triangles the middle 

segment, and open circles the basal segment. The 

corresponding values for control laminae are presented 

for comparison; more detailed presentation of these 

results are given in Figure 12a. 

Figure 23b 	- 	Changes in total nitrogen level per mg dry weight with 

age for shaded laminae. Replication is as in Figure 23a 

and values for control laminae are presented for comparison. 
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Figure 24a 	- 	Changes in ethanol-insoluble nitrogen level per shaded 

laminae (closed circles and continuous lines) with age. 

Values are the mean of two determinations on each of 

3 laminae. Values for control laminae (broken lines) 

are included for comparison (see also fig. 13). 

Figure 24b 	- 	Changes in ethanol-insoluble nitrogen level per mg dry 

weight with age for shaded laminae. Dry weights are 

calculated assuming no loss of material on ethanolic 

extraction. Replication and symbols are as in fig. 24a, 

control values are included for comparison. 

Figure 24c 	- 	changes in ethanol soluble nitrogen level per mg dry 

weight with age for shaded laminae. Values are 

estimated as the difference between the values in 

fig. 23b and fig. 24b. Control values are included for 

comparison. 
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total nitrogen level, to a maximum of 470 jig nitrogen lamina 1  on day 8, 

which was 70 percent of the total nitrogen level. After day 8, the level 

continually declined, until a value of 300 jig nitrogen lamina7l  was reached 

on day 16, corresponding to 60 percent of the total nitrogen value. 

When levels of ethanol-insoluble nitrogen in shade grown laminae 

were compared with levels in laminae grown under standard conditions, it was 

observed that day 6 values were very similar, the shaded values being just 

slightly less. Owing to the very low day 8 values encountered in control 

laininae, there appeared to be no difference between the shade and control 

values at this age, but it was doubtful if this effect was real. The maxi-

mum shaded value was 68 percent of the control maximum, which agreed with 

the corresponding value of 65 percent given by the total nitrogen results. 

By day 16 the shaded value was only 43 percent of the control maximum, again 

being similar to the value of 50 percent found for total nitrogen values. 

When ethanol-insoluble nitrogen values were expressed on a unit dry 

weight basis, calculated on the assumption that no weight loss occurred on 

extraction of the lamina in ethanol, then the results show (fig. 24b) that, 

as br total nitrogen, the values continually declined over the period days 

6 to 16. 

The ethanol-soluble nitrogen content of the lamina was calculated on 

a dry weight basis, by subtracting the ethanol-insoluble nitrogen values 

from the corresponding total nitrogen values. The results (fig. 240) show 

that the levels declined between days 6 and 89  which coincides with the 

period when soluble protein level was increasing in thu leaf (fig.25). After 

day 8 however, an increase in the ethanol-soluble nitrogen level occurred un-

til day 10, after which no further significant change occurred. It therefore 



appeared that once protein synthesis ceased, the subsequent decline in level, 

resulted in the release of peptides and free amino acids, which boosted the 

pool sizes in the leaf to a higher level between days 8 and 10. After day 10 

no further increase occurred, and it was postulated that the further products 

of macroxnoleoulsr degradation, released between days 10 and 16, were transpor-

ted out of the first leaf, as suggested by the decline in the total nitrogen 

level of the lamina. 

The higher pool level of low molecular weight amino-compounds avail-

able after day 109  would considerably favour the increase in protein synthes-

is observed when shades were removed after day 10 (see later section on 

"effects of duration of shade".) 

(iv) Total Soluble Protein. The total soluble protein content of the 

whole lamina and segments of shaded first leaves are shown in fig.25. The 

results showed that, for the whole lamina, the protein level rose between 

days 6 and 8, showing a decline 	after, which continued until the end 

of the experiment. These findings are verified by the results from a separ-

ate experiment using segments, which showed that the protein level in all 

thre segments continually declined between days 8 and 16. Over this period, 

the protein levels in the tip and middle segments were not significantly 

different from one another, but were greater than the levels in the basal 

segment. Since the tip segment had a lower fresh weight than the middle one, 

the level of protein per unit fresh weight was greatest in the tip of the 

leaf; again on this basis, protein content was lowest in the basal segment. 

Values of protein per lamina for shaded and control ma&erial on day 6 were 

very similar. However the maximum soluble protein level which was attained 

in shaded lamina on day 81  was only 54 percent of the control maximum value, 

which was attained between one and two days after this. By day 17 the 
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Figure 25 	- 	Changes in total soluble protein per shaded lamina and 

per shaded lamina segment with age, from two separate 

experiments. Whole lamina values (closed circles, 

continuous lines) represent the mean of two determinations 

on each of 3 four leaf extracts. Segment values (continuous 

lines) represent the mean of two determinations on each of 

2 segment extracts; closed squares are the tip segment, 

open triangles the middle segment, and open circles the basal 

segment. Values for control lemma and segments are 

included for comparison (broken lines). 
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soluble protein content in the shaded leaves was only 30 percent of that in 

the control leaves. 

These findings are qualitatively different to those for changes in 

chlorophyll level, where for shaded leaves a constant level was maintained 

until day 14,  following the attainment of maximum value on day 8. The data 

agree with those for total nitrogen, which show similar qualitative changes. 

However, the decline in total soluble protein was about 31 percent, whereas 

that in total nitrogen was 20 percent at most. The significance of this is 

discussed later. 

2) Carboxylation Activity of the Shaded Leaf. 

(a) RuDP Carboxylase Activit1 and Fraction I Protein Level. Under 

conditions of continual shade, the increase in Fraction I protein (fig. 27a) 

and RuDP oarboxylase activities (fig. 26a) in the first leaf lemma of barley 

seedlings were considerably reduced, compared to those in standard grown 

material. At day 6, the carboxylase levels and activities were similar to 

values found in control laminae at this age. Between days 6 and 8 the oa.rbo-

xylase activity and protein level both increased to a maximum, which were 30 

peroe:it, for RuDP carboxylase, and 35 percent, for Fraction I protein level, 

of the corresponding maximum values found in controls on day 10 (fig. 15a 

and fig. 18a). These maximum values of enzyme activity and level were reach-

ed on day 8 when maximum values of chlorophyll, total nitrogen and total sol-

uble protein were also attained. 

After maximum values of enzyme activity and level were reached, a con-

tinual decline occurred, until the end of the experiment, by which time the 

enzyme activity was 15 percent, and the enzyme protein level 17 'percent, of 

control values. These results show that changes in enzyme activity are 
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Figure 26* 	- 	Changes in RuDP carboxylaae activity per lamina with age 

(open circles) for continually shaded seedlings. The 

activity in control laminae is included for comparison, 

both determinations being carried out using the purer 

batch of RUDP. Each value is the mean of 2 determinations 

an each of 2 four leaf extracts. 

Figure 26b 	- 	Changes in RUDP carboxylaae activity per mg total soluble 

protein with age for continually shaded seedlings. 

Control values are included for comparison and replication 

is as in figure 26*. 
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paralleled by changes in enzyme protein level, in leaves held under shaded 

conditions; this result therefore confirms the correlation between RuDP 

carboxylase activity and Fraction I protein level presented in fig. 17. 

qualitatively this pattern of an increase to day 6, followed by a 

continual decline, is similar to that found for changes in total soluble pro-

tein levels of shaded laminae. The quantitative changes are different how-

ever, because whereas maximum Fraction I protein levels and RuDP carboxylase 

activities of shaded laminae were 35 percent and 30 percent respectively of 

the control maximum values the maximum total soluble protein levels of shad-

ed laminae were as high as 50 percent of the maximum control levels. In fact, 

if the maximum values for levels of Fraction I protein in control and shaded 

material, are subtracted from the corresponding total soluble protein values, 

then values of 1440  and 1010 pg  protein are obtained for control and shaded 

leaves; these values represent the sum of all the soluble proteins, exclud-

ing Fraction I protein, and it is clear that the shaded value is about 70 per-

cent of the control level, i.e. double the corresponding percentage found for 

Fraction I protein. Shading therefore appears to have a more specific effect 

on the ca.rboxylation enzyme level, than it does on the levels of the other 

lamina soluble proteins. 

Expressing Fraction I protein level as a percentage of the total sol-

uble protein level (fig. 27b)  shows an increase from 21 percent on day 6, to 

30 percent on day 8, after which no further significant change occurs. This 

implies that the decline in total soluble protein level, and Fraction I pro-

tein level, after day 8 is proportional in shaded material. Verification of 

this comes from expressing the RuDP carboxylase activities per lamina as a 

specific activity (fig. 26b). On this basis, enzyme activity increased bet-

ween days 6 and 8 and then remained constant. 



(b) Whole Lamina C0 Fixation, Changes in photosynthetic capacity of 

plants held in saturating light intensity, following previous shade treat-

xnenta, was followed by infra-red gas analysis. 

The results (fig. 28b) show that the photosynthetic activities of the 

shade-grown laminae were always less than the activities of controls, when 

expressed on a per lamina basis. The activity increased from 190 n moles 

CO2  lamina min on day 7, to a maximum of 225 n moles CO2  lamina min 

on day 9, after which a continual decline occurred until day 14.  The maxi-

mum photosynthetic activity was 54 percent of the maximum control activity 

of 420 n moles 002  lamina min. 

These results are qualitatively similar to those obtained for the 

development of RuDP carboxylase activity and Fraction I protein levels in 

shaded laminae, the only difference being that for enzyme activities and 

levels, maximum values were found on day 8. Quantitatively however, shading 

appeared to have a greater effect on enzyme activity and levels than on whole 

lamina photosynthetic activity. This is because maximum Fraction I protein 

levels and. RuDP oarboxylase activities in shaded laminae, were only 35 per-

cent and 30 percent of the corresponding control values, whereas photosyn-

thetic activity was as high as 54 percent of the control maximum, a value 

similar to that found for total soluble protein level. 

Under shade conditions the maximum lamina photosynthetic activity of 

225 n moles CO2  lamina min, was 50 percent of maximum enzyme activity 

in lamina extracts. This is in contrast to control grown laznina, in which 

photosynthetic activity was only 30 percent of the leaf extract oarboxylat-

ion activity. It would therefore appear that a higher proportion of the 

oarboxylase present in the lamina is utilised in shaded than in control 

laminae. 
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Figure 28a 	- 	Changes in CO2  fixing capacity of the shaded first leaf 

per unit area (open circles) with age, as measured by 

infra-red gas analysis. Each value is the mean of 4 

determinations. Control levels are shown for comparison. 

Figure 28b 	- 	Changes in CO2  fixing capacity of the whole shaded first 

leaf (open circles) with age, as measured by infra-red 

gas analysis. Replication is as in fig. 28a and control 

levels are shown for comparison. 
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(c) Fraction I Protein and Total Soluble Protein Levels in the Second Leaf. 

Continual shading of the first leaf lamina was shown (figs. 26a and 27a) to 

reduce the oarbox'lase activities and levels over the whole period studied. 

It 18 also known that growth of the second leaf is affected by shading the 

first (Dale et al., 1972; Dale and Felippe, 1972).  It was not known whether 

shade treatment affects the carboxylation activity of the second leaf lamina 

by stimulating it to a higher level, to compensate for the lower activity in 

the first leaf lamina, or by lowering the oarboxylation activity, compared 

to that of control leaves, becau' of the failure in supply of carbon skele-

tons from th. first leaf. 

To resolve this problem, an experiment was carried out in which the 

total soluble protein and fraction I protein levels were detormineu, in the 

first and second leaf laminae, of seedlings grown under control conditions 

or with the first leaf lamina shaded. Second leaves did not usually appear 

until late on day 8 or during day 91  and development was followed from day 

11, when adequate amounts of leaf material from both treatments could be 

harvested. 

The increase in total soluble protein content of the first leaf lam-

inae from control and shaded material (fig. 29a) followed the patterns pre-

viously observed (fig. lla and fig. 25),  though the control laminae gave 

maximum values 10 percent higher than previously found; expressed on a fresh 

weight basis, values agreed well with previous experiments. In unshaded 

material, the protein level in the second leaf laminae on day 11 was 1400 pg 

protein lamina-  which was similar to that in the shaded first leaf laminae. 

Between days 11 and 14 the total soluble protein level increased linearly to 

4200 jug protein lamina-1, rising to 5000 pig protein lamina-' on day 15. 

Over the next three days there was a further 16 percent increase in soluble 



Figure 29a 	- 	Changes in total soluble protein level per lemma with 

age for first and second leaf laminas of seedlings grown 

under control conditions, or with the first leaf shaded. 

Values are the mean of duplicate determinations on 

each of 2 four leaf extracts. First leaf values are 

circles, closed for control, open for shaded. Second 

leaf values are triangles, closed for control, open for 

seedlings whose first loaves were shaded. 
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protein, resulting in a level of 5800 pg  protein lamina4  on day 10. 

In shade-grown material, the second leaf lamina showed a very low 

level of 350 jig protein lamina7 on day U which only increased by a further 

200 pg protein lamina7l  over the next 24 hours. After day 12 however, a more 

rapid increase in protein level was observed which still appeared to be ris-

ing at day 18 wnen a level of 3350 pg protein lamina7l  was attained. It is 

doubtful whether a continual increase in total soluble protein level occurred 

between days 15 and 18, and it is more likely that a maximum was attained 

between these ages at a level equivalent to the day 18 value. 

In both control and shade-grown material, the level of soluble pro-

tein in the second leaf laminae reached that in the corresponding first leaf 

laminae between days 12 and 13; the soluble protein level in the second leaf 

laminae from shaded material attained that of the control first leaf by day 

18, 5 days later than the unshaded controls. 

The changes in Fraction I protein levels in the first and second 

leaves (fig. 29b) followed a pattern qualitatively similar to that observed 

for total soluble protein (fig. 29a). The level of Fraction I protein In 

first leaf lamina from shade-grown material continually declined over the 

period day 11 to 18, while that of control grown material showed no signi-

ficant change from a level which was 17 percent higher on a lamina basis, 

but equal on a unit fresh weight basis, to the levels normally obtained. In 

the second leaf of control material, the day 11 Fraction I protein level was 

slightly greater than of the shaded first leaf lamina. Between days 11 and 

15 however, a rapid increase in Fraction I protein level occurred, after 

which the level increased at a much slower rate to give a value of 2900 jig 

protein lamina on day 18. Again, as for the total soluble protein values, 

the maximum level was probably attained between days 15 and 18. 

M. 



Figure 29b 	- 	Changes in Fraction I protein level per lamina with age 

for first and second leaf laminae of seedlings grown 

under control conditions, or with the first leaf shaded. 

Values are the mean of triplicate determinations on each 

of 2 four leaf extracts. First loaf values are given 

by circles, closed for control, open for shaded. Second 

leaf values are given by triangles, closed for control, 

open for seedlings whose first leaves were shaded. 
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In the second leaf from shade-grown material the Fraction I protein 

level, like total soluble protein, showed a small increase between days 11 

and 12, after which a continual, more rapid increase occurred to day 18, 

when a level of 1,800 ug protein lainina was reached. 

When the Fraction I protein levels are expressed as a percentage of 

the total soluble protein (table 7) then, at maximum expansion, the value 

was similar for control first and second leaves at between 45 and 55 per-

cent. For shaded seedlings however the percentage of Fraction I protein in 

the first leaf was between 34 and 40 percent of the total soluble protein 

which was ieee than that in the second leaves, which rose from 37 to 53 per-

cent over the period of maximum lamina expansion. Therefore, by day 18 the 

percentage of fraction I protein in the second leaves of control and shaded 

plants was similar, in contrast to the corresponding first loaves, in which 

the values were markedly different. 

The effect of shading the first leaf, was to reduce the Fraction I 

protein levels in the second leaf laminae, but whereas shading reduced the 

level of Fraction I protein in the first leaf lamina to a greater extent 

than that of total soluble protein, when compared to controls, in the second 

leaf the effect of shade was to give an equal reduction on Fraction I protein 

and total soluble protein levels. By day 18 the levels of total soluble pro-

tein and Fraction I protein in second leaf laminae from shaded material, were 

about 60 percent of the levels from control material. Dale and Felippe 

(1972) supplied 14CO  to growing barley seedlings, the first leaves of which 

were grown under control or continually shaded conditions. It is of interest 

that they found on day 169  the second leaf of seedlings, whose first leaves 

had been continually shaded, fixed 60 percent as much 14 2  as did second 

leaves from control seedlings. 

Shading the first leaf lemma, therefore, not only reduced the 
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oarboxr1ation activity and protein level of that leaf, but also led to their 

reduction in the second leaf lemma. 

As mentioned earlier, the second leaf was fully expanded by day 16 in 

shade- and control- grown material. By day 18, the levels of Fraction I pro-

tein and total soluble protein could both be expected to be at a maximum, by 

comparison with the time course for the first leaf, where maximum levels were 

reached 2 days after maximum leaf expansion. Shading the first leaf therefore 

permanently affected the second leaf, by restricting the maximum oarboxylation 

and total soluble protein levels attained. This is in accordance with other 

shade results for the second leaf (Dale at a]., 1972; Dale and Felippe,1972). 

Effects of Timing and Duration of Shade Treatment. 

Introduction. The previous experiments showed that, when the first leaf 

lemma was continually shaded from day 5 onwards, the increase in carboxylat-

ion activity was considerably restricted. It was not known whether delaying 

the start of the shade treatment would result in similar effects on carbo-

xylation activity. Nor was it known whether oarboxylation activity would in-

crease if the shades were removed at intervals after application on day 5, or 

whether the lower activity was a permanent effect. xperiments were carried 

out to clarify these points. 

In these experiments where shades were either applied or removed on 

days other than day 5 all treatments were carried out at the start of the 

photoperiod. As RuB? oarboxy]ase activity and Fraction I protein level were 

shown to be correlated in a izi ratio (fig. 17),  and this was confirmed and 

extended by the findings of the continual shade experiments, the main measure-

ments in these experiments were of Fraction I protein. Occasionally RuDP 
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carboxylase activity was measured. In all experiments dealing with variati-

ons in shade treatment, control, unshaded, and continually shaded material 

was grown and analysed for comparison. 

3) Effects of Time of Shade Application. 

Under conditions of continual shade the total soluble protein level 

and the carboxylation activity of the first leaf reached a maximum by day 8, 

after which a continual decline occurred (figs. 25,  26a,  27a).  The follow-

ing experiments were designed to see how protein levels and carboxylation 

activity were affected if shade application was delayed until days 8 or 10, 

when maximum values occurred in continually shaded and control laminae res-

pectively. 

(a) Total Soluble Protein. The effect of applying shades on days 8 

and 10 to first leaf laminae, previously grown under unshaded conditions, is 

shown in fig. 30a. Application of shades on day 8 resulted in an immediate, 

rapid, and substantial decline in total soluble protein level from 2,050 pg 

protein lamina7l  to 1,670 ug  protein lamina7l  on day 9. This decline contin-

ued at a slower rate, and by day 15 the soluble protein level had fallen to 

the level found in first leaf laminae, grown under conditions of continua]. 

shade. If shade application was delayed until day 10, then a rapid decline 

in the soluble protein level in the lamina again occurred, giving a level on 

day 13 which was approximately half that of the control leaves • Over the next 

two days a further, slower decline in the soluble protein level occurred, de-

creasing to a value on day 15 which was only 14 percent higher than that in 

continually shaded laminae. The larger decline in protein level observed 

after day 10 application, when compared to that following day 8 application, 

reflected the higher soluble protein level present in the laminae when shades 

were applied. 



Figure 30a 	- 	Changes in total soluble protein per lamina with age for 

treatments in which the time of shade application is 

varied. Each value is the mean of two determinations on 

each of 2 four leaf extracts. Continuous lines with 

closed symbols, and broken lines with open symbols 

indicate periods when the leaf is unshaded and shaded 

respectively. Open triangles represent treatment when 

shades are applied from day 8 onwards, closed triangles 

represent treatment where shades are applied on day 8 and 

removed on day 11. Open squares represent shade application 

from day 10 onwards. 

Figure 30b 	- 	Changes in Fraction I protein per lamina with age for 

tretmenta in which the time of shade application is 

varied. Each value is the mean of three determinations 

on each of 2 four leaf extracts. 

Symbols are as for Figure 30a. 

Figure 30c 	- 	Changes in Fraction I protein as a percentage of total 
(overleaf) 

soluble protein per lamina, with age for treatments in 

which the time of shade application is varied. 

Symbols are as for Figure 30a. 
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An additional treatment was carried out in which shades were applied 

on day 8 and then subsequently removed on day II. Shade removal resulted in 

a rapid increase in the soluble protein level until day 16 9  when the level 

was 29400 jig protein lamina-' about 10 percent less than the level in control 

laminae. 

The response of soluble protein levels to shade treatments was there-

fore very rapid, with the rate of decrease and increase apparently dependent 

on the difference between the soluble protein level in the lamina and that of 

control or continually shaded leaves, at the time of treatment. 

(b) Fraction I Protein. Varying the time of shade application pro-

duced the same qualitative changes in Fraction I protein levels as were found 

for total soluble protein. Quantitatively the order of the changes was gen-

erally greater, when compared to the levels in control and continually shaded 

laminae, than was found for total soluble protein. The effect of day 8 and 

day 10 shade application on the Fraction I protein levels of first leaf lam-

inae is shown in fig. 30b. The results show that after day 8 shade applicat-

ion, the Fraction I protein levels in the laminae rapidly declined until day 

15, by which time the level was approximately 14 percent higher than that in 

laminae of seedlings grown under conditions of continual shade. It is doubt-

ful whether the day 15 level was genuinely as high as the determined value 

suggests, as at day 13 the level was only 12 percent higher than that for 

continually shaded leaves. It was therefore concluded that, between days 13 

and 15,the Fraction Iprotein level approached that in laminae grown under con-

ditions of continual shade; this is in agreement with data for total soluble 

protein, 

Delaying shade application until day 10, resulted in a rapid decline 
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in Fraction I protein level until day 13. At this age the Fraction I protein 

level was 40 percent of that in control leaves; for total soluble protein the 

corresponding value was 50 percent. Over the next two days a further decrease 

in Fraction I protein level occurred, and by day 15 the level was about 30 per-

cent higher than that of material grown under conditions of continual shade; 

the difference found for total soluble protein at this age was 10 percent. 

Again, as for total soluble protein levels a larger decline in Fraction I pro-

tein level was observed after day 10 shade application, than after day 8 app-

lioation. 

In the additional treatment where the first leaf lamina was shaded only 

between days 8 and 11 0  the removal of shades resulted in a rapid increase in 

Fraction I protein levels, which reached 70 percent of the control maximum 

level by day 16. 

Expressing the Fraction I protein content as a percentage of the total 

soluble protein levels (fig. 300) showed that, following shade application on 

day 8, the Fraction I protein remained as a constant proportion until day 10, 

after which the percentage declined until it approached the level found In 

continually shaded leaves (fig. 27b). Application of shade on day 10 resulted 

in an immediate decline in Fraction I protein, as a percentage of total soluble 

protein. The value declined from the maximum level found under control condit-

ions (fig. leb) to a level which approached that found in continually shaded 

lamina by day 15.  In the treatment where shades were applied only between days 

8 and 11, shade removal did not result in a change In the proportion of Frac-

tion I protein and total soluble protein, which remained lower than that for 

control plants. 

(c) RuDP Carborlaae Aotivityi. The majority of investigations carried 
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out to study the effect of variable shade treatments on the oarbolation 

activity of the first loaf lamina measured fraction I protein levels and not 

RuDP carboxylase activities for the reasons outlined earlier. Measurements 

of RuDP oarboxylase activities were done only as a check to confirm that the 

effects of shade on Fraction I protein levels were paralleled for the enzyme 

activity. 

The response of RuDP carboxylase activity to the time of shade appli-

cation was studied by applying shades over the first leaf lamina, on day 8, 

and then removing these on day 11 (fig. 31). The enzyme  activity responded 

to shade application by rapidly declining over the next three days reaching 

a level on day 11 which was only 63 percent of that on day 8. Removal of 

shades on day 11 resulted in a rapid increase in enzyme activity, which reach-

ed the original pro-shade level by day 16. This change in carboxylation acti-

vity exactly paralleled the changes in fraction I protein levels for this 

treatment confirming the correlation between enzyme activity and protein level. 

Thus, delaying application of shade leads to substantial decreases in 

levels of total soluble protein, Fraction I protein and RuDP carboxylase activ-

ity which are reversible if the shades are removed by day 11. 

4) Lffects of Duration of Shade Treatment. 

As outlined in the previous sections for shaded leaves, total soluble 

protein levels and carboxylation activites reached a maximum at day 8, after 

which a decline occurred. The following experiments were designed to investi-

gate whether soluble protein levels and carboxylation activities would in-

crease if shading on day 5 was followed by removal of shades at a later date; 

the times chosen for removal of shades were day 6, before maximum level of 



Figure 31 	- 	Changes in RUDP carboxylaee activity per lamina with age 

for treatments in which the time and duration of shade 

application is varied. Each value is the mean of two 

determinations on each of 2 four loaf extracts. 

Continuous lines with closed symbols, and broken lines 

with open symbols indicate periods when the leaf is 

unshaded and shaded respectively. Closed and open circles 

represent control and continual shade treatments respectively. 

Closed triangles represent treatment where shades were 

removed on day 8, following shading between days 5 and 8. 

Open triangles represent treatment where shades were 

removed on day 11, following shading between days 8 and 11. 
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protein was attained in shaded leaves, day 8, the point when protein content 

was maximal, and day 11, when the level of protein was declining. 

(a) Total 6oluble Protein. The results of experiments in which shades 

were removed on days 6, 8 or 10 are shown in fig. 32a. Shading for one day, 

between days 5 and 6, resulted in a slight initial reduction in the soluble 

protein level of the lamina but subsequently the level increased, closely 

following the curve for control lamina. 

Removal of shades on day 8 resulted In a rapid increase in the total 

soluble protein level, which rose to 2,350 lag protein lamina on day 11 9  

and to 2,600 ig protein lainina on day 16; this value was not significantly 

different from the soluble protein level in control laminae at this age. 

The rate of increase in soluble protein over the three days following day 8 

shade release, was 36 percent greater than the rate of loss of soluble pro-

tein over the three days following day 8 shade application (fig. 30a). This 

difference seams to be more apparent than real, if the difference between the 

day 8 control values of the two experiments is taken into account. 

Delaying the removal of shades until day 10 still resulted in the 

lamina responding to the higher light intensity. The soluble protein level 

increased over the six days following shade removal but at a rate which con-

tinually declined The level of 29400  ig protein lamina7 on day 16 was about 

10 percent lower than that for unshaded controls. The increase in soluble 

protein level up to day 15,  following day 10 shade removal, was 70 percent of 

the decline over the same period following shade application on day 10 (fig. 

30a). Thus when shade treatments were delayed until the maximum values are 

attained on day 10, then the rate of soluble protein breakdown is much higher 

than the rate of soluble protein synthesis in material of the same age, for 
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Figure 32a 	- 	Changes in total soluble protein per lamina with age for 

treatments in which the duration of shade treatment is 

varied. Each value is the mean of two determinations 

on each of 2 four leaf extracts. 

Continuous lines with closed symbols, and broken lines 

with open symbols indicate periods when the leaf is 

unshaded and shaded respectively. Closed and open 

circles represent control and coutltival shade treatments 

respectively. Inverted closed triangles, upright closed 

triangles and closed squares represent treatments where 

shades are removed from previously continually shaded 

plants on days 6, 8 and 10 respectively. 

Figure 32b 	- 	Changes in Fraction I protein per lamina with age for 

treatments in which the duration of shade treatment is 

varied. Each value is the mean of three determinations 

on each of 2 four leaf extracts. Symbols are as for 

Figure 32a, 

Figure 32c 	- 	Changes in Fraction I protein as a percentage of total 
(overleaf) 

soluble protein per lamina with age for treatments in which 

the duration of shade treatment is varied. r:ljcation and 

symbols are as for Figures 32a and 32b. 
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which shades have been removed. This is in contrast to removal or applicat-

ion of shade on day 8 when the rates of increase and decline of protein were 

comparable, if allowances were made for differences in the control day 8 values. 

(b) Fraction I Protein. The qualitative changes observed in the 

Fraction I protein levels of laminae released from shade at various times 

(fig. 32b) were similar to those found for total soluble protein levels. 

One day's shading between days 5 and 6 resulted in a slight reduction 

in the day 6 Fraction I protein level of the lemma but by day 8 the level 

was not significantly different from that in control laminae, as was also 

found on day 10. Removal of shades on day 8 resulted in a rapid increase in 

the Fraction I protein level which doubled by day 11 and then further increas-

ed at a slower rate to day 16, when the level approached that found in control 

laminae. Like the changes found for total soluble protein, the Fraction I 

protein levels increased by a greater rate over the 3 days following release 

from shade on day 8, than the rate at which they declined following shade 

application at that time. 

Delaying the removal of shades until day 10, resulted in a rapid in-

crease in Fraction I protein levels over the period to day 16, when the level 

was only about 10 percent less than that of the control material. The rise in 

Fraction I protein level over the 5 days following day 10 shade removal was 

only 73 percent of the decline in Fraction I protein level, over the same per-

iod, which followed shade application on day 10. This value was similar to 

the corresponding value of 70 percent found for total soluble protein and is 

in contrast to the day 8 shade treatments above, where the rate of increase 

after shade release was greater than the rate of decline following shade 

application. 

If the Fraction I protein levels are expressed as a percentage of the 
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total soluble protein levels (fig. 32c), then, in the case of the one day's 

shading between days 5 and 6, the percentage Fraction I protein content con-

tinually increases from a value of just over 21 percent on day 6 to a value 

of 44 percent on day 10, which is close to that found for control leaves 

(fig. lBb). 4milarly, release from shades on days 8 and 10, led to a con-

tinual increase in Fraction I protein, as a percentage of total soluble pro-

tein, until maximum values were reached for both treatments by day 16. There-

fore when leaves are released from shade the level of Fraction I protein in 

the lamina not only rapidly increases in absolute value, but it also increases 

as a percentage of the total soluble protein. 

(a) RUDP Carboylase Activity. The response of RuD? oarboxylaae 

activity to the duration of shading was studied by growing first leaf laminae 

under conditions of shade from day 5 until early on day 8. The results shown 

in fig. 31 indicate that the enzyme activity rapidly increased from 400 n 

moles CO2  lamina min at the time of shade removal to 1,100 n moles CO2  

lamina min on day 11. After day 11 a further slow increase in level of 

activity occurred, resulting in a value being attained by day 16, which was 

comparable to that of control material. These changes again paralleled the 

changes found for Fraction I protein levels, following the removal of shades 

on day 8. 

5) Discussion 

(a) Non-oarboxylation Parameters. Under continually shaded oonditi-

one, the levels of total soluble protein, total nitrogen, and ethanol-insoluble 

nitrogen in the first leaf lamina, all showed the same qualitative pattern of 

changes, though the magnitude of the changes differed. Between days 6 and 8 a 

rise in level occurred, after which a continual decline was observed until 
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around day 16, with the total soluble protein levels declining by a greater 

proportion of the day 8 maximum values than did the total nitrogen levels. 

The level of chlorophyll in the shaded lamina also increased to a maximum 

value by day 8. Unlike total soluble protein, and total nitrogen, the level 

remained constant after this, until at least day 14, with only a slight de-

cline thereafter. All three parameters therefore reached the maximum level 

in shaded material on day 8, which was between one and two days before the 

attainment of maximum values in control leaves, and is coincident with the 

age at which grain reserves are exhausted in Proctor barley (Dale and Psi-

ippe, 1972) and wheat (Williams, 1960). 

The levels of the different components in different parts of the leaf 

varied however, and these differences can be divided into two types. In the 

first, exhibited by total soluble protein and total nitrogen, levels in the 

tip and middle segments of the leaf did not differ significantly between seg-

ments but were significantly higher than the values for the basal segments. 

In general the levels of both soluble protein and total nitrogen in all three 

segments continually declined over the period day 8 to 16. The second type of 

response was shown in the chlorophyll results, where the levels were greatest 

in the tip, and lowest in the basal segment over the whole time period from 

days 6 to 15. In contrast to the other parameters the chlorophyll levels in 

the tip and middle segments reached a maximum on day 8 and on day 10 in the 

basal segment. After attainment of maximum values, the levels in all segments 

remained constant until at least day 15. 

Thus, although shading resulted in a decline in the levels of total 

soluble protein and total nitrogen, but did not affect the chlorophyll levels 

after maximum values were attained, for all parameters measured, the level was 
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always lowest in the physiologically younger basal segment. The pattern of 

change for total soluble protein levels per unit fresh weight was broadly 

similar o that found in leaves of barley seedlings, of the cultivar Club 

Mariout, grown throughout In darkness (Obendorf and Huffaker, 1970). They 

showed that the soluble protein levels per unit fresh weight was always high-

est in the tip and lowest in the base of the leaf blade. The level in the 

tip segment continually fell from day 5 but the levels of soluble protein per 

unit fresh weight in the other segments increased from day 5 to a maximum 

between days 7 and 8 after which a continual decline occurred until the end 

of the experiment. The only difference between this pattern of change and 

that observed with the Proctor oultivar was that in Club Mariout maximum lev-

els are reached about 24 hours earlier; this could be a reflection of the 

differencu6 in cultivars, or more likely due to differences in cultural con-

ditions, particularly in temperature. Maximum levels of protein found by 

Obendorf and Huffaker were 8 pg protein mg f. wt. compared with 15 pg pro-

tein mg 1. wt. in the present experiments. 

With regard to chlorophyll content, no ready explanation Is apparent 

as to why the level should remain constant after day 8 in shaded leaves, when 

values of all the other components measured declined. The data suggest that 

the chlorophyll molecules are more stable than those of protein and do not 

breakdown rapidly in low light intensity. This cannot be explained by chloro-

phyll being protected from breakdown by virtue of its being in the chioroplast, 

since the level of Fraction I protein, which is also a chloroplast constituent, 

declines in response to shade. It is possible that chlorophyll breakdown is 

dependent on the presence of certain degrading enzymes, the synthesis of which 

is prevented by shading. 
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One of the major findings of these investigations, is that the total 

soluble protein level declines by a greater proportion of its shaded maximum 

value after day 8, than does total nitrogen. In absolute terms, the total 

nitrogen level declines by 120 g nitrogen per lemma between days 8 and 16; 

thus nitrogen is lost from the leaf. The total soluble protein level declines 

by 600 pg  protein per lamina which, on division by 6.25, gives a value of 

96 pg nitrogen as an estimate of protein nitrogen per lamina. If all the nit-

rogen derived from soluble protein breakdown was exported, this would account 

for a major part of the observed total nitrogen loss, without the necessity 

of pleading large changes in size of amino acid pools in the leaf. Prelimin-

ary determinations of ethanol-soluble nitrogen, which includes amino acids, 

indicated that this component did not decrease in the leaf during shading, 

which is compatible with the possibility outlined above. 

Although nitrogen is lost from the leaf on shading, and the absolute 

amount present is less than in control leaves when expressed on a unit dry 

weight basis, the level is higher than in controls. This higher relative nit-

rogen content would be expected, since shade conditions preclude photosynthes-

is (Dale and Felippe, 1972) and hence carbohydrate production and polysaccha-

ride synthesis in cell walls will be restricted. The observed softer and weak-

er nature of the shaded lainina, and its lower dry weight, follows from this. 

(b) Effects of Continual 6hade on RuDP carboxylase Activity and Level. 

When seedlings were grown under continually shaded conditions the RUD? 

carboxylase activities and Fraction I protein levels in the first leaf lemma 

both showed an increase to a maximum on day 8, followed by a continuous de-

cline, as had been observed for total nitrogen and total soluble protein lev-

els, cuantitatively however, these changes differed from those observed for 

total soluble protein, as the maximum shaded value of this was 50 percent of 



the maximum control level, compared to the corresponding values of 30 percent 

and 35 percent found for RuDP oarboxylase activity and Fraction I protein 

levels. By day 17,  the total soluble protein level in shaded lamina was re-

duced to 30 percent of the control levels, whereas for the oarborlaae activ-

ity and level, the values were only 17 percent and 15 percent of the corres-

ponding day 17 control values. The changes in RuDP carboxylase activities and 

Fraction I protein levels as percentages of control values over this period of 

growth agree with the order of changes quoted in the literature when the lev-

els of dark-grown seedlings are compared with levels in light-grown seedlings. 

Kannangara (1969) showed that in first leaves of dark-grown barley seedlings 

(cv. va1of's Bonus) the level of RuDP oarboxylase was 25 - 50 percent of 

that found in the stroma of the fully differentiated ohloroplasts. Raoueen 

and Foote (1965)  showed that in leaves of dark-grown Phaseolus seedlings RuDP 

carbolase activity on day 11 was only one third of that of light-grown 

plants. The similarity in the degree of reduction in enzyme activity and pro-

tein level with both dark and shade treatments, probably reflects the fact 

that under both the conditions synthesis occurs purely at the expense of seed 

reserves, as no products of photosynthesis are available. 

Fraction I protein levels and. RuDP oarboxylaae activities were there-

fore affected to a greater extent by shading than were total soluble protein 

levels. This is shown by the fact that Fraction I protein levels were only 

about 30 percent of the total soluble protein levels of shaded leaves after 

day 8, compared to values of around 45 to 50 percent in controls. Kleinkopf 

et al, (19701,) showed that in first leaves of 7 day old dark-grown barley 

seedlings (cv. Blanco Mariout) Fraction I protein was 30 percent of the total 

soluble protein present. Illumination of these seedlings led to increases of 



3 mg per g.f.wt. of RuDP carboxylase and 4,3 mg per g.f.wt. of total soluble 

protein over an 18 hour period. This meant that 70 percent of the soluble 

proteinjnthesised during illumination was Fraction I protein, and at the 

and of this period the fraction I protein level in the lamina was equivalent 

to 40 percent of the total soluble protein present. These figures are very 

close to the values found for Proctor barley. 

In contrast with the decline observed following attainment of maximum 

activity in shaded materiál, Dassiou and Jkoyunoglou (1969) showed that in 

etiolated Phaseolus, seedlings the RuDP earboxylase activity in the leaves in-

creased to a maximum on day 9 and then remained constant. This was similar to 

the situation in etiolated barley leaves where Obendorf and Huffaker (1970) 

showed that RuDP oarboxylase activity remained constant after attainment of 

maximum levels on day 7. These activities however are so small in comparison 

to those found in shaded barley leaves that the lack of any decline is not 

surprising. 

The important point  to remember is that under all conditions of shade 

studied the RuDP oarboxylase  activity was correlated with the changes in Frac-

tion I protein levels. This was supported by earlier work of ICannangara 

(1969) who showed that the enzyme isolated from dark-grown leaves of barley 

showed the seine specific activity in vitro as protein isolated from the chlo-

roplasts actively engaged in CO2  fixation. 

(a) Variation in Shade Treatments. When the time of shading was de-

layed until maximum ca.rboxylation activity of the lamina was attained, then, 

following shade application, Fraction I protein level declined to a greater ex-

tent than total soluble protein. In the continual shade experiments maximum 

level of Fraction I protein was a much lower percentage (30 percent) of the 
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maximal control value, than was total soluble protein (50  percent); however 

after attainment of maximum values, ttal soluble protein and Fraction I pro-

tein levels declined proportionally, as Fraction I protein remained a constant 

30 percent of the total soluble protein. Therefore the main and specific in-

fluence of shade on Fraction I protein, was to restrict the maximum level 

attained by day 8, rather than on the subsequent decline which was general for 

Fraction I protein and total soluble protein. It could then be argued that 

delaying shade treatment until day 8 or day 10, when the maximum percentage of 

Fraction I protein was attained, should result in Fraction I protein and total 

soluble protein declining proportionally, with Fraction I protein remaining as 

a constant percentage of the total. This does not happen however, and the 

Fraction I protein declines by a greater extent than total soluble protein un-

til the level in continually shaded lamina is approached on day 11. 

It therefore appears that under shade conditions Fraction I protein can 

only constitute a certain percentage of the total soluble protein, and that if 

a higher level is present, as in the case when shade treatment is delayed, then 

Fraction I protein is broken down preferentially until the proportion is the 

same as in continually shaded leaves. 

The factors governing the proportion of Fraction I protein to total sol-

uble protein in shaded leaves are not clear, but light intensity may well be 

important. The evidence is that under shaded conditions the integrity of the 

photosynthetic system is not seriously affected; whether this would be so if 

the proportion of Fraction I protein decreased further is not known, but the 

levels found could be representative of the minimal levels in a functional ohio-

roplat. urther experiments on this point are described in chapter 6. 

hen shades were removed, the reverse situation was encountered, and 



102 

Fraction I protein increased as a percentage of the total protein. This is 

in keeping with the theory that light controls the ratio between the two com-

ponents. It also indicates the continued ability of the leaf to synthesise 

new protein, even though full lamina expansion is reached, and even though a 

period of very low light intensity has been experienced. Studies by Woledge 

(1971) on the effects of light intensity during growth on subsequent rates of 

photosynthesis of leaves of tall fescue showed similar effects to those observ-

ed for Fraction I protein. She found that the rate of apparent photosyntheSis 

in high light intensity declined as plants were transferred from high to low 

light intensity and increased as plants were transferred from low to high 

light intensity, in the first leaf to become fully expanded after transfer. 

The decline in photosynthetic rate of an already expanded leaf however was not 

affected on transfer from high to low light intensity, which contrasts with 

the findings for Fraction I protein, but the photosynthetic rate of an already 

expanded leaf did increase on transfer from low to high light intensity which 

agrees with response to shade removal of an increase in Fraction I protein 

synthesis, found in these experiments. 

It is well known that light-treatment of dark-grown barley seedlings 

leads to a rapid increase in level of photosynthetic enzymes  as well as chloro-

phyll (HuiTaker et al., 1966; Kannangara, 1969; Obendorf and Huffaker, 1970; 

Kleinkopf et al., 1970b).  In other species, similar effects of light have 

been shown to involve a phytochrome mechanism (Filner and Klein, 1968; Graham 

et al., 1968). In the shade experiments the sprouting seedlings were exposed 

to light prior to shade application and to low intensities thereafter, which 

would be expected to saturate any low-energy requiring photomorphogenic sys-

tems. A result of this is that shaded leaves of barley contain much higher 
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levels of chlorophyll and protein than dark-grown material, and comparison of 

results for experiments where shade t... ment was of limited duration with 

effects following illumination of dark-grown material can only be qualitative. 

However recent studies from Huffaker's laboratory (Petersen et al., 

(1973) have followed changes in RuDP oarboxylase and total soluble protein 

levels as light-grown barley seedlings ov.Nuxnar, whose first leaves have att-

ained maximum development, are grown for a period in continual darkness and 

then returned to the light. The responses they observed can be compared to 

those following shade application to control-grown plants on day 10, as this 

is the age of maximum first leaf development in Proctor grown under our con-

ditions. Although Peterson et al. kept their seedlings in continuous dark-

ness the effect is not all that different from continual shade treatment as 

net CO2  fixation will be prevented in both studies. They found that during 

the 3 days of dark growth total soluble protein and RuDP carbocjlase protein 

levels declined by approximately 40 and 60 percent of their maximum levels re-

spectively. These values are compatible with the corresponding 50 and 60 per-

cent declines found for total soluble protein (fig. 30a) and Fraction I prote-

in (fig. 30b) during continually shaded growth over the period day 10 to 13. 

Also the responses of these protein levels over the 2 days following the re-

turn to light are similar to those observed in the shade treatments when con-

trol grown plants are shaded between days 8 and 11. 

The findings of the shade treatments are therefore similar to those 

found by Peterson at al. who concluded that RuDP carboxylase  protein is degra-

ded in prolonged darkness and is resynthesised when plants are returned to the 

light. One point of discrepancy between these two studies is that altough 

Peterson et al. showed the specific activity of RuDP oarboxylase to be constant 
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during continuous illumination, but when plants were put into darkness the 

specific activity increased, then declined when plants were returned to the 

light. This contrasts with the findings of these studies in which Fraction 

I protein level and RuDP carboxylase  activity have been shown to be correlat-

ed for all shade treatments. However continual darkness may have consider-

ably different effects from continual shade treatment. Their results also 

showed no significant breakdown of RuDP carboxylase to occur during the 

first 8 hours of darkness following previous continual illumination. Thus as 

Fraction I protein level remains constant after day 10 in control leaves of 

Proctor barley, it would suggest that no breakdown of Fraction I protein is 

likely to occur during the 8 hour night period. 

(d) Photosynthetic Activity and RuDP Carboylase Activity. If carbon 

dioxide utilised in photosynthesis and in the RuDP carboxylase assay are ex-

pressed as a ratio, then this is greater for the shaded than the control mat-

erial. In absolute terms however, the photosynthetic activity of the shaded 

first leaf was lower than that of the control first leaf, and fixation of 

002 by the leaf was considerably less than the utilisation of 002  by leaf ex-

tracts. This observation contrasts with the findings of Bowes, Ogren and 

Hageman(1972) who showed that in leaves of Soybean plants grown under various 

degrees of shade, the RuDP oarboxylase activities were qualitatively correlat-

ed with photosynthetic rate, but were consistently lower. 

The full reason why RuDP carboxylase activity of the leaf extracts 

from Proctor barley was greater than the photosynthetic activity of the intact 

leaf are not fully known. It has been suggested by Kawashima and Wildman 

(1970) that the enzyme level In spinach leaves is far in excess of the needs 

of the Calvin Cycle, and possibly not all of it is active at any given instant. 
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This situation could apply in barley loaves, but possibly in shaded leaves a 

higher proportion of the enzyme  present is active or can be used at any one 

time, than in control laminae. This could account for the different ratios 

of enzyme activity to photosynthetic activity found in shaded and control 

laminae. 

An alternate suggestion is that shading affects the lamina components 

involved in the physioo-cheznioal resistance to the pas sage of 002 from the 

atmosphere to the enzyme active site. To interpret the results in this man-

ner it is necessary to consider the path of 002  in photosynthesis and the re.. 

sistanoes involved. These are shown diagrammatically fig. 33. In shaded con-

ditions, presumably R8  will be larger than in control leaves, oinoe stomata 

probably show a smaller aperture in the low light intensity. The components 

of the mesophyll resistance could also be affected. The hydrodiffusive resis-

tance might well be lowered since, as has been argued, cell walls are probably 

thinner in shaded leaves and the cytoplasmic thickness is also similar; the 

result is that the hydrodiffusive pathlength from the surface of the mesophyll 

eell to the ohloroplast could well be shorter. however, it is important to 

realise that this structural change may not have all that great an effect on 

the h.ydrodiffusive resistance component, which depends not only on the struc-

ture and linear dimensions of the mesophyll cells, but also on the ph of the 

cytoplasm which will clearly affect both the ratio of 002  s UO3  and also the 

solubility of 0021 

Lower levels of chlorophyll and of RuDP oarboxylase  in shaded leaves 

would be expected to increase the other resistance terms, so that overall the 

resistances in the 002  pathway in shaded leaves would be increased. When 

shades are removed prior to determination of 002  uptake by infra-red gas 



Figure 33 	- 	Schematic diagram for resistances involved in the 

passage of CO2  from the leaf surface to the site of 

carboxylation in the chioroplast. 
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analysis, some stomatal opening occurs but this is unlikely to exceed that in 

control plants. The difference in photosynthesis between control and shaded 

plants is therefore attributable to a possible effect on the stomatal compon-

ent and more likely effects on the photochemical and oarboxylation components 

of the mesophyll resistance. 

The observation that RUDP carboxylase activity in lamina extracts is 

greater than photosynthetic fixation of carbon by intact leaves, indicates 

that this component, even in shaded material, is probably not limiting photo-

synthesis. The fact that in the work of Bowes et al. (1972)  enzyme activity 

was lower than carbon fixation in photosynthesis, suggests that the extraction 

or assay procedures used must have limited the in vitro activity assayable. 

If this argument is correct and oarboxylation resistance is not limiting, the 

resistances restricting photosynthesis in shaded material must be either stom-

atal or photochemical, or both. The observed reduction of 50 percent in photo-

synthesis agrees well with the reduction of 50 percent in chlorophyll level, 

and the photochemical resistance component could well be of major importance 

in the barley first leaf. However it should be borne in mind that shacUng  re-

duced the in vitro RUDP carboxylase activity by 70 percent, but the 002  fixing 

capacity was still greater than for the intact leaf. Thus, a reduction in 

level does not necessarily imply a limitation, as one would expect the leaf to 

only synthesise the minimum level of enzyme required so as to conserve and 

efficiently utilise the grain reserves. 

The conclusion that it is unlikely that the level of RuDP carboxylase 

limits the photosynthetic activity of the shade-grown leaves, is at variance 

with the suggestion that it could be the activity of this enzyme which deter-

mines the rate of light saturated photosynthesis at atmosphere 002  concentrat-

ion (Bjorkman, 1968a, 1968b; Wareing at al.,1968; Eagles and Treharne,1969). 
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(e) Levels of RuDP Carborla8e Activity. Direct comparison of the 

activity of RuDP oarboxylase from shade-grown leaves with the studies of 

Bj5rkaan (1968a, 1968b) are of interest. Björkman (1968a) determined the 

activity of RuDP carboxylase in leaf extracts of a number of higher plant 

species, from habitats with greatly contrasting light intensities. He found 

that plants occupying sunny habitats, and capable of light saturated rates 

of photosynthe3ie several times higher than those growing in deep shade 

(o.300 ft.c.) of the redwood forests also had a considerably higher RuDP oar-

boxylase activity. When RuDP carboxylase was expressed on a unit soluble pro-

tein basis the sun-adapted species had a significantly higher activity than 

the shade species. These between species differences were similar to those 

observed for a single species in this work, under shaded or control conditi-

ons p 

onditi-.

one, even although the light intensity, within the shades (<100 ft.c.) was 

loss than that in the redwood forests (c, 300 ft.o.). If the mean of the 

shade values quoted by Bjrkman (1968a), was compared with the mean of the sun 

species, it can be seen that the shade species values were 60 percent of the 

sun species values. This difference was comparable to that between values of 

oarboxylase activities per unit soluble protein for control and shaded leaves 

of Proctor barley. 

Similarly the differences found by Björkman (1968b) for the mean RuDP 

carboxylase activities per unit soluble protein in leaves of sun and shade 

ecotypes of Golidago grown in light intensities comparable to their natural 

environment, showed the shade eootypes to have only half the activity of the 

sun adapted species)  again showing similar responses to the shading of barley 

leaves. 

It therefore appears from these comparisons, that growth under very low 
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light intensity has similar effects on reducing the RuDP carboxylase activi-

ties in plants both from the same and widely differing species. Presumably 

shading could produce similar effects on the RuDP carboxylase activities of 

different barley varieties. 

Development of Fraction I Protein in the Second Leaf. Studies on 

the changes in level of Fraction I protein and total soluble protein in the 

second leaf of seedlings, whose first leaves were grown under control or con-

tinual shade conditions, showed that shading the first leaf considerably re-

stricted the absolute levels of carboxylase attained in the second leaf lamina 

by day 16, but did not affect the maximum level of Fraction I protein attained, 

in terms of a percentage of the total soluble protein (table 7). No evidence 

was found for an increased activity in the second leaf to compensate for the 

restricted activity of the first leaf. Wareing et al. (1968) showed that 

partial defoliation of Phaseolus resulted in an increased photosynthetic rate 

in the remaining loaves, and attributed this to an increase in carboxylase acti-

vity. In their experiments, the increased enzyme activities observed were in 

loaves already expanded and actively photosynthesising, in contrast to the 

second leaves in the barley studies which were only emerging and in fact were 

the only organ fixing significant amounts of carbon. It is not therefore sur-

prising that no compensation effect was observed in second leaves of shaded 

barley seedlings as their growth would be restricted by the limited supply of 

carbon skeletons from their own photosynthetic products, and the breakdown 

products from the first leaf as exemplified, for example, by the loss of total 

nitrogen. 

Carboxylation Development in Relation to Grain Reserves. The in-

crease in Fraction I protein level and RuDP carboxylase activity up till day 8, 
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Changes in Fraction I protein level per lamina as a percentage of 

total soluble protein with age for first and second leaf laminae of 

seedlings grown under control conditions, or with the first leaf shaded. 

Fraction I protein as % of Total soluble Protein 

AGE 	 First leaves 	 Second leaves 
( days ) 	 Control 	Shaded 	Control With first leaf shaded 

11 53.0 38.0 43.0 36.0 

3.2 5005 38.0 43.0 37.5 

14 52.5 34.0 43.5 3690 

15 54.0 40.0 53.0 46.5 

18 45.0 34.0 49.0 53.0 
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in continually shaded leaves, seems to be entirely at the expense of seed re-

serves, as once these are exhausted, no further increase in enzyme level and 

activity occurs, and indeed a slow decline commences. The loss of soluble pro-

tein parallels the decrease in total nitrogen, supporting the idea that pro-

ducts of protein breakdown may be exported. Such an export could supply the 

second leaf, which is the major photosynthetically active organ over the peri-

od from days 10 to 16. 

Obendorf and Ruffaker (1970)  also considered seed reserves to be of 

critical importance, since they were required for the development of the photo-

synthetic mechanism on illumination. They interpreted their results to indi-

cate that after prolonged dark culture, the low level of reserve carbohydrate 

was insufficient to enable a Lull response to light to occur; thus as seedlings 

aged, so their response to illumination decreased, a finding later confirmed 

for nitrate reduotase development (Jordan and Huffaker, 1972). 

However for Proctor barley removal of shades as late as day 10, two 

days after seed reserves were exhausted and the RuJ)P oarbor1ase level is de-

clining, results in a rapid increase in enzyme activity and protein level, 

which ultimately attain the high levels found In control grown leaves. Thus 

shade for up to 5 days has no permanent effect in reducing the level of pro-

tein attained by the leaf, even though seed reservo are exhausted by this 

time. Raousen and Foote (1965) also iotulated that the lower level of 1.uDi? 

carboxylaae in leaves of dark-grown compared to light-grown Phsy seo1ue was due 

to a shortage of energy and food, reserves, rather than the absence of a sped-

Lie light induction. The relationship between protein development and grain 

reserves Is dealt with in further detail in chapter 6. 



CHAPTER 5 

EFFTWT OF NITROGEN SUPPLY ON LAIINA FRACTION I PROTEIN LEVEL 

Introduction. 

Dale (1972)  showed that delaying nitrate application to Proctor barley 

led to a reduction in length, breadth, area and dry weight of the first leaf, 

and also to a lower photosynthetic activity on day 8, as measured by infra-

red gas analysis. Ryle and Heaketh (1969),  and Nevins and Loomis (1970) also 

showed that reduction in the nitrogen concentration of the nutrient solution 

lowered the photosynthetic rate of the leaves of maize, cotton, bean and 

sugar-beet. Medina (1969-70), studying the development of carborlation 

activity in leaves of Atriplex Patula, grown under various nutrient regimes, 

showed a ooriside'able decline in the activity of RuDP oarbox.ylase in the 

lamina under conditions of low nitrate supply. From this he concluded that 

changes in photosynthetic rate under conditions of reduced nitrate supply can 

be attributed to changes in the RuDP carboxylase activity of the leaf. Other 

nutritional factors have also been shown to affect Fraction I protein level; 

Jyunr, Camp, Polson, Adams and ittwer (1972)  showed that the observed differ-

ential response of two varieties of Phaseolus to zinc nutrition was correlat-

ed with the different levels of fraction I protein and RuDP carboxylase activ-

ity in leaves of these plants. 

Dale (1972) and later,Felippe and Fletcher (unpublished work) have 

shown that varying the time and level of application of the nitrate component 

of the nutrient regime, produced much greater growth responses than did vary-

ing the Solution I component. To have fully investigated the effect of all 

the components of the nutrient regime, on the level of Fraction I protein in 

the lamina, would not have been possible in the time available. It was 
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therefore decided that a study of the effect of nitrate supply on the level 

of carborlation activity would be mo.t informative. The basis of the in-

vestigations was therefore to see if the restricted development of photo-

synthetic activity in leaves of young barley seedlings, which occurred when 

the time of application of nitrate was delayed, was correlated with a reduc-

tion in the levels of Fraction I protein level, and hence RuDP carboxylase 

activity in the first leaf lamina. 

Two approaches were adopted; in the first, the level of nitrate 

supplied was kept constant and the time of application was varied, and in 

the second, the time of application was kept constant and the level of nit-

rate supplied was varied. In both approaches Solution I was applied at the 

standard level (table 1) on days 4 and 11. Before investigating the effect 

of varying nitrate application, it was important to see whether nutrient 

levels were limiting in the standard regime used, once initial application 

had been made. In certain experiments day 10 values had been significantly 

lower than the maximum level and as this was the day preceeding the second 

nutrient application, it was possible that the nutrient level available in 

the pot may have been limiting by this time. A preliminary experiment was 

carried out to investigate this possibility, by comparing the increase in 

Fraction I protein and total soluble protein levels of barley first leaf lam-

inae from seedlings supplied with standard levels of nutrient on days 4 and 

11, with those given an additional supply of nutrient, at the standard level, 

on day S. 

1) Increasing the Frequency of Nutrient Application. 

ho increase in levels of Fraction I protein and total soluble protein 

was followed in first leaf laminae of seedlings which had been supplied with 
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nutrient either on days 4 and 11 9  or on days 4, 8 and 11. The results 
(fig. 34a  and fig. 34b)  show that between days 10 and 16 no significant 

change occurred in the Fraction I protein and total soluble protein levels 

either within or between the two treatments. The results in fig. 34b  show 

that between days 7 and 10 the total soluble protein levels in the first 

leaf lanina from seedlings of both treatments increased to about 2800 .ig 

protein lamina, with maximum values in the range 2800 - 3000 ig protein. 

Over the same period, the Fraction I protein levels in the lemma 

of seedlings from both treatments more than doubled in value, in contrast 

to the total soluble protein 1evel,whioh only increased by 50 percent. 

When Fraction I protein levels are expressed as a percentage of the total 

soluble protein levels (fig. 340),  no difference could be found between the 

two treatments over the whole time course. For both treatments the Fraction 

I protein levels increased from 31 percent of the total soluble protein con-

tent on day 7, to a maximum level of 50 percent on day 10, after which no 
further significant change occurred. 

This experiment clearly showed that the standard nutrient regime 

being used was not limiting protein development at any time after day 4. 
The low values encountered on previous occasions on day 10, were thus a 

result of sampling leaves of a lower physiological age, or smaller size, 

than normally encountered on day 10. 

2) Varying the Time of Nitrate Application. 

An experiment was carried out in which Solution I was given to all 

seedlings on days 4 and 11 9  but nitrate was first given, at the standard 

level, on either day 2, 4, 6, 8 or 11, and then on every seven days subse-

quent to these dates, or else not given at all. Treatments are designated 
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Figure 34a 	- 	Changes in Fraction I protein level per lamina with age 

when nutrient is supplied on days 4 and 11 (closed 

circles) or on days 4, 8 and 11 (open circles). iiach 

value is the mean of three determinations on each of 

2 four leaf extracts. 

Figure 34b 	- 	Changes in total soluble protein level per lemma with 

age when nutrient is supplied on days 4 and 11 (closed 

circles) or on days 4, 8 and 11 (open circles). Each 

value is the mean of two determinations on each of 2 

four leaf extracts. 

Figure 34c 	- 	Changes in Fraction I protein level as a percentage of 

total soluble protein per lemma with age. Treatments, 

replication and symbols are as in figs. 34a and 34b. 
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T2, T4, T6, T8, T11  respectively to indicate the time of initial nitrate 

application, with TN  being used to denote the treatment in which no nitrate 

was supplied. In order to have enough material to make all the comparisons 

in one experiment, only one 4 leaf extract was made for each treatment per 

assay. The results therefore indicate the qualitative changes which resul-

ted from these treatments, and the absolute levels are not as precisely de-

fined as in previous, morc highly replicated, experiments. 

For the standard treatment of supplying nitrate on day 4, Fraction I 

protein levels in the first leaf of barley seedlings followed the pattern 

seen earlier (fig. 35a),  though a rise did occur between days 14 and. 16, 

after the usual maximum level had been attained by day 10. Application of 

nitrate two days earlier produced changes in Fraction I protein levels 

quantitatively higher, but qualitatively similar to thos observed for day 4 

application; the higher level was attained on day 6 and thence over the 

whole time course. 

Delaying nitrate application until day 6, resulted in a low level of 

Fraction I protein on day 6, but apart from an anomalously low value on day 

8, the level continually increased until day 15,  when it almost attained 

that reached on day 10 following day 4 application of nitrate. After day 

15 however, a decline in level occurred until day 17.  Delaying application 

until day 8 again resulted in a continual increase in Fraction I protein 

level from day 8 to day 15,  but unlike day 6 application this was still con-

tinuing at day 17,  when the levels of Fraction I protein from these two 

treatments appeared equal. If application was delayed until day 11 there 

was no apparent increase in Fraction I protein between this day,  and day 13. 

Between days 13 and 17 the level of Fraction I protein more than doubled, 
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Figure 35a 	- 	Changes in Fraction I protein level per lemma with 

age when the time of nitrate application is varied. 

Each value represents the mean of 3 determinations on 

a single 4 leaf extract. The broken line with open 

circles represents the treatment in which nitrate is 

never supplied. Continuous lines represent treatments 

in which nitrate is applied on days 2 (open triangles), 

4 (closed triangles), 6 (open squares), 8 (closed 

triangles), or 11 (closed squares). 
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but was still substantially below that for any of the other treatments in 

which nitrate was supplied. 

If no nitrate was supplied at all, the Fraction I protein level slight-

ly increased between days 6 and 8, and the continually declined until day 16. 

This qualitative picture was very similar to that obtained with laminae of 

seedlings grown under conditions of continual shade, though with shading the 

levels of Fraction I protein in first leaf laminae were slightly higher than 

in those grown without nitrate. 

The changes in level of total soluble protein following the different 

application treatments (fig. 35b) followed the same qualitative patterns as 

those for Fraction I protein, with only one or two minor differences. The 

additional Increase which occurred in Fraction I protein levels between days 

14 and 16, following the day 2 and day 4 nitrate applications, was not found 

for the total soluble protein levels. The results of a short-term experiment 

done eighteen months previously In which nutrient supply (Solution I + nit-

rate) was delayed until day 7 are included for comparison, and agree both 

qualitatively and quantitatively with the general trends of this experiment. 

Thus for both Fraction I protein and total soluble protein, the final level 

achieved was controlled by the time of nitrate application, being higher the 

earlier nitrate was applied. 

If the Fraction I protein values are expressed as a percentage of the 

total soluble protein content of the lamina (table a) then It appears that 

following day 2 application, Fraction I protein reached its maximum level 

between days 7 and 81  after which no further meaningful percentage change 

occurred, although the absolute levels continued to increase until day 10. 

Following day 4 application of nitrate, the Fraction I protein level reached 



Figure 35b 	- 	Changes in total soluble protein level per lamina with 

ago when the time of nitrate application is varied. 

Each value represents the mean of 2 determinations of 

a single 4 leaf extract. The broken line with open 

circles represents the treatment in which nitrate is 

neversupplied* Continuous lines represent treatments 

in which nitrate is applied on days 2 (open triangles), 

4 (closed circles), 6 (open squares), I (inverted open 

triangles), 8 (closed triangles) and Li (closed squares). 
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Table 8 

Changes in Faction I protein level as a percentage of total soluble 

protein level per lamina with age when  the time of nitrate application is 

varied. 

Fraction I protein as % total soluble protein 
AGE (days) Date of Nitrate Application 

11 Never 

6 33.5 28.5 - - - 30.0 

7 44,5 38,0 32.5 - - - 
8 51.5 40.5 35.0 - - 34.0 

9 - - 43.0 33.0 - - 
10 48.0 47.0 - 35.5 - 31.0 

11  

13 - - 44.0 37.5 28.0 - 
14 45,0 48.0 - - - - 
15 - - 47.5 42,0 42,0 - 
16 52.5 47.5 - - - 36.5 

17 - - 46.5 42.0 42.0 - 
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the maximum percentage sometime between days  8 and 10, as found previously 

(fig. 18b), and then remained constant. After day 6 application of nitrate, 

Fraction I protein reached its maximum level in relation to total soluble 

protein on day 15.  Delaying nitrate application until days 8 or 11 resulted 

in Fraction I protein levels increasing as a percentage of the total soluble 

protein until day 15 0  but these values were about 5 percent less than the 

usual figure of between 45 and 50 percent. 

Delaying nitrate application therefore delayed  the age at which Frac-

tion I protein reached its maximum as a percentage of the total soluble pro-

tein. However in all treatments this was achieved before the maximum absol-

ute levels were attained, even though the maximum percentage values for late 

nitrate application treatments were less than those for the early applications. 

From fig. 35a  it appears that the maximum level of Fraction I protein 

attained per lemma is dependent on the time of application of nitrate. How-

ever from these results it is not entirely clear whether the higher values of 

Fraction I protein obtained following day 2 application are a result of a 

higher level per unit leaf size or are due to a larger lamina size, and hence 

higher total protein content. Similarly the lower levels of Fraction I pro-

tein obtained when nitrate application is delayed after day 4 and up to day 

119  could equally well be a reflection of a lower Fraction I protein level 

per unit leaf size, or else a smaller lemma size. The decline in Fraction 

I protein level which occurs between days 15 and 17 following the day 6 appli-

cation of nitrate appears to be a reflection of the smaller size of the leaves 

used in the day 17 harvest, and it is doubtful whether this decline is real. 

The results when Fraction I protein is expressed per mg f. wt. are shown in 

fig. 35*. Although the Fraction I protein levels following the T2  applicat-

ion of nitrate are higher between days  6 and 8, than those obtained after 



Figure 35c 	- 	Changes in Fraction I protein level per mg fresh 

weight with age, when the time of nitrate application 

is varied. Each value represents the mean of three 

determinations of a single 4 leaf extract. The broken 

line with open circles represents the treatment in 

which nitrate is never supplied. Continuous lines 

represent treatments in which nitrate is applied on 

days 2 (open triangles), 4 (closed circles), 6 (open 

squares), 8 (closed triangles), or 11 (closed squares). 
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the T4  applioation,after this period the results are probably not significant-

ly different ,even though the T4  levels appear to be higher over the period 

day 10 to 14. Delaying nitrate application until day 6 still resulted in a 

continual increase in Fraction I protein per mg f. wt. up until day 17,  even 

though the level reached that of the T2  and T4  treatments by day 13. This 

further increase beyond day 13 is similar to the additional Increases ob-

served after day 14 for the T2  and T4  treatments. These increases are un-

likely to be of aignificane, and probably reflect material variations 

owing to the low level of replication. Delaying nitrate application until 

day 8 still resulted in a rapid continual increase in Fraction I protein 

level which was still occurring at day 17,  when values close to those for 

T2  and T4  treatments were attained. With the T4  treatment there was a delay 

in Fraction I protein increase as observed previously (fig. 34a).  After day 

13 however, a rapid continual increase in Fraction I protein level occurred 

until day 17,  when the level appeared to be still increasing. If this rate 

of increase had continued for a further two days, the plateau level for the 

earlier application treatments would have been attained. 

3) Varying the Level of Nitrate application. 

It has been shown (fig. 35a)  that delaying the time of nitrate applic-

ation affected the development of the Fraction I protein level of the first 

leaf lamina. It was not known however if the amount of nitrate supplied on 

these days was limiting, and an experiment was designed to investigate this. 

Nitrate was supplied as 1 ml of a 2 M, I M, 0.5 M or 0.25 M solution of 

NaNO3  (i.e. 2.0, 1.0, 0.5 and 0.25 times the normal level) and designated 

2T, iT, 0.5T  and  0.25T  in each of two treatments. In the first these levels 

of nitrate were applied initially on day 29  and then again on day 9 9  and in 
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the second treatment applications were on days 8 and 15.  As for the previous 

nutrient investigations, Solution I was appliod at the normal concentration 

on days 4 and 11 for all treatments. Replication was again limited to one 

4-leaf extract per treatment per assay day, due to the number of samples in-

volved. 

Following the day 2 application of nitrate, the level of Fraction I 

protein in the first leaf lamina rapidly reached maximum values in all treat-

ments by day 11 (fig. 36a) The values from the 2T and iT treatments were 

similar, although showing some variation between harvests. Levels of Frac-

tion I protein for 0.5T  were initially lower than those for 2T and lT, but 

reached similar values at days 9 and Li, subsequently declining. Lowering 

the level of nitrate applied, to 0.25 times the normal level, further reduced 

the Fraction I protein levels, which increased to day ii, to a level which 

was 60 percent of that for the other treatments, before declining by day 14. 

It therefore appeared that when nitrate was applied as early as day 2, the 

iT treatment was not limiting the increase in Fraction I protein. When half 

the normal level of nitrate was supplied, the initial increase in Fraction I 

protein was probably reduced, but levels still increased to those found in 

the standard treatments by day 91  though this maximum level could not be sus-

tained after day 11. The lowest nitrate treatment severely limited the in-

crease in the lamina Fraction I protein levels. 

For the day 8 applications, levels of Fraction I protein in both 2T and 

iT treatments increased over the whole period from day 8 to 15 at a rate aim-

liar to that found between days 6 and 11 when nitrate was applied on day 2. 

The 0.5T treatment resulted in an increase in Fraction I protein levels bet-

ween days 8 and 13 after which no further increase occurred. The laminae 



Figure 36ft 	- 	Changes in Fraction I protein level per first leaf 

lamina with age, when nitrate is supplied at four 

different levels on either day 2 (Continuous lines) 

or day 8 (broken lines) • Each value is the mean of 

three determinations on a single four leaf extract. 

Nitrate was supplied at 28 mg N pot-1  (closed squares), 

14 mg N pot
-1 
 (closed circles), 7 mg N pot

-1 
 (closed 

triangles) and 3.5 mg N pot (open circles). 
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hrvested on day 15 however, were smaller in fresh weight than those sampled 

on day 13, and therefore the level may still have been increasing by day 15. 

Treatment 0.25 T appeared to produce an anomalously high Fraction I protein 

level on day 10 and it was regarded as suspect. The overall pattern for th1 

treatment indicated a very slight non-significant increase in Fraction I pro-

tein level in the lamina over the time period from day 8 to day 15.  The de-

velopment of total soluble protein was qualitatively similar to Fraction I 

protein, with only minor differences occurring (fig. 36b), 

From 36o it appears that following day 2 application, all four levels 

of nitrate resulted in the Fraction I protein increasing as a percentage of 

the total soluble protein, up until day 11. At day 6 the 2T and iT treatment 

peroentagere similar, as were those for 0.5T  and 0.25T. After day 7, 2T, 

iT and 0.5T showed similar percentage values, but these were substantially 

higher than those for the 0.25T treatment. 

A much greater spread of values was found when nitrate application was 

delayed until day 8. The Fraction I protein percentage values for 2T and lT 

treatments increased until day 15, when the same maximum values as had been 

obtained with these treatments following day 2 application of nitrate, were 

attained. The 0.5T treatment percentage also increased to day 15,  when the 

value equalled that found for the 0.25T treatment following day 2 application, 

namely 47 percent. The 0.25T treatment values were very variable but increas-

ed until day 15 when the Fraction I protein level was 43 percent of the total 

soluble pro vein. 

The lamina levels of Fraction I protein obtained following the applicat-

ion of 1 M nitrate on day 2 were much higher than the corresponding plateau 

values obtained in the previous experiment, except for the day 16 values. Corn- 



Figure 38b 	- 	Changes in total soluble protein level per first leaf 

lamina with age, when nitrate is supplied at four 

different levels on either day 2 (continuous linen), 

or day 8 (broken lines). Each value is the mean of two 

determinations on a single four leaf extract. Nitrate 

was supplied at 28 mg N pot-1  (closed squares), 

14 mg N pot'(closed circles), 7 mg N pot'  (closed 

triangles) and 3,5 mg N pot 1  (open circles). 
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Figure 36c 	- 	Changes in Fraction I protein per lamina, as a 

percentage of total soluble protein level per lemma, 

with age, for the different nitrate treatments 

described for Figures 38a and 36b. 



Fig. 36c 

GO 

.5o 

0 

3O 
0 

2O 

IL:  1OF 

 
a 
H 

No MW/Mm 

I 	le no 10 	 12 
days 

14 



119 

parison of the fresh weights of lamina--used in the harvests of each of those 

two experiments, showed that those from this experiment were much larger and 

of similar size to the day 16 ones of the previous experiment. This could 

account for the smaller plateau level observed between days 10 and 14 follow-

ing the day 2 application treatment in the previous experiment. In general 

however, the overall lamina sizes obtained in this experiment were higher 

than those found in previous experiments. 

4) Discussion. 

(a) Nitrate Supply and Leaf Protein. From the results presented in 

figs. 35a, 35b for the changes in levels of fraction I protein and total sol-

uble protein in the first leaf lamina following various times of nitrate 

application, it would appear that the earlier nitrate is given, the greater is 

the final maximum level of protein attained per leaf. If nitrate is given 

prior to day 4, the protein level still increases at a rate similar to that 

following day 4 application, and also reaches a maximum on day 10, but at a 

level which is significantly higher per leaf, but not on a fresh weight basis. 

Delaying nitrate application after day 4, and up until day 8, still results in 

a rapid synthesis of fraction I protein following treatment, but it is uncer-

tain whether the levels ultimately attained would have equalled the maximum 

values of the day 4 application treatment. If nitrate was not given until day 

11, the effect was even more pronounced, and although fraction I protein level 

increased, after an initial lag, following nitrate application, it was very un-

likely that the higher maximum levels attained with the earlier nitrate applic-

ation treatments would have been reached. 

When these results are expressed as jig Fraction I protein per mg f.wt., 

a different picture emerges. It appears that when nitrate was applied earlier 
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than day 4, the maximum level attained was no higher than that following the 

day 4 treatment. If nitrate application was delayed until day 6 or day 8 the 

maximum values of the earlier treatments were still attained within the time 

course of the experiment. In fact if nitrate was delayed until day 11 the 

rate of increase following the initial two day lag was so rapid that, although 

it was short of the earlier application maximum values on day 17,  it should 

have reached those values within two more days, providing no decline in the 

rate occurred. 

It appears that the time at which nitrate Is applied affects lamina 

size, and that delaying application after day 2 not only restricts the amount 

of protein in the leaf because size is reduced, but also delays the age at 

which the maximum level is attained. It is not clear whether the effect on 

protein level per lamina is directly proportional to the delay in nitrate 

application but this could well be the case (fig. 35b).  Unpublished results 

of Felippe and Metivier in this department have shown that by day 41  about 50 

percent of the nitrogenous material originally in the endosporm of the grain 

has been broken down, and tranalocated to the embryo. Therefore by the time 

the nitrate, which is supplied on day 4, is taken up and converted to a read-

ily utilisable reduced form, the grain's supply of nitrogen has become limit-

ing. Thus for maximum growth of the lamina to occur, endogenous nitrate must 

be supplied early enough so that it is present in the leaf, in the correct 

form, once endosperm reserves become limiting. Medina (1970-71)  has shown 

that for Atriplex patula nitrogen deficiency results in a large accumulation 

of starch in the leaf ohloroplasts, presumably because the supply of nitrogen 

substrates needed to utilise the photosynthate for protein synthesis, is limit-

ing. 



(b) Nitrate Supply and Carbor1ation. The findings of the experiment 

on varying the time of nitrate application can be compared with those of Dale 

(1972) though two points should be kept in mind when doing 80. The first is 

that in this experiment Fraction I protein was measured as an indication of 

oarboxylation activity of the first leaf, whereas Dale measured CO2  inoorpor-. 

ation by the whole lamina using I.R.G.A. and 14CO2  methods. In chapters 3 and 

4, it was showr that different treatments can affect the photosynthetic activ-

ity of the whole leaf and the carboxylation activity of tie extracted lamina 

to different extents. Secondly, the source of grain used in the two inveatig-

ations was different (chapter 2). 

Dale's (1972) results and those of the present study agree in showing 

that delaying the time of nitrate application considerably affects the devel-

opment of the 002 fixing mechanisms of the first leaf. However the detailed 

results show differences both on a qualitative and a quantitative basis. 

Dale found that nitrate application has to be delayed until day 6 or 

day 8 before a significant reduction in first leaf lamina dry weight can be 

detected on day 10. By day 17 however no significant difference could be de-. 

tooted in leaf dry weight between the day 2, 4 or 6 nitrate applications, 

though application on day 8 still resulted in leaves having Significantly low-

er dry weights by this age. His I.R.G.A. studies on CO2  uptake by 8 day old 

barley plants, showed that no significant reduction in photosynthetic rate 

could be detected until nitrate application was delayed until day 6. This is 

in marked contrast to the response of Fraction I protein levels to time of 

nitrate application, as protein levels from day 21  4, 6 and 8 treatments were 

all significantly different on day 8. 

Dale extended his studies on the effect of time of nitrate application 
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on the development of photosynthetic activity, by investigating the changes 

with age in the 14CO2  fixation capacity of the first leaf of seedlings which 

had been supplied with nitrate on days 2, 41  6 or 8. He found that the 

amount of 14co incorporated per leaf fcr to day 2 and 4 nitrate treatment 

plants more than trebled and quadrupled in level respectively between days 

7 and 8, after which it remained constant until day 12, and then started to 

decline to day 14 for both treatments. The higher maximum 14CO2  incorporat-

ion found for the day 2, compared to the day 4 application treatment, agrees 

with the higher maximum Fraction I protein levels found with the earlier 

application in the present experiments. Results from the two studies differ, 

in that maximum '4CO2  incorporation per leaf was attained between 1 and 2 

days before maximum Fraction I protein levels were found, and started to de-

cline at day 12, whereas Fraction I protein levels showed no decline up to 

day 16. Delaying nitrate applications until either days 6 or 8 also produc-

ed significantly different responses between the 14CO2  incorporating capacity 

of the leaves from the Pentlandfield material and the Fraction I protein lev-

els in the leaves from the Cambridge seed. After both the late applications 

of nitrate, the 14CO2  incorporated by the lamina increased to a maximum level 

on day 12, which was still less than that obtained after day 4 application; 

this was followed by an iramediate and sharp decline in level. This contrast-

ed to the changes in levels of Fraction I protein, which continually increas-

ed after the treatments on days 6 and 8. 

It therefore appears that the maximum 14CO2  incorporation capacity of 

the first leaf lamina of seedlings grown from the Pentlandfield seed is att-

ained earlier than, and declines before, the maximum Fraction I protein lev-

els are attained in lamina from the Cambridge seed. This situation is found 
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to apply for each of the different times of nitrate application. It could 

therefore be said that Dale's results agree with the finding that application 

of nitrate earlier than day 4 will not change the age at which maximum activ-

ity is attained but will increase the level. It would clearly be of interest 

to examine levels of Fraction I protein and total soluble protein in leaves 

of seedlings grown from Pentlandfie].d seed, but insufficient grain is avail-

able for this purpose. Metivier (unpublished) has found considerable differ-

ences in response to added nitrate for Proctor grain, grown locally and dif-

fering in their nitrogen content. 

(c) Effects of Level of Nitrate Application. In studies on varying 

the level of nitrate applied, no significant difference in the Fraction I pro-

tein levels from the 2.0 M and 1.0 M treatments was detected, whereas major 

differences did occur with the 0.5 M and 0.25 M treatments. It appeared that 

the later a limiting level of nitrate was applied, the smaller was the increa-

se in the level of Fraction I protein in the first leaf lamina. When nitrate 

was applied on day 2, the 0.5 N treatment still resulted in the Fraction I 

protein level in the lamina reaching the levels found for the 2.0 M and 1.0 M 

treatments, whereas delaying application until day 8 prevented this. Lowering 

the level of nitrate application to 0.25 N however, resulted in a lower in-

crease in Fraction I protein level following day 2 application, but after day 

8 application no significant increase in level occurred. 

Working on growth of tiller buds in Proctor barley Fletcher (unpublish-

ed) showed that when levels of nitrate, supplied on day 4, were less than 70 

percent of the normal, growth of buds was reduced. Dry matter production of 

the plant as a whole was reduced when nitrate supply was less than 50 percent 

of the normal. These findings agree broadly with the present results, which 
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indicate that levels of nitrate 50 percent of the normal or higher have to be 

supplied for maximum production of Fraction I protein. The point should also 

be made, that maximum level of protein is not maintained when the level of 

nitrate supplied is 50 percent of normal, and this could reflect competition 

from the second leaf, developing rapidly after day 9, for the limited amount 

of nitrogen available. Other unpublished data of Dale, using 15N, show that 

nitrogen in the first leaf will be translocated to the second when exogenous 

nitrogen supply is restricted. 

Using Atriplex patula. Medina (1969-70) examined the effect of nitrate 

supply at 2 levels on RuDP carboxylase activity in leaves. His results showed 

that enzyme activity was greatly reduced with low nitrate supply and varied 

in the same manner as Fraction I protein level (Medina, 1970-71). This gives 

confirmation to the present studies which have assumed RuDP carboxylase activ-

ity and Fraction I protein level, in Proctor, to be linearly correlated, as 

was shown for previous treatments, Medina (1969-70) also found that carboxyl-

ation activity was not only reduced in absolute terms but was also reduced to 

a greater extent than total soluble protein; again this was found for barley, 

in that Fraction I protein level decreased as a percentage of the total soluble 

protein (fig. 36c). Thus, in at least two species of widely different taxon-

omic position, the synthesis of RuDP carboxylase and Fraction I protein is pre-

ferentially reduced when the nitrogen supply is inadequate. 

These results agree with Medina's in showing that the reduction in 

RuDP carboxylase activity and Fraction I protein level during aging, is more 

rapid in leaves of plants supplied with low levels of nitrate than in those 

supplied with high levels. This situation was found to occur when low levels 

of nitrate were supplied on day 2; this was not so for application on day 8. 



A possible explanation for the difference could be that, for application on 

day 2, nitrate nitrogen is accumulated in the first leaf and then transloc-

ated to the second with a resultant decrease in first leaf protein. In con-

trwt, application on day 8 is followed by accumulation of nitrate nitrogen 

directly by the developing second leaf,with smaller levels accumulating in 

the first leaf, which remain there and are not utilised for second leaf de-

velopment. The results differ in that with standard nutrient treatment no 

decline in Fraction I protein level occurred up to day 16, whereas Medina 

found that oarboxylase activity began to decline 4 days after the attain-

ment of maximum leaf expansion. 

ediva also found that if plants were grown under conditions of low 

nitrate, and then transferred to conditions of high nitrate supply, RuDP 

carboxylase and total soluble protein both increased, with oarboxylase acti-

vity increasing at the greater rate. This finding is similar to that from 

the experiments (figs. 36a, 36b) in which nitrate application was delayed; 

here although both components increased after treatment, Fraction I protein 

increased as a percentage of the total soluble protein (table 8). These 

changes therefore support those of Medina, in showing that the specific car-

boxylation activity of the leaf is considerably affected by changes in the 

level of nitrate supplied to the plant. 

The work of Avdeeva and Andreeva (1973) showed that increasing the 

level of nitrogen supplied to plants of maize and broad bean grown in aque-

ous culture, also increased the activity of RuDP oarboxylase, but to a less-

er extent than PEP oarboxylase. This resulted in a higher increase in the 

photosynthetic activity of maize than for broad bean, which they postulated 

was a result of the much lower activity of PEP oarboxylase in the latter. 
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They proposed that in maize leaves, the higher activity of PEP carborylase 

results in a higher proportion of the photosynthate being formed as amino 

acids, which would eventually lead to an increase in photosynthetic activity. 

From this they concluded that the lower activity of PEP carboxylase in broad 

bean is part of the reason why nitrate is accumulated in these leaves (Niohi-

porovioh, Nguen-Tchyu-Tchyok, Andreeva, 1972) when nitrogen supply to the 

plant is increased. This could account for the high levels uf nitrate also 

found in barley leaves (Berner, 1971; Dale, 1972). 

(d) Control of Nitrate Utilisation. Since both the time and level of 

nitrate application are important to the development of the carboxylation 

activity of the barley first leaf, they may be expected to affect the future 

growth of the whole plant as Dale (1972) found. Nichiporovioh et al. (1967) 

also showed that increasing the level of nitrogen supplied to cotton, cabbage 

and bean increased the maximum photosynthetic rates obtained. Hartt (1970) 

however showed that depriving sugar-cane plants of nitrogen not only decreas-

ed the amount of carbon fixed by the leaf blades, but also reduced the trans-

location of the photosynthate from the attached blade into the stalk, and so 

to the rest of the plant. 

Then barley seedlings are grown in full light without nitrogen, the 

levels of Fraction I protein in the first leaf are lower than those found in 

the shaded leaves of plants supplied with nitrate (figs. 35a  and 27a).  If we 

assume that the carbon skeletons of Fraction I protein are derived from the 

endosperm reserve material in the shaded leaf, then the smaller amount of this 

protein in leaves of plants not supplied with nitrate implies that exogenous 

nitrogen supply influences the extent to which these endosperm reserves are 

incorporated into Fraction I protein. Thus when nitrate is supplied on days 
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6 or 8, nitrate reductase activity would be stimulated resulting in a rapid 

production of reduced nitrogen which, with the carbohydrate reserves still 

available, can form amino acids required for Fraction I protein synthesis. 

This in turn will increase the photosynthetic activity of the leaf, which 

will supply more carbohydrate to combine with more reduced nitrogen, and 80 

further increase protein synthesis in the leaf. This interpretation agrees 

with that of Jordan and Huffaker (1972) who maintain that nitrate and light 

are needed to develop an effective photosynthetic system, which can maintain 

a photosynthetic rate great enough to supply the metabolites needed to main-

tain the active phase of nitrate reductase, as proposed by Travis, Jordan and 

Huffeker (1969). 

There are three possible explanations for the observed slow rate of 

synthesis of total soluble protein and Fraction I protein when nitrate applic-

ation was delayed until as late as day 11. Firstly there could be an initial 

shortage of carbon skeletons available for combining with any reduced nitrogen 

produced. It is known that photosynthetic activity is much less when nitrogen 

is not supplied, or is supplied late (Dale, 1972). A second possibility 18 

that the efficiency of the chloroplast as an organelle in which the Fraction 

I protein is assembled, is lessened after prolonged growth without nitrate; 

for example Hall, Barr, Al-Abass and Crane (1972) showed that nitrogen defi-

ciency altered ohioropiast size in Zea mays. Differences in chloroplast com-

position may also occur; Baezynski, Brand, Barr, Krogmann and Crane (1972) 

showed that nitrogei deficiency raises the ratio of chlorophyll a to b, and 

the ratio of chloroplast protein to chlorophyll, while Lichtenhaler and Var-

beek (1973), showed that nitrogen deficiency in barley plants strongly in-

hibited carotenoid biosynthesis. These factors could perhaps affect the 
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synthesis of the large subunit of Fraction I protein in the chioroplast, or 

the ability of the small subunit, synthesised in the cytoplasm, to pass 

across the ohloroplaat envelope as proposed in the model of Ellis (1973). 

A third possibility is that prolonged nitrogen deficiency affects the root 

nutrition and development. Kararyan and Davtyan (1967) have shown that one 

of the factors determining the rate of photosynthesis is root nutrition, and 

for barley it is known that reducing photosynthesis by shade treatment reduc-

es root growth (Dale and Felippe, 1972). If absence of added nitrate reduces 

root growth, it may also affect the initial rate of uptake when it is supplied.  

With regard to the leaf resistances in the path of CO2  in photosynthes-

is, it has been postulated by Ryle and Hesketh (1969) for maize, Osman and 

Milthorpe (1971) for wheat and Medina for Atriplex, that it is the so-called 

carbo1atjon resistance which is increased when conditions of nitrogen dfio-

ionoy occur. Nevins and Loomis(1970) using sugar-beet, found an increase in 

mesophyll resistance, but in contrast with other workers, concluded that nit-

rogen supply also affected the stomatal resistance component. Since nitrogen 

supply has been shown to alter the level of Fraction I protein, it is likely 

that carbolatjon resistance is affected. However it is not impossible that 

nitrogen deficiency also causes alterations in ohloroplast structure, and 

hence perhaps in the photoexcitatjon component of mesophyll resistance. If 

internal as well as external dimensions of the leaf are affected by the ab-

sence of added nitrogen, the cellular characteristics which partly determine 

the hydrodiffusive resistance may also be changed. 

Thus, although the carboxylation component is certainly affected by 

nitrogen nutrition, the other components of the mesophyll resistance could 

also be affected, while it is also possible that the stomatal resistance 



itself could be sensitive to nitrogen supply. Clearly further work is re-

quired to examine these points in more detail. 
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CHAPTER 6 

OTI{1R FACTORS CONTROLLING TH BEVLOFME1T OF FRACTION I PROTEIN 

W 

Introduction. 

In the previous two sections, the effect of shade and nitrate applicat-

ion treatments on the development of Fraction I protein in the first leaf 

lemma were investigated. Many other factors however affect the development, 

and several of these, which were not selected as points of major investigation, 

because of the limited time available, but are nevertheless equally important, 

are discussed in this section. The effects investigated can be classified 

wider two headings, those which are associated with external conditions, and 

those internal factors which are associated with the inherent properties of 

the grain. 

In all of these experiments the Fraction I protein levels in the first 

leaf laminae were measured as an indication of the oarboxylation activity; 

total soluble protein levels were also determined. The external factors in-

vestigated were light intensity and CO2  supply, while the internal factors 

studied were the dependence of Fraction I protein levels on grain reserves 

and grain nitrogen content. Unless otherwise stated, growing conditions were 

as in the standard regime (table 1). 

1) The Effects of Varying External Environmental Conditions. 

(a) Light Intensity. As outlined in the methods section, the light 

intensity in the growth rooms varied between 2,000 - 2,400 ft.c. and 3,600 - 

4,000 ft.c. depending on the room, position on the growing table, and the age 

of the tubes. It was considered that protein levels in the leaf could be 

affected by light intensities within the range 2,000 - 4,000 ft.c., and this 
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was investigated in the first experiment. 

Two growth rooms were used in this experiment, one having a light inten-

sity of 2,100 - 29400 ftc., the other a higher intensity of 3,200 - 39600 ft.o.; 

temperature and daylength  were similar in both rooms. 

The results are shown in fig. 37a,  and it can be seen that for both 

light intensities the Fraction I protein level per lemma increased between 

days 7 and 10, after which no further meaningful change occurred. Once maxim-

um levels were reached, no significant difference could be detected between 

the levels of Fraction I protein in the laminae of seedlings grown at the two 

intensities. The day 7 values for the two treatments were different, but as 

it was the lower light intensity grown leaves which gave the highest values, 

it was considered that this was probably a result of variations in leaf mater-

ial. 

The levels of total soluble protein (fig. 37b)  in leaves from seedlings 

grown at the two light intensities showed no significant differences over the 

period of study; for both treatments protein levels increased from day 7 to 

day 10, after which no further meaningful change occurred. 

When results for Fraction I protein were expressed as a percentage of 

total soluble protein (fig. 370)  both treatments gave identical results, show-

ing that Fraction I protein increased from about 33 percent of the total sol-

uble protein on day 7 t about 50 percent of the total soluble protein on day 

10 after which no further change in percentage occurred. 

The fact that the day 16 protein levels were slightly higher than usu-

ally encountered at this age, is a result of the unusually large leaves her-

vested on this day. If the protein values were expressed on a unit fresh 

weight basis, then the day 16 values were the same as the day 10 and 14 values; 



Figure 37a 	- 	Changes in Fraction I protein level per lemma 

with age when seedlings are grown at a light intensity 

of 2,100 - 2,400 ft. c (open circles) or 3,200 - 

3,600 ft. c (closed circles). Each value is the mean of 

three determinations on each of 2 four leaf extracts. 

Figure 37b 	- 	Changes in total soluble protein level per lemma 

with age when seedlings are grown at a light intensity 

of 29 100 - 20 400 ft. c (open circles) or 3,200 - 

3,800 ft. c (closed circles). Each value is the mean of 

two determinations on each of 2 four leaf extracts. 

Figure 37c 	- 	Changes in Fraction 1 protein level as a percentage of 

total soluble protein per lamina with age. Treatments, 

replication and symbols as in Figures 37a and 37b. 



16001  

a 
c 
E 1200 a 

8OO LC 

400 

3200 

28OC 

E 

2400 

U.,. 
1-' 

200C 
0) 

7 

1600' 

c) 

0. 
H 
U 25 	

1'O 	12 	14 	16 

days 



132 

apart from this change, no other differences were observed when the protein 

values were expressed on this basis. 

From the above results it can be seen that protein levels were unaffec- 

ted by light intensity between 2,100 and 3,600 ft.c., at least under the 

growth room conditions employed. Lowering the light intensity, by shading, 

to very low levels, prevented photosynthesis in the shaded lamina and also 

considerably reduced the levels of Fraction I protein and total soluble prote- 

in (chapter 4). The relationship between leaf prote..n levels and light inten- 

sity between the extremes of shade on the one hand, and a level of 2,100 ft.c. 

on the other was not known, and a second investigation was therefore designed 

to study the levels of protein in laminae of seedlings grown over this range 

of light intensities. A single growth room was used, and the growing table 

was horizontally divided into 4 equal sections. Light intensities in three 

of these were reduced to different levels by layering varying numbers of 

sheets of tracing paper, at a hight of 50 cm above the table, over each of 

the sections. The sheets of tracing paper extended down to the table top at 

the sides of each section, to eliminate the chances of the light intensity 

from one section affecting, or being affected by, that of an adjacent section. 

The uncovered section, at a light intensity of 3,000 ft.c., was used as a 

control, and the light intensity in the three other sections was reduced to 

1,800, 1,400  and 500 ft.c. respectively. 

The development of Fraction I protein under each of these light inten- 

sities is shown in fig. 38a. Growth at 3,000 ft.c. resulted in the fraction 

I protein level reaching a maximum of 11290  jig protein lam1na at day 11 

after which no further change in level was observed up until day 13. Lowering 

the light intensity to 1,800 ft.c. reduced the Fraction I protein level by only 



Figure 38a 	- 	Changes in level of Fraction I protein per lamina with 

age for seedlings grown at 3,000 ft. c (closed circles), 

1,800 ft. a (open triangles), 1,400 ft. a (closed 

triangles) and 500 ft. c (closed squares). Each value, 

except for 1,800 ft. c treatment is the mean of triplicate 

determinations on each of two four leaf extracts; the 

1,800 ft. o values are the moan of three determinations 

on one four leaf extract. 

Figure 38b 	- 	Changes in level of total soluble protein per lamina 

with age for seedlings grown at 3000, 1800, 1400 and 

500 ft. c ±teplication and symbols are as for 

Figure 38a, 

Figure 38c 	- 	Changes in level of Fraction I protein as a percentage 

of total soluble protein per lamina with age for seedlings 

grown at 30000  1800, 1400 and 500 ft • a. iepiicat ion and 

symbols are as for Figures 38a and 38b. 
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a small amount, which was not significantly different from the 3,000 ft.. 

value. The result is therefore consistent with those in the preceeding ex-

periment, in that a substantial drop in light intensity at higher values has 

very slight effects on protein level. 

Lowering the light intensity to 1,400 ft-o-  produced a significant 

reduction in Fraction I protein level; if it is assumed that, as for all the 

other treatments, maximum levels were achieved by day 11, (c.f. also previous 

results fig. 18a) then taking the maximum as the mean of the day 11 and 13 

values, this is about 17 percent lower than the maximum values found in lam-

inae of seedlings grown at 3,000 ft.o. Reducing the light intensity to 

500 ft-C.  resulted in a further significant reduction in the protein level per 

lemma which increased to a maximum value of only 800 pg protein lamina-1. 

The pattern of total soluble protein increase (fig. 38b) under these 

light regimes qualitatively followed that of the Fraction I protein. The 

pattern of Increase at all light intensities was similar except at 1400 ft.o. 

where, as for Fraction I protein, a continual increase occurred without a 

plateau being reached. As argued for Fraction I protein this was probably 

misleading, the result of the day 11 values being somewhat low. 

When expressed as a percentage of the total voluble protein values, the 

Fraction I protein levels for all light intensities (fig. 380) Increased until 

day 11. At this age the Fraction I protein levels in laminae grown at 3,000, 

1 0800 and 1,400 ft-c.  all reached a maximum of about 47 percent of the total 

soluble protein which was about 5 percent greater than the value for the 

500 ft,o. treatment. After day 11 the three highest  light intensity treatments 

showed no further increase, whereas the 500 ft-c-  treatment percentage increased 

until day 13, when it attained the 47 percent level observed for the other three 

treatments. 
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Fig. 36d shows the relationship between Fraction I protein level per 

lamina and light intensity of growth. The value calculated for the L.S.D. was 

based only on the day 11 and 13 values for the 39000, 1,400 and. 500 ft.c. 

treatments. The 1,800 ft.c. treatment was not included, as only one 4-leaf 

extract was assayed for this treatment on each day whereas two 4-leaf extracts 

were assayed for all the other treatments. However it is assumed that the 

variance found for the statistically analysed treatments will be the same as 

that for the 1,800 ft.o. treatment, and therefore can be used when comparing 

this treatment with the others. A similar graph was drawn for the response of 

total soluble protein level per lamina, to light intensity during growth (fig. 

38e). For both graphs the level of protein in 12 day old continually shaded 

laminae was included to extrapolate the response down to a level of (100 ft.c. 

which is assumed to be the Likely order of mean light intensity within long 

shades, in view of the values quoted by Dale at al. (1972)  for short shades. 

The results from figs. 38d and 38e clearly show that the light inten-

sity for growth has to be reduced to 1,400 ft.c. before a statistically signi-

fioazit reduction in lamina protein levels occurs. Lowering the light inten-

sity further to 500 ft.c., resulted in a more marked decline in protein level, 

with the values for Fraction I protein and total soluble protein reaching only 

60 and 64 percent of their respective plateau values which lay between 1,800 

and 3,000 ft.c. It is clear however that the light intensity has to be reduc-

ed much further before the levels of protein attained in shade-grown laminae 

are approached. 

The major conclusion from these investigations is that the normal range 

of light intensity used in standard growing conditions is not limiting and in-

tensities need to be reduced to 1,400 ft.c. before a statistically significant 

reduction in lamina protein level is obtained. 



Figure 38d 	- 	e1ationebip between Fraction I protein level per lamina 

and light intensity of growth conditions. Data are 

obtained from Figure 38a, 

Figure 38e 	- 	Relationship between total soluble protein level per 

lemma and light intensity of growth conditions. Data 

are obtained from Figure 38b. 
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(b) CO. Dependence. The development and maintenance of the Fraction I 

protein level of the first leaf lamina has been shown to be light dependent. 

Growth under conditions cf continual shade has also been shown to result in a 

reduction in the maximum level and activity of RiiDP carboxylase attained on 

day 8, which is coincident with the age at which grain reserves became exhaust-

ed, after which carboxylation activity declines. Increase in carboxylation 

activity was therefore restricted under conditions where the light intensity 

was less than that required for photosynthesis to occur. It was therefore 

postulated that reduction In, or depletion of, other environmental factors 

directly involved in the carboxylation reaction should also reduce the first 

leaf lamina Fraction I protein level In the same way as shade treatment. 

way to test this hypothesis was to grow seedlings under conditions in which 

light intensity was saturating, but another component of the carboxylation re-

action was limiting. The most obvious component to limit was carbon dioxide, 

the axternally supplied substrate for the carboxylation reaction. 

To achieve this, first leaf laminas were grown under 002-free condit-

ions. Normal growth room air (o. 300 v.p.m.0O2) was pumped by an aerostyle 

pressure/vacuum pump through a manifold system, which was split into two 

branches immediately after the pump. The air stream passing through one secti-

on was bubbled through two aspirators, each containing 200 ml of 40 percent 

KOR solution to remove CO2, before passing through a water aspirator to re-

moisten the air; in the other branch, the air was passed through a water aspir-

ator. The air stream in both chambers was then further split and passed along 

three glass manifolds of 0.5 cm internal diameter, supported above the table, 

each of which had 6 ports protruding at various points. The air passed out of 

these ports, which were connected by rubber piping to glass tubes of Internal 



diameter 1.2 cm and length 20 cm, which had been extruded at one and to link 

with the manifold. These tubes were fitted over the developing first leaf 

laminae at the start of day 5, and the base of the open tube was kept level 

with the leaf ligule as growth occurred. The second loaf was released on 

emergence, in the same manner as for shading. First leaves were then grown 

in the tubes, through which either normal growth room air (0.300 v.p.m.0O2) 

or carbon dioxide depleted air was passed. 

The KOH was changed every day to ensure efficient 002 removal, and the 

air flow passing through each branch of the manifold was regulated to the 

same level by adjusting clips on the tubing supplying the air to each of the 

water aspirators. 

In order to compare the levels of Fraction I protein in the lamina of 

leaves grown under these conditions, unshaded control, and continually shaded 

material was also grown outside the manifold system, in the growth room. The 

comparisons for Fraction I protein and total soluble protein were tha.rfore 

based on the following treatments :- 

Control plants; leaves not shaded. 

Control plants; loaves enclosed In glass tubes but with air 

containing normal CO2  supply passed over them. 

(a) Plants with leaves enclosed in glass tubes but with CO2  - 

free air passed over them. 

(d) Plants grown under full shade conditions. 

Because of the amount of space occupied by the manifold system, only 18 ports 

were available for each treatment. Therefore the laminae were harvested only 

on days 8 and 10 as these were the ages at which maximum values were attained 

in, continually shaded and control grown plants respectively. 

136 
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From the results shown in figs. 39a, 39b, it appears that for control 

plants, treatments a and b, the level of fraction I protein in the manifold 

system was slightly less than that outside it, as found by Dale and Felippe 

(1972). This was probably due to the fact that the light intensity falling 

on the leaf surface was unavoidably reduced by shading from the manifold 

system itself, and absorption and reflection of light by the glass surface of 

the enclosing tubes. As the growth room light intensity used in this experi-

ment was only 2,60c' ft.c , this could have brought the light intensity inside 

the tube into the range where it becomes limiting. However, the increase 

which occurred for both fraction I protein and total soluble protein between 

days 8 and 10, followed the pattern usually obtained for standard grown mater-

ial (figs. 18a and ila). 

The protein level obtained under CO2-free (c) and continually shaded 

conditions (d) was initially identical; and no real differences in either 

parameter could subsequently be found. Both treatments showed decreased 

levels of Fraction I protein and total soluble protein per lamina on day 8, 

when compared to the levels in standard grown laminae, and declined after day 

8 to day 10. 

These data further support the hypothesis that reduction in other en-

vironmental parameters directly involved in the oarboxylation reaction, also 

reduced the Fraction I protein levels, and hence the carboxylation potential 

of the lamina, to the same extent as continual shade. It is possible that 

shading may reduce the increase in Fraction I protein levels by restricting 

a photomorphogenic response, as well as by reducing the intensity below the 

level requested for net photosynthesis to occur. This seems unlikely, as 

growth under CO2-free conditions, with an adequate light intensity, gave the 

same restricted increase in fraction I protein levels as did growth under 



Figure 39a 	- 	Changes in Fraction I protein level per lanina with age 

during conditions in which first leaves were unshaded 

(closed circles), shaded (open circles), enclosed in glass 

tubes with air passed over them (closed squares) or with 

CO2  - free air passed over them (open squares). Each 

value is the mean of triplicate determinations on each 

of 2 four leaf extracts. 

Figure 39b 	- 	Changes in total soluble protein level per lemma with 

ago for the same conditions as in Figure 39a; symbols 

and replication are also as in Figure 39a. 
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continually shaded conditions. If a photomorphogenic effect was involved in 

the shading response, the increase in Fraction I protein level under CO2-free 

conditions would have been expected to be higher, not the same, as that under 

continually shaded growth conditions. 

2) The Effects of Grain Characteristics, 

During growth under shaded conditions, the level of RUDP carboxylase 

activity In the first leaf lamina showed an increase to day 81  after which a 

continual decline in activity occurred until day 16. As no net photosynthes-

is can occur under shaded conditions, the increase in enzyme  activity and 

Fraction I protein, which occurs between days 5 and 8, must be entirely at 

the expense of grain reserves. This reasoning is supported by the work of 

Dale and Felippe (1972), who showed that the grain dry weight, which is a 

reflection of the seed reserves, declined between days 5 and 8 9  after which 

no further change occurred. Dale and Felippe selected grain on appearance 

rather than weight, and so the grain used in their experiments may not have 

been in the range 45 - 55 mg, though they still showed complete depletion of 

endosperm reserves by day 8. If grain weight Is a reflection of the carbo-

hydrate and nitrogen reserves present, then the question arises as to whether 

grain of lower or higher weight would produce seedlings in which lamina 

Fraction I protein levels would follow the same pattern of increase then de-

crease under continually shaded growth conditions, as those in the range 

45 - 55 mg. It was postulated that two main types of development could occur. 

The reserves in larger or smaller grain could be depleted at a faster or slow-

er rate than those in grain in the 45 - 55 mg range, so that the Fraction I 

protein levels of the first leaf lamina again reach a peak on day 8, but at a 

higher or lower level, after which a decline occurs. Alternatively the grain 

138 
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reserves could be transported at the same rate but over a longer or shorter 

period and reach a peek at a later or earlier age. Work described in this 

section investigates these points by examining the effect of grain size, and 

nitrogen relationships on the changes in level of Fraction I protein in con-

tinual shade grown material. 

(a) Effect of Grain Weight on Fraction I Protein Development Under-13hade. 

The first experiment of this series was designed to examine this pro-

position by growing grain of 3 separate weight ranges, one higher and one lower 

than normal, under conditions of continual shade. The weight ranges selected 

were 35 - 40 mg, 46 - 51 mg and 55 - 60 rug and fraction I protein and total 

soluble protein levels were determined In the first leaf lamina of seedlings 

grown from these grain. The middle weight range was restricted to 46 - 51 mg, 

instead of 45 - 55 mg, so as not to overlap the high weight range selected; it 

was not possible to obtain enough grain of weight about 60 rug to include these 

as an additional treatment. 

The results obtained (fig. 40a and fig. 40b) clearly show that for all 

three treatments the Fraction I protein and total soluble protein levels in-

creased up to day 8 9  then remained constant until day 91  before declining by 

day 10. Over this period the levels of Fraction I protein and total soluble 

protein were always highest in the leaves of seedlings grown from the high 

weight grain, and lowest In those grown from the low weight grain. When the 

Fraction I protein values were expressed as a percentage of the total soluble 

protein levels (table 9) then for all three seed weight ranges, the values in-

creased to a maximum on day 9 after which no further increase occurred. At 

day 9, the values in the laminae from the high and middle weight ranges were 

similar, at about 25 percent. The value found in laminae from the low weight 



Figure 40a 	Changes in Fraction I protein per shaded Lamina with age, 

for shaded seedlings grown from grain of 3 weight ranges, 

35 - 40 mg (open squares), 46 - 51 mg (open circles) and 

55 - 60 mg (open triangles). Each value is the mean of 

three determinations on each of 2 four leaf extracts. 

Figure 40b 	- 	Changes in total soluble protein per shaded lamina with 

age, for shaded seedlings grown from grain of 3 weight 

ranges. Symbols are as for Figure 40a and each value is 

the mean of two determinations on each of 2 four leaf 

extracts. 
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Table 9 

Changes in Fraction I protein level as a percentage of total soluble 

protein level per shaded first leaf lamina with age for seedlings grown 

from grain of three weight ranges. Each value is the mean of determinations 

on each of 2 four leaf extracts. 

Frpction I protein as a % of total soluble protein 

Age (days) 	 35-40 39 	 46-51 mg 

	

s 	 55-60 ma 

6 19,0 17,0 17,0 

7 20.5 19.0 21.5 

8 19,0 22,5 25,0 

9 22,0 24,5 25.5 

10 21,5 22,5 26.0 
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series was slightly lower, at 22 percent. Although the data are numerically 

lower by about 5 percent than those found in chapter 4 (fig. 27b),  they are 

qualitatively similar in showing that after attainment of maximum develop-

ment under shaded conditions, the Fraction I protein level is maintained t a 

constant percentage of the total soluble protein level. If the total soluble 

protein and Fraction I protein results are reexpressed as ig protein per lam-

ma per mean grain weight, table 109  then it can be seen that the values are 

reasonably similar for all treatments • This suggests that the increase in 

Fraction I protein level in the first leaf laxnina, under conditions where no 

net photosynthesis occurred, was directly related to the grain weight, and 

therefore to the amount of grain reserves • The results also indicate that 

lower and higher weight grain release their reserves at a higher or slower 

rate durinG growth under continually shaded conditions, SO that the Fraction 

I protein level in the first leaf lamina reaches a peak at day 8 • The rate 

of loss of reserves by grain in these three weight ranges is probably 3imilar 

to control grown seedlings, as the investigations by Dale and. Felippe (1972) 

showed no difference between the rate of loss of seed reserves when the first 

leaves were grown under shaded or standard, unshaded, conditions. 

In a previous experiment one of the grains was found to be an albino 

mutant. No visible pigmentation appeared in the first leaf, which was assayed 

for fraction I protein and total soluble protein on day 91  when seed reserves 

should have been exhausted. No Fraction I protein was detectable, and the 

total soluble leaf protein was only 440  jig lamina from a lamina fresh weight 

of 94 mg. The reduced total soluble protein level reflected not only the ab-

sence of Fraction I protein, but probably of some, if not all, of the other 

soluble proteins of the chioroplast as well. Examination of the grain at day 9, 



Table 10 

Changes in Fraction I protein and total soluble protein levels per shaded lamina per mean 

grain weight with ago, for seedlings from three weight ranges. Each value is the mean of 

determinations on each of 2 four leaf extracts. 

Total soluble protein shaded Fraction I protein shaded 

lamina 1  mg mean grain wt lamina 
-1 

 mg mean grain wt 
• 1 

Ago (days) 35-40 mg 46-51 ag 55-30 mg 35-40 mg 46-51 mg 55-60 mg 

6 19,7 19,5 20.0 3.7 3.7 3.6 

7 28.5 26.0 28,5 5.8 4,9 6,0 

8 30.5 32,0 31.7 5.8 7.0 7.9 

9 33.0 30.0 31.2 7.3 7.0 7,9 

10 30.0 260 28.5 6.4 5.6 7,5 
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showed that reserves were exhausted by this age, as the dry weight of 8 mg 

was entirely due to the husk and embryo. Dale and Felippe (1972) had shown 

for the Pent].andfield grain, that shading the first leaf reduced the root de-

velopment of the seedling to about half that of control grown seedlings on 

day 10. Examination of the root dry weight of the albino on day 9, showed it 

to be no different from those of control grown seedlings. It therefore appear-

ed that most of the grain reserves in the albino were used for root development, 

as no photosynthetic production of dry matter would have occurred at any stage 

in its development. 

(b) Effect of Nitrate Supply on the Protein Level of Shade-Grown Material. 

It has been shown that growth under conditions of continual shade re-

suited in an Increase in the lamina fraction I protein content up to day 8, 

the magnitude of which was related to the grain dry weight. As no photosyn-

thesis occurs under shaded conditions, then the carbohydrate reserves of the 

grain are used for the synthesis of the first leaf protein. Under shade con-

ditions however, external nitrate supply may not be needed as seed nitrogen 

reserves could be adequate for the requirements of nrotein synthesis. An ex-

periment was carried out to investigate this, in which continually shaded 

plants were supplied with Solution I, with or without added nitrate, and con-

trol plants were supplied with Solution I and nitrate. All nutrient applicat-

ions were made as usual on days 4 and 11. 

Fraction I protein and total soluble protein levels (figs-41a and 41b), 

in both control and continually shaded material, supplied with 6olution I and 

nitrate, increased both qualitatively and quantitatively as in previous exper-

iments. In the shaded material not supplied with nitrate, the levels of Frac-

tion I protein and total soluble protein, in the first leaf lamina, followed 



Figure 41a 	. 	Changes in Fraction I protein level per lamina with age 

for seedlings which have been grown under control (closed 

circles), continually shaded (open circles) and continually 

shaded without nitrate (open squares) treatments. Each 

value is the mean of three determinations on each of 2 

four leaf extracts. 

Figure 41b 	- 	Changes in total soluble protein level per lainiiwith age 

for seedlings grown under the conditions in Figure 41a. 

Each value is the mean of two determinations on each of 

2 four leaf extracts. 

Figure 410 	- 	Changes in Fraction I protein level as a percentage of 

total soluble protein level per lamina with age for 

seedlings grown under the conditions in Figure 41a. 
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the same qualitative pattern of change as was observed in the shaded laminae 

of seedlings supplied with nitrate, i.e. rising to a peak on day 8, and then 

declining. However, the levels were significantly lower at all stages of 

eveiopmerit, being reduced by between l.. and 25 percent. 

when expressed as a percentage of the total soluble protein level 

(fig. 410), the Fraction I protein in the standard grown laminae increased 

until day 13 when the maximum value of 47 percent was attained. For shaded 

material supplied with nitrate, the Fraction I protoin increased as a per-

centage of total soluble protein until day 8 and then appeared to decline. 

This decline may not be meaningful, as it was not found in the earlier in-

vestigations (fig. 27b), and was not shown by the other shaded treatment, 

where, for the lamina of seedlings not supplied with nitrate, the Fraction I 

protein remained at a constant 24 percent of the total soluble protein over 

the whole period of study. 

It therefore appeared that for the Cambridge grain, the grain nitrogen 

reserves were inadequate to allow maximal development of protein in the first 

leaf lamina of shade-grown material, and that an external supply of nitrogen 

was required. 

(c) Effect of Grain Nitrogen Level on Fraction I Protein Development. 

In experiments described in chapter 59 it was shown that delaying nit- 

rate application until day 4 resulted in a lower maximum level of Fraction I 

protein, compared to that obtained following day 2 application. It was also 

shown that doubling the amount of nitrate supplied on day 2 or day 8 has no 

effect on the increase in level of Fraction I protein in the lamina. It was 

therefore concluded that when nitrate was supplied at the standard level the 

dose given was always adequate, and it was only the time of application which 
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was important. Unpublished work by Felippe and Metivier has shown that 

50 percent of the Proctor grain nitrogen r not 	 until between 

4 and  5 days after planting. This would su,gest that when external nitrate 

is applied on day 41 grain nitrogen is unlikely to be limiting. It must 

therefore be inferred, that the reason for the restriction in the maximum 

leaf protein level attained following day 4 application of nitrate, is that 
application on day 4 is too late to allow the exogenous nitrate to be taken 

up and converted to a form which is readily usable, by the time that the 

endogenous grain nitrogen reserves become limiting. 

Increases in Fraction I protein levels of the first leaf lamina grown 

under shaded conditions, were shown in the previous section to be proporti-

onal to the weight of the grain planted. It was assumed that the response 

was related to the grain carbohydrate reserves, as the nitrogen content of 

the grain was only about 1 - 1.5 percent, and some of this would be structur-

al and not available for transport. It was assumed that in the seed weight 

ranges used the proportion of nitrogen to carbohydrate, available for meta-

bolism by the seedling, remained constant. However nitrogen was shown to be 

limiting under continual shade conditions, when no external nitrate was 

supplied, supplying nitrate to shade material as late as day 4 could there-

fore also restrict the maximum lamina protein levels attained, as was found 

with control grown seedlings. One way of investigating this possibility 

would have been to have grown shaded plants under conditions in which nit-

rate was supplied on day 2 instead of day 4. An alternative approach was to 

use Proctor grain of the same weight but higher nitrogen content, than that 

found in the Cambridge seed, This would be equivalent to presenting the 

developing seedling with a higher level of nitrogen at an earlier stage in 
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its development. Two supplies of Proctor barley, one of which had double the 

nitrogen content per grain, and the other which had the same nitrogen con-

tent per grain as that of the Cambridge grain used in this thesis, were ava..i - 

able from unpublished experiments done by Dale. It was anticipated that the 

high nitrogen grain would have given a higher level of Fraction I protein per 

first leaf lamina than the Cambridge grain. 

An experiment was therefore designed to compare the changes in levels 

of Fraction I protein and total soluble protein in first leaf lamina of seed-

lings grown from high nitrogen grain (1,200 pg nitrogen grain) and normal 

nitrogen grain (650 )ig nitrogen grain), under both control and shaded con-

ditions. Nutrient including nitrate was supplied at the standard level on 

days 4 and 11. Laminae from control seedlings were assayed on days 7 and 9 
and those from shade-grown seedlings on day 8, when maximal levels of lamina 

protein would be expected to occur. 

The results in fig. 42a show that the Fraction I protein levels in the 

lamina of seedlings grown from the high and normal nitrogen grain showed a 

Parallel increase between days 7 and 9. This same picture was also found 

for the increase in the total soluble protein levels (fig. 42b). In both 

oases, the protein levels were highest in the lamina of seedlings grown from 

the high nitrogen grain, but the mean levels of Fraction I protein as a per-

centage of total soluble protein in the leaves from high and normal nitrogen 

grain were very similar, being 36 and 29 percent respectively on day 7 and 

49 and 48 percent on day 9. Therefore it appears that the higher level of 

grain nitrogen enables the Fraction I protein to reach a higher proportion of 

the total soluble protein at an earlier age than does the normal nitrogen 

level, though as maximum protein levels are attained, the levels are similar. 



Figure 42a 	- 	Changes in Fraction I protein level in shaded (open 

8yJnbO].a) and control (closed symbols) laminae with age 

of seedlings grown from grain of low (circles) and high 

(triangles) nitrogen content. Each value is the mean of 

three determinations on each of 3 four leaf extracts. 

Figure 42b 	- 	Changes in *total soluble protein level per lamina with 

age for the treatments in Figure 42a. 14oh value is the 

mean of two determinations on each of 3 four leaf 

extracts. 
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This is the situation which was found earlier (table 8) for seedlings supp-

lied with nitrate on day 2, compared to day 4. 

The levels of Fraction I protein and total soluble protein in the 

shaded leaves were again considerably reduced, though the levels from the 

high nitrogen grain were higher than those for the normal nitrogen grain in 

all of the three 4-leaf extracts made for each treatment. When the mean 

Fraction I protein levels were expressed as a percentage of the mean total 

soluble protein level then values of 31 and 29 percent were attained for 

the high and low nitrogen grain respectively. These results are not signi-

ficantly different, and agree with the findings in fig. 27b.  It would there-

fore appear that for shade-grown material, as with control-grown material, a 

higher level of early nitrogen supply does not alter the percentage of total 

soluble protein which Is represented by Fraction I protein when maximum val-

ues are attained the only effect is to increase the maximum absolute protein 

levels attained in the lamina. The results obtained using the normal nitro-

gen grain for the levels of lamina protein in both shade- and control-grown 

material were very similar to those found with the Cambridge seed. 

It could be argued that even when nitrate is supplied on day 2 to Cam-

bridge grain, or on day 4 to the high nitrogen grain, Lupply is still limit-

ing the maximum first leaf protein levels attained. This seems very unlikely 

however as with the high nitrogen grain the nitrogen level available is twice 

that of the Cambridge seed from the very start of germination, but the maxi-

mum protein levels attained in the leaf are only increased by about 15 to 

percent. 

3) Discussion. 

In this section of the work It is proposed that there are two major 
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classes of factors which control the level of fraction I protein in the 

first leaf lemma of developing barley seedlings. The first, given the 

heading of "photosynthesis characteristics", comprises the environmental com-

ponents directly involved in controlling the photosynthetic activity of the 

lamina. The second class of factors, headed "grain reserves", consists of 

the carbohydrate and nitrogen content of the grain, which initially control 

the lamina protein level of the developing seedling. The results of this 

section are discussed in relation to the effects of photosynthetic character-

istics and grain reserves in controlling the levels of fraction I protein and 

total soluble protein in the developing first leaf. 

(a) Photosynthetic Characteristics. 

(i) Light Intensity. The results obtained in fig-37 clearly 

showed that under the standard growth conditions used, light intensities in 

the range 2900C - 49000 ft.c. do not limit the maximum levels of fraction I 

protein and total soluble protein attainable. Reduction of light intensity 

to 1,800 ft.c. leads to a slight, but statistically not significant, reduc-

tion in protein level, whereas reduction to 11400 ft.c. does lead to a re-

duction which is significant. This suggests that the light intensity re- 

quired for the attainment of maximum lemma protein levels is satisfied bet-

ween 1,400 and 1,800 ft.c., though the actual level is probably nearer to 

1,800 ft.c. in view of the slight reduction observed at that intensity. This 

Is similar to the findings of Jensen and Bassharn (1966) who showed that the 

oarboiylation activity of isolated spinach chloroplants was maximal at about-

2,000 

bout

2,000 ft.c. above which no further change in activity occurred. The light in-

tensity required for the attainment of maximum photosynthetic activity was 

shown by Dale and Felippe (1972) to be more than double this level. This 
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difference can probably he beat explained by considering phtosynthesis as a 

process in which enerr, in the eventual form of ATP, is generated, and car-

bon dioxide is fixed, for use in the general anabolism of the plant. At low 

light intensity, both processes will occur, and supply the requirements of 

the protein synthetic machinery. 'E'ventually at a certain light intensity 

these processes will reach a rate which is adequate to supply the require-

ments for maximum protein synthesis. However a higher light intensity still 

is needed to saturate both these processes, so that the carbon and energy 

requirements of the plant for processes other than for protein synthesis can 

be fully met. 

When the effect of reducing the light intensity below 1,400 ft.. was 

investigated it was found that the maximum protein levels attained by the 

lamina were further reduced. This probably reflects not only a direct con-

trol of the oarboxylation enzyme level itself, but also the possibility of 

indirect control through the regulation by light of the activity of nitrate 

reduction (Travis, Jordan and Huffaker, 1970;  Jordan and Ruffaker, 1972), 

and thus the production of reduced forms of nitrogen for the biosynthesis 

of amino acids utilised in the synthesis of Fraction I protein. 

Light affects the Fraction I protein of the lamina in two ways.  The 

first, which affects protein level, is through the light requirement for net 

photosynthesis during growth, to supply the metabolites needed for synthesis 

of the enzyme protein. The second, which affects protein function, is through 

the siort term activation and inactivation of the ItuDP oarbor1ase aotivit, 

as chloroplaats are passed from darkness into light and vice versa, as inter-

preted by Basaham and Jensen (1966). 

(ii) CO Dependence. It has been shown from the above discussion and 
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from the shading experiments Of the previous chapter, that ight of at least 

1,800 ft.c. is required for maximal synthesis of leaf protein. Apart from 

temperature, which has not been investigated, the other major environmental 

factor which could influence the development of leaf protein is the avail-

ability of carbon dioxide. The need for carbon dioxide is shown in fig. 39, 
as in its absence, the level of Fraction I protein synthesised is no higher 

than that found in the lamina of shade-grown material. This confirms the 

conclusion that shading is lowering the level of leaf protein obtained by re-

ducing the light intensity to a level below that required for photosynthesis 

to occur. The results of the CO2-free treatment also confirm that it is un- 

likely that the lower levels of protein obtained In shaded leaves result from 

a failure of any low-energy requiring photomorphogenio reactions, such as 

those involving phytochrome (Filner and Klein, 1968;  Graham et al., 1968). 

In any case it would be expected that such processes would be,eaturated Pt 

the light intensities found within the shade, even though they are low (Dale 

and Felippe, 1972). 

(b) Grain Reserves. 

(I) Grain Dry Weigi. At the light intensity inside the shade, 

photosynthesis cannot occur, and therefore no atmosXphr  ic CO2  can be fixed 

to contribute to the synthesis of the Fraction I protein necessary for the 

attainment of the maximum photosynthetic activity of the leaf. The develop-

ment of laminae under shaded conditions must therefore depend on the carbo-

hydrate reserves of the grain to supply the carbon skeletons, needed for the 

synthesis of protein in the first leaf. The results in figs. 40a and 40b 

substantiate the hypothesis that under shaded conditions the maximum levels 

of Fraction I protein and total soluble protein attained in the first leaf 

are related to the grain endosperm reserves, as indicated by their dry 
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weights. The results also show that for all sizes of grain used, maximum 

leaf protein levels are attained between days S and 9, after which a decline 

occurs. The increase in RuDP carboxylase level observed in dark-grown barley 

seedlings by Obendorf and Huffaker (1970) (see discussion chapter 4) and In 

dark-grown Rye seedlings by FeIerabend (1966) also suggest a dependence on 

seed reserves similar to that found for shaded material. 

The overall results suggest that under control conditions the fraction 

I protein level in the lamina initially increases as a result of utilisation 

of grain reserves, and then by utilising both grain reserves and the products 

of photosynthesis in the leaf itself. Under conditions of shade however, 

Fraction I protein still increases but at a reduced rate, until grain reser-

ves are exhauste. 'here will be no incorporation of carbon from photosyn-

thesis into leaf protein, nor will there be any photosynthetic products avail-

able for root development, which in thus restricted (Dale and Feliiie, 1972), 

and occurs only at the expense of materials supplied from grain reserves. 

For the albino mutant, a reduced demand is made on the grain reserves by the 

first leaf for protein synthesis, presumably indicative of a disruption of 

normal chioroplast development and metabolism. Therefore for this plant, 

reserves appear to be adequate to ensure that roots develop to their "normal" 

size by day 9, even though no photosynthetic products will have been supplied 

from the first leaf. 

The amount of endosperm carbohydrate which is reflected b:, the grain 

dry weight, and in turn reflects the carbon skeletons ultimately available 

for use in the embryo, is certainly one of the two major factors controlling 

protein synthesis in shaded laminae; the other major factor being the level 

of endogenous nitrogen in the grain, and the time that exogezous nitrate is 

applied. 
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(ii) Availability of ndogenous and Exogenous Nitrogeu. It has been 

shown that the maximum level of Fraction I protein attained in the shaded 

leaf is directly proportional to the grain weight, and hence the carbon 

skeletons available for protein synthesis. However in order for the carbon 

skeletons to be utilised for protein synthesis they must be converted to 

amino acids, and hence an adequate, non-limiting supply of nitrogen must be 

maintained. 

In chapter 5 it was shown that if nitrate was supplied to control 

plants on day 4, it limited the maximum protein level attained by the first 

leaf. In shade-grown leaves nitrogen supply was also shown to be limiting, 

if no external nitrate was given at all, and even if nitrate was supplied on 

day 49 it was still shown to limit the maximum leaf protein level attainable 

on day 8, as compared to the levels obtained from the higher nitrogen grain. 

When nitrate was supplied as early as day 2 to control grown seedlings, then 

15 - 20 percent higher maximum leaf protein levels were attained, as was also 

found if grain of the same weight but double the nitrogen content of the Cam-

bridge grain was used. It therefore appeared that for both control and shade-

grown material normal grain nitrogen reserves were not adequate for the attain-

ment of maximum first leaf lemma protein levels. An exogenous supply of nit-

rogen, in the form of nitrate is therefore required and the age at which this 

needs to be supplied to the Cambridge grain is critical, probably being no 

later than day 2 in order for the maximum levels of protein attainable in con-

trol and shaded leaves, grown under these growth room conditions, to be reached. 

It has been established that day 2 is most likely to be the critical age 

for nitrate application, but as the critical level needed to be applied was 

uncertain, it is necessary to consider some of the results of the previous 
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chapter. It was shown that supplying lm mole of nitrogen t control plants 

on day 2 was saturating, and 0.5in  mole was limiting. The optimal level there-

fore lay between these two. No experiments were carried out to determine the 

optimal levels needed for shade-.grown material, but it might be expected that 

the level is considerably less than that needed for control-grown seedlings, 

as Medina (1970-71)  showed that under conditions of low light intensity, the 

same photosynthetic and RuDP oarboxylase activities were obtained with low as 

with high nitrogen supply. 

Nitrate at between 1.0 and 0.5 m mole level for control seedlings and 

at an undetermined level for shaded seedlings needs to be applied for the 

attainment of maximum lamina protein levels. The need for application on day 

2 is not a reflection of grain reserves being limiting at this time, but 

probably a reflection of the time required after application before nitrate 

is taken up into the leaf and converted to a form in which it can be readily 

utiliaed for the synthesis of lamina protein when grain nitrogen reserves be-

come exhausted or else limiting in supply. 

It is therefore apparent from both the studios in this ohapter, that 

the grain reserves, both carbon and nitrogen, affect and control the early 

development of the seedling. As soon as the seedling breaks the surface of 

the sand and greening occurs, photosynthesis begins and the "photosynthetic 

characteristics' factor also exerts a considerable control over the develop-

ment of the lamina protein. 



GENERAL DLCD3 SION 

Introduction. 

The aim of this thesis has been to investigate the factors controlling 

the level and activity of ribulose -195  -diphosphate carboxylase in the first 

leaf of barley. This chapter discusses in general terms the major findings 

of the work in three main sections; the first deals with the technical back-

ground to the assay, and the levels of activity measured; in the second, con-

sideration is given to the CO2  fixing capacity of the extracted enzyme and 

the intact leaf, with special reference to the leaf resistances involved in 

the fixation of 002;  in the third, the results obtained are discussed in re-

lation to the regulation of the level of Fraction I protein in the first leaf 

of barley. 

1) RuDP Carboxylass; Assay and Activity. 

In order to investigate the activity of any enzyme over a wide range 

of growth conditions, in which the activity may vary by ten fold, it is essen-

tial to show that reaction velocity is linearly related to enzyme concentrat-

ion, and substrate concentrations are not limiting, for all conditions invest-

igated. 6uch a procedure was adopted in studying the activity of RuDP earbo-

x.ylana. 

The determination of reaction velocity against the concentration of 

substrate present in the reaction medium showed that RuDP and Na HCO3  became 

limiting below concentrations of 0.4 mill and 25 mM respectively; the concent-

rations of RuDP and Na 11003  selected for use in the final assay medium con-

taining enzyme were therefore 1.0 mM and 50 my  (1.5 .a moles/mci) respectively. 
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In order to establish that the enzyme being assayed  was RuDP oarboxy-

lase the Michaelis constants of the two substrates were determined, and val-

ues of 6.1 x 10M and 2 x 10M were found for RuDP and Na HCO3  respectively. 

The value for RuDP agreed with the range of values quoted in the literature 

(Kawashima and Wildman, 1970)  but showed a slightly higher affinity for the 

substrate than was generally reported. The value for Na HCO3  was lower by a 

factor of ten than the values quoted by most of the early investigations 

(Paulsen and Lane, 1966  Weisabach at al., 1956;  Racker,  1957; Kieras and 

Haselkorn, 1968),  but agreed with the value of 2.5 x 10M quoted by Baeaham 

et al. (1968) and is nearer the values found by Walker (1971)  of 3 x 

using a "reconstituted" ohioroplast system. it would appear though,that 

the closer the assay conditions are to those in the intact ohioroplast, the 

nearer is the Km  to a value which would correspond to the concentration of 

002 present in the atmosphere, as shown by the levels of 4 x 10M obtained 

by Jensen (1971). In view of the not yet completely resolved role of 	in 

regulating the enzyme's  pH optimum and affinity for bicarbonate, it only re-

mains to reiterate the conclusions of Walker (1973a) that the findings of 

Jensen (1971) and 3ugiyama et al. (1968)  show Km  values to overlap the range 

4 x 10'M to 6 x 10 3M which "may reflect the extent to which optimal con-

figuration of the protein is realised under various experimental conditions.' 

The value for Km  determined in these studies lies in this range, and there-

fore it is concluded that the enzyme being assayed has the characteristics 

associated with the enzyme RuDP oarboxylase. 

Although the enzyme assay system gave reproducible results which 

agreed with the values quoted in the literature (see discussion chapter 3), 

it had the disadvantages that the enzyme preparation was unstable if kept for 
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long periods, and the activity appeared to depend on the purity of the RuDP 

used (fig. 15a). Also the complex interrelationships between pH, Mg 2+  and 

bicarbonate concentrations used, made it difficult to ensure that the enzyme 

present in the crude loaf extracts was assayed at optimal conditions under 

all experimental conditions used, though it was assumed that the assay oon-

ditios were not limiting the initial reaction velocities measured. Dale 

(1972) had shown that large amounts of nitrate could be accumulated by the 

first leaf, and if a similar situation occurred for IJg2+  this could affect 

the final concentration of Mg 2+  in the assay system. However calculations 

based on the assumption that the same proportion of Mg 2+  supplied to the plant 

was taken up, as occurred for nitrate, showed that this could have only affec-

ted the concentration in the assay within the range 10 to 11 MM and was there-

fore considered to be of no significance. 

For these reasons and because of the very high cost of RuDP, attention 

was focused on the assay for Fraction I protein. The assumption implied in 

this approach was that a close and reproducible correlation exists between 

RuDP carboxylaso activity and fraction I protein level. 

An extensive series of investigations, in which both RuDP oarborlase 

activity and fraction I protein levels were measured in extracts from seed-

lings grown over a wide range of conditions, showed that the activity of the 

enzyme and the level of fraction I protein were closely correlated, values of 

r being between 0.96 and 0.99.  The slope of the graph of RuDP carboxylase 

activity per lamina against Fraction I protein level per lamina has a value 

of 0.97,  which indicates a lsl ratio of RuDP oarboxy1ase activity to fraction 

I protein level. This finding supports studies by Slack and Hatch (1967),  who 

showed that RuDP oarboxylaae activities and fraction I prOtein levels, obtained 
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in leaf extracts from a range of tropical and temperate plants, were correlated 

in a ratio close to lii. 

The activity of IuDP carboxylase determined depends on both the effici-

ency of enzyme extraction and the conditions of the assay system used. As a 

1;1 agreement between RUDP carboxylase activity and Fraction I protein levels 

was obtained, this suggests that the assay system used for measuring RuJ)P oar-

boxylaso activity must have been reasonably optimal, and it was therefore jus-

tifiable to use Fraction I protein level as a measure of RuDP carboxylase acti-

vity. It could quite justifiably be argued that this relationship might not 

exist for all experimental conditions, as ICawashima and Mitake (199)  had shown 

enzyme activity to decline at a greater rate than enzyme protein level in sen-

escing leaves. However all these studies on barley ceased before first leaf 

senescence began, and even in the shaded leaves, which could be regarded as a 

crude senescence study, the decline in enzyme protein and activity was correl-

ated. 

Published values of enzyme activity (table 6) in crude extracts mainly 

lay within the range 0.21 to 0.74 pmole CO2  mg soluble protein min and so 

the maximum value of 0.50 p moles CO2  mg soluble protein min, obtained 

with barley leaves grown under control conditions lies in the middle of this 

range, and is in good agreement with the values quoted for barley by Chen et al. 

(1971) and Poyarkova et al. (1973), although the data for the latter group 

were obtained for plants grown under blue or red light. The values of 0.06 

obtained by Kleinkopf et al. (1970a),  using crude barley first leaf homogenates, 

are lower by a factor of ten than those quoted in the literature, and found in 

these studies. As Kleinkopf et al. (1970a)  used what appeared to be non-limit-

ing growth conditions for their plants, and the conditions used in the enzyme 



assay system were similar to those used by other workers, it can only be sug-

gested either that their material was genuinely different from that used here 

and by other workers, or that some part of the assay or extraction technique 

was limiting. Another possibility is that the RUDP substrate, prepared by 

themselves, was less pure than commercial preparations, thus resulting in low-

er estimates of enzyme activity, similar to the situation found earlier in 

these studies (fig. 15a).  Bjrkmazi (1968a) however had found the 3igma pro-

duct to give lower activities than a laboratory prepared sample, but this 

could have reflected the lower purity of RuD? which was produced at that time 

by Sigma. In a very recent paper Peterson et al. (1973),  using barley of the 

Numar variety, quoted values of 0.28 ja moles CO2 mg RuBP carbolas''  min 

which i3 considerably less than that of about 1.0 p moles CO2 mg Fraction I 

protein min found in these studies on Proctor barley. This, and the low 

values found by Kleinkopf at al. (1970a)  could indicate genuine differences 

in values for different barley cultivars. 

2) The Importance of RUDP Carbo,ojlase Activity as a Resistance in Photo-
synthetic Rate. 

In work described in chapters 3 and 4, the photosynthetic activity of 

whole leaves grown under control and shade conditions were measured and com-

pared with the carbor1ation activity in leaf extracts from seedlings grown 

under the same treatments. The results showed that the CO2 fixing capacity 

of the whole leaf was considerably less than that of the lamina extract, be-

ing only 50 percent for shaded leaves and 30 percent for control material. 

It therefore appears that enzyme activity is reduced to a greater extent than 

photosynthetic activity, as a result of shade treatment. 

The fact that the CO2 fixing activity of the extracted enzyme is higher 

than that of the whole leaf for both treatments, is not surprising. It is 
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known both from these studies, and from the results of a large number of 

workers, that the Fraction I protein present in the leaf can account for 

about 50 percent of the total soluble protein (Kawashima and Wildman, 1970). 

From this it has been implied that not all of the enzyme is active in CO2  

fixation at any one time, as the amount present is far in excess of the re-

quirements for the Calvin cycle. Thus at any given time, only a limited 

proportion of the Fraction I protein level present in the chloroplaat may be 

directly involved in the oarboxylation activity, the rest being either inact-

ive or isolated from the site of CO2  fixation (Kawashima and Wildman, 1970). 

However, when the leaf is extracted, all of the enzyme will be accasib1e to 

substrate, and so the activity assayed will be that of the total RuDP carbo-

xy1ae content of the leaf, and not just the proportion which would have been 

active at any one time in the intact loaf. In addition, all the natural 

barriers which restrict the accessibility of the substrate (CO 2) to the en-

zyme active site will be removed on extraction; one would therefore expect 

the enzyme activity measured in a leaf extract to be considerably greater 

than that in the intact leaf. The only reason for enzyme activity in an ex-

tract being less than the photosynthetic activity of the whole loaf would be 

either an inefficient extraction procedure, which resulted in a high propor-

tion of the enzyme remaining unextraoted or being denatured, or else an assay 

system which was so sub-optimal to the requirements of the enzyme that it 

seriously limited the maximum activity assayable. From this point of view 

the extraction procedure used in these studies may not be completely effici-

ent, but additional extractions (chapter 2; 3a) showed that very little acti-

vity was left in the lamina after the initial extraction. The assay conditi-

ons used must also have been reasonably near optimal, otherwise a 1*1 correl- 

ation with the level of Fraction I protein present would not have been obtained. 



The reasoning presented above is substantiated by steer (1971), who found 

that RuJP oarboxylase activity in leaf extracts of Casioum frutescens was 

some 4 to 10 times greater than the 14CO2  fixation rates for the whole leaf, 

and by Slack and Hatch (1967), who showed that for wheat, oats and silver- 

beet the photosynthetic activities of detached leaves were only about 36 to 

40 percent of the RuDP oarboxylase activity in leaf extracts, values which 

are in good agreement with the findings of this study. 

It is of importance to look at these results in relation to the com-

ponents of the mesophyll resistance. In chapter 4 it was concluded that the 

carboxylation component of the mesophyll resistance was unlikely to be limit-

ing, as under both control and shaded conditions of growth, the enzyme aotiv-

ity of the leaf extract was always far greater than the photosynthetic activ-

ity of the whole leaf. This conclusion is in contrast to that of several 

workers who have suggested the activity and content of RuDP oarboxylase to be 

one of the major factors limiting light-saturated Photosynthetic rate. It is 

proposed to discuss the findings and conclusions of these workers in more de-

tail and to see where they agree and differ with the findings of this study. 

Wareing et al. (1968) and Nealea et a].. (1971) found that partial de-

foliation of Phaseolus plants resulted in an increased photosynthetic rate in 

the remaining leaves, and also in an increase in RuDP oarboxylase activity, 

which they suggested was probably a result of increased enzyme synthesis. 

They proposed that the levels of RuDP oarboxylase present in the leaves prior 

to defoliation could not have been saturating, and therefore both the resist-

ance to CO2  diffusion and the levels of RuDP carboxylase are limiting photo-

synthetic rates. They also postulated that the relative importance of these 

and other factors, such as stomatal resistance, would vary from species to 

species. 
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During studies on the photosynthetic activity of Dactylis glomerata L 

grown in different light regimes, Eagles and Treharrie (1969) found a correl-

ation between photosynthetic activity and in vitro RuDP carboxylaae activity, 

and proposed that even though CO2  diffusion can be a rate-limiting factor in 

photosynthesis, it is also likely that the activity of RuDP carboxylase  could 

also be a rate-limiting process, even at high irradiance. Further studies on 

Daotyli8 designed to investigate the effect of growth temperature on photo-

synthetic activity (Trebarne and Eagles, 1970), showed that the overall eff-

ects of temperature on leaf photosynthesis and transpiration rate were highly 

correlated at high irradiance. From this it was concluded that the rate of 

light-saturated photosynthesis was limited by the gaseous diffusion charac-

teristics of the leaf. However, they also found a correlation between RuDP 

carboxylase activity and photosynthesis, from which they suggested that carbo-

rylase activity was also limiting photosynthetic rate. They therefore reiter-

ated the conclusion of Wareing at al, (1968) that both diffusion resistance 

and RuDP oarboxylase activity may be factors determining the rate of photo-

synthesis, the relative importance of each depending on the species and cult-

ural conditions used. 

The main flaw in these arguments seems to be that although these work-

ers have shown a correlation between enzyme activity and photosynthetic activ-

ity, they have not measured the enzyme activity in terms of the amount of CO2  

fixed, as results are only expressed on a counts per minute basis. It is 

therefore impossible to say whether the enzyme activity of their leaf extracts 

is greater or less than the photosynthetic activity because if it was less then 

it would imply from the earlier reasoning that their extraction and assay tech-

niques were inefficient, and if it was greater then it would be the interpret-

ation of their results rather than their findings which are at variance with 



160 

the present conclusions (chapter 4). A point against their argument is that 

in studies carried out at low irradiance, Treharne and Eagles (1970)  found 

that although the physical diffusion resistances were less highly correlated 

with photosynthetic rate than at high irradiance, there was no correlation 

at all with RuDP oarborlaee activity. This point is discussed again later. 

Bjrkman (1968a) measured RuDP oarboxylase and photosynthetic activity 

of leaves of a range of shade-adapted and sun-adapted species of higher plants. 

He found the shade-adapted species to have a lower photosynthetic activity 

than the sun-adapted species, and suggested that the lower RuDP carboxylase 

activity found in the leaves of these plants may be partly responsible for 

this. However the activities measured in the leaf extracts of the various 

shade-species showed considerable variation, as some were higher and some 

lower than the photosynthetic activities of whole leaves. Bj5rkman stated 

that the bicarbonate concentration of his assay medium was limiting and that 

enzyme activities could have been expected to be 3 to 5 fold higher. Later 

Bjórkman and Gauhi (1969),  quoted RuDP carboxylase activities in leaf extracts 

of sun-adapted species assayed at non-limiting bicarbonate concentrations, 

approximately 60 to 70 percent higher in value than those previously measured 

(Byorkman, 1968a). Unfortunately in later work, assays were carried out at 

300C as opposed to 23°C in the earlier work, and it is difficult to ascertain 

what part of the increase is due to the higher bicarbonate concentration and 

what is a result of the higher assay temperature. However Treharne and Cooper 

(1969) showed that although RuDP carboxylase activity was dependent on the 

assay temperature, a change from 23 to 30°C would have been unlikely to give a 

60 to 70 percent increase. 

It therefore appears that the enzyme activities measured by Bj5rkrnan 
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(1968a) were significantly higher than the photosynthetic activity of the 

whole leaves for both sun- and shade-adapted species. This is substantiated 

by studies (Bj5rkman, 1968b) showing that although the RuDP oarboxylase activ-

ity in leaf extracts of Solidago eootypes, again measured at limiting bicarb-

onate concentration, was correlated with the photosynthetic activity of the 

whole leaves, the enzyme activity was consistently higher. It appears from 

Björkmaxi's results (1968a,b) that the CO2  fixing activity in leaf extracts is 

higher than that In the whole leaf, and It cannot be accepted as proven that 

the lower level of RuDP oarboxylane activity is a factor limiting photosynth-

etic rate. Therefore his conclusion that light-saturated CO2  uptake is lim-

ited by the physical barriers to diffusion of CO na.well as RuDP oarboxylase 

activity can only be accepted In part. 

Other work by Woolhouse (1967 - 68) implicates the carboxylation step 

as limiting the uptake of CO2  by ageing Perilla leaves. Woolhouse bases his 

conclusion on a partly theoretical and partly experimental reasoning. He 

states that atomatal resistance is not significantly affected during the age-

ing period studied, and therefore the decline in CO2  uptake must be due to the 

mesophyll resistance, which progressively increases over this time; and then 

analyses the contributions made by the components of the mesophyll resistance. 

Woolhouse rejects the contribution made by the hydrodiffusive resistance, con-

sidering it to be minimal, in view of the geometrical studies of Rackhain (1966). 

He then proposes the carboxylation and photoexcitation resistances to be limit-

ing, but by experimentation shows that the activity of the chloroplast electron 

transport chain does not diminish during ageing, and therefore claims that it 

is unlikely that the photoexcitatlon resistance is limiting, and by elimination 

Implies it is the carboxylation resistance which is limiting. Woolhouse uses 
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evidence from earlier work (i'oo1houae, 1967)  which showed that Fraction I pro-

tein and photosynthetic activity decline at approximately the same rate, to 

support this suggestion. However measurement of Fraction I protein level, 

without previous correlation with ituDP carbozylase activity, does not show 

what the O2 fixing capacity of the leaf extract is in relation to its photo- 

ynthtio &ctivity. Woolhouse also measures the mesophyll resistance of 

?erilla and maize leaves and postulates that the higher resistance for Perilla 

is due to the lower affinity of its carboxylase (RuDP carbozylase)  for sub-

strate, than that of maize (PEP oarboxy3.aae), as judged by the K5  values of 

the respective enzymes for their common substrate. In view of the much higher 

values recently quoted for the affinity of RuDP oarboxylaee for 002  when oblor-

oplasts are used (Jensen, 1971),  this latter argument would now seem less att-

ractive. Despite these differences, RuDP carboxylase activity may become a 

limiting factor of the carboxylation resistance, because although enrne activ-

ity and enzyme protein level have been 8h0w14 to be correlated in these studies 

using Proctor barley, Ka*ashima and Llitake (1969),  have shown enzyme activity 

to decrease at a greater rate than enzyme protein in senescing tobacco leaves 

and a similar situation could occur in ageing Perilia leaves. 

Recent work by Avdeeva and Andreeva (1973)  showed that although the 

RuDP carboxylase activities in leaf extracts of maize and broad bean were sim-

ilar, the photosynthetic activity in maize was two fold greater than that in 

broad bean. They postulated that the higher photosynthetic activity in maize 

was a result of the higher activity of PEP oarbox.ylaae in the ohioroplasts of 

the mesophyll cells. This ensured that the 002  initially fixed in these ohlor-

oplasta and transferred to the chioroplasts of the bundle sheath cells (Hatch 

and 3 1aok, 1970), was in high enough concentration to meet the requirements of 
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the RuDij carboxylase present. This mechanism would ensure that a higher con-

centration of 002  was available for the RuDP carboxylase of maize Ln for 

that of broad bean. They concluded that for both maize and broad bean the 

main factor limiting photosynthetic activity was the activity of RuDP carbo-

xylase, even though in broad bean the enzyme activity in leaf extracts was 

2 to , times greater than the photosynthetic activity of the whole leaf. 

At this point it is important to see how the findings for Proctor barley 

compare with those of the above mentioned workers* Data from experiments on 

Proctor show that under both control and shaded conditions, the activity of 

RuDP carboxylase in leaf extracts is considerably greater than the 002  fixing 

capacity of whole leaves. However it is accepted that probably a limited pro-

portion of the in vitro assayable enzyme  will be functional in the intact 

chioroplast, as suggested by Kawashima and Wildman (1970).  Nevertheless it 

seems unlikely that the amount of enzyme available for 002  fixation in the 

chioroplast would be so low as to limit the turnover rate of the Calvin cycle, 

and the main arguments for enzyme activity limiting photosynthetic rate have 

therefore tended to hinge on its low affinity for the 002  substrate (Wool-

house, 1967-68). 

It would seem from arguments, mainly based on the affinity of purified 

RU.DP carboxylase for bicarbonate, that this activity could be a limiting fac-

tor in photosynthesis. However studies by Walker (1971, 1973a) and Jensen 

(1971) have shown that "reconstituted" and osmotically shocked ohloroplasts 

exhibit much higher affinities for HCO3  than does the purified RuDP carboxy-

lase (Sugiyama at al., 1968; Basaham at al., 1968), when Mg 
2+ 
 concentration is 

varied. In fact Walker (1973b) has suggested that this may reflect the import-

ance of the correct physical orientation or spatial arrangement of the enzyme 



164 

molecules for the efficient regulation by Mg2+,  as realised in vivo. These 

studies together with the work of Nobel (1967) and Lin and Nobel (1971)  which 

reported light-induced movement of Mg 2+  into the stromal compartment helps 

towards an understanding of how RuDP carbozylase is light activated. On this 

point Walker (1973b) makes the suggestion that the Km  values of 1 to 2 x 

10M could represent the "switched-off" form of the enzyme whereas the values 

of 4 x 10 4M could represent the fully magnesium-activated state which would 

permit the enzyme to work at half maximal velocity at atmospheric CO2  concent-

rations. These findings suggest that the nearer the true state in the in vivo 

ohlorop].ast is approached the higher is the affinity of the enzyme for 002 

which gives the impression that over the next few years the discrepancy bet-

ween the affinity of the enzyme and the amount of substrate available in vivo 

may be further resolved as the factors regulating the in vivo enzyme activity 

are more fully understood. It would therefore seem unlikely that it is the 

activity of this enzyme which is the 1imitin factor of the mesophyll resist-

ance and it is more likely to be the availability of CO2  and thus the resist-

ances to the passage of 002  from the atmosphere to the ohloroplast, which are 

limiting. 

Therefore it seems lees likely that the activity of RuDP carboxylase is 

limiting photosynthetic activity, either in control or shaded plants. The fact 

that Eagles and Treharne (1969) and Treharne and Eagles (1970)  have shown cor-

relations between RuDP oarboxylaae activity and photosynthetic activity does 

not imply the enzyme is limiting. In view of the large amount of leaf soluble 

protein existing as Fraction I protein it would be expected to change in level 

with changes in photosynthetic rate; one can see no advantage in having a large 

surplus of non-functional protein when, for instance, photosynthetic activity is 

limiting under shaded or nitrogen deficient conditions. 
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When BJrkman's (1968a,b) studies were carried out the enzyme was still 

believed to have a very low affinity for bicarbonate. However in view of the 

higher affinity for CO2  found in ohioroplasts, and the fact that Björkman 

underestimated the enzyme activities in relation to the photosynthetic rates, 

it seems that more emphasis should be placed on the physical diffusional re-

sistances rather than the oarboxylaso activity. Similar arguments apply 

against \Voolhouse's conclusion, but it must be remembered that he was working 

with an ageing system, and even though Kawashima and Mitake (1969)  have shown 

enzyme activity to decline faster than enzyme protein in senescing tobacco 

leaves, it still does not mean that the activity is limiting; for instance in 

the present shaded experiments with barley, RuDP carboxylaae activity declin-

ed at a greater rate than photosynthetic activity, but still showed a higher 

CO2  fixing capacity. 

Most of this argument has concentrated on showing that in view of the 

higher CO2  fixing capacity of leaf extracts than whole leaves, and the higher 

affinity for CO2  exhibited by "relatively intact ohioroplasts", it seems un-

likely that it is the level and activity of RuDP carbocylas which is limiting 

the oarbo1ation step. It is however believed that the 002 diffusion step 

could be limiting, and that it is the physical barrier to diffusion of CO2  

from the atmosphere to the chioroplast which is limiting the CO2  available at 

the enzyme active site, and hence the rate at which photosynthesis can occur. 

This belief is supported by Treharne and Eagles (1970)  who showed that gase-

ous diffusion limited the rate of leaf photosynthesis in Dactylis, when meas-

ured at both high and low irradiance, whereas RuDP carbolase only appeared 

to limit at high irradiance. 

More convincing evidence, implicating the 002 diffusional resistance, 

and not the enzyme activity, as being the limiting factor in the oarbox.ylation 
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step, has come from studies of Chartier, Chartier and atekS (1970). An a 

result of the findings of Wareing at al. (1963), Bj5rkman (1968a,b) and Eagles 

and Treharno (1969), they used Phaseolus vulgaris in an attempt to distingu-

ish the diffusion resistances to CO transfer in the leaf from the chemical, 

oarbo'lation resistance, and to assess their relative significance as rate-

determining factors in photosynthesis, They found much higher values for the 

hydrodiffusive resistance than for the carboxylation resistance, from which 

it can be concluded that it is unlikely that the oarboxylation resistance Is 

the major one to limit photosynthesis. Jones and blatyer (1972) working with 

cotton also concluded from model studies that the bydrodiffusive component is 

a major factor in the intracellular resistance to leaf photosynthesis. 

It appears from this discussion and the arguments put forward in chap-

tar 4  that the photosynthetic activity of plants taken out of shaded condit-

ions is not limited primarily by a oarboxylation resistance. During shaded 

conditions the stomatal apertures are likely to be restricted, since stomatal 

aperture is greater in high light intensities; a similar situation could be 

found in the shade-adapted species studied by Bjrkman (1968a). Even when 

plants were illuminated at full light intensity before photosynthetic rates 

were measured, it is by no means certain that the stomata could have opened, 

or had the capacity to open, to the same extent as those in control plants. 

Support for this suggestion cornea from the findings of McPherson and Slatyer 

(1972) who in studies on the mechanisms regulating photosynthesis in bulrush 

millet, found strong evidence that stomatal resistance to CO2  transport was 

the primary factor regulating photosynthesis under the conditions used. They 

proposed that the differences in photosynthetic rates found by Wareing at al. 

(1968) and Björkman (1963a) may have been a result of differences in stomatal 
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resistances to 002 transport, rather than the carboxylase activitee, as pro-

posed by those workers. McPherson and Slatyer also found the stomatal re- 

sistance to be the main variable factor associated with different light res-

ponse curves found in leaves of different ages. They concluded that their 

findings reflected a high biochemical efficiency of leaf material in that 

limitations on maximum photosynthetic rates were controlled by 002  supply 

rather than the photosynthetic capacity of the leaf. This in fact would 

seem a much more logical way to regulate photosynthetic activity rather than 

involving synthesis and degradation of enzymes. 

The contribution of the photoexcitation resistance component during 

shading in barley may well increase significantly as the maximum level of 

chlorophyll is reduced by about the same extent as the photosynthetic acti-

vity. However as shown for RuDP carboxylase activity, this does not necess-

arily mean that this level of chlorophyll is limiting. It could be however 

that shading alters the balance of chlorophyll a and b, both to one another, 

and to the other components of the electron transport chain. 

In view of the lower dry weight of the shaded leaf it is suggested 

that the thickness of the cell walls and cytoplasm may be reduced which would 

help to facilitate the transfer of 002  from the surface of the masophyll cell 

to the enzyme active site. However in chapter 4 it was pointed out that it 

is not only the geometrical but also the chemical state of the mesopbyll cell 

which can affect the passage of CO2  into solution and hence transfer to the 

ohloroplast. 

From this discussion it seems unlikely that it is the activity of 

RuDP carboxylase which is limiting photosynthesis In either control or shaded 

leaves. It is proposed that it is much more likely to be the concentration 



of 002  in the chioroplast which is limiting photosynthesis and hence it is the 

physical resistance to the passage of 002  across the leaf, as exemplified by 

the stomatal and mesophyll hydrodiffusive resistance components which is lim-

iting, though the contribution made by the photoexoitation resistance could 

also be significant. 

It is apparent that a great deal more work is required in order to 

elucidate the full extent of the contribution made by each of the other two 

components of the mesophyll resistance as well as the stomatal resistance. 

Estimates of the contribution made by stomatal resistance could be obtained 

by comparing the size of the stomata]. aperture In shaded and control leaves 

and by examining directly the diffusional resistances by standard porometric 

methods. Valid direct estimates of the other two components of the mesophyll 

resistance are much more difficult to obtain and it is questionable whether 

for instance studies of the Hill reaction (Woolhouse, 1967-68) or the cellul-

ar dimensions (Rackham, 1966) give satisfactory estimates of the photochemic-

al and bydrodiffueive resistances respectively. 

3) The Factors Regulating the Level and Activity of RuDP Carboxylase. 

The synthesis of Fraction I protein in the first leaf of barley has 

been shown to be light dependent with an intensity of at least 29000 ft.. 

being required in order to attain maximum levels. As the light intensity for 

growth is reduced from this level down to an intensity of 500 ft.c. the final 

level of total soluble protein attained in the leaf is reduced though the pro-

portion represented by fraction I protein remains constant at about 45 - 50 

percent. However if light intensity is reduced to below 100 ft.o., as under 

shaded conditions, then not only is the level of Fraction I protein reduced 

but it falls to a level representing only 25 to 30 percent of the total soluble 

protein of the leaf. In fact treatment, either by removal or application of 



169 

shades only affects the ratio of Fraction I protein : total soluble protein 

between the range 25 to 50' once leaf expansion has occurred and before sen-

escence begins. 

The value of 25 to 30 percent for the proportion of Fraction I protein 

to total soluble protein may reflect the most stable organisation of leaf pro-

tein under shade conditions. Presumably lower values cannot be obtained unless 

the integrity of the chioroplast is adversely affaoted as could occur during 

true senescence, aithought no evidence for this is available from this study. 

Since on return to more favourable light conditions, up to day 10, the value 

increases to between 45 and 50 percent shade does not irreversibly affect the 

protein composition of the leaf, at least up to tht time. In view of the 

studies in Ellis's laboratory (Ellis, 1973)  it is possible that the light de-

pendence curve for Fraction I protein level may reflect responses to the 

supposed light-driven chioroplast synthesis of the large subunit. 

The presence of carbon dioxide is essential for maximum levels of 

Fraction I protein to be reached, though no experiments were carried out to 

investigate the effect of varying the level in the air on t!i synthesis Of 

Fraction I protein. The fact that the Fraction I protein level in lamina 

grown under CO2-free conditions was not significantly different to that in 

shade-grown leaves implies that shade treatment limits the level of Fraction 

I protein attained only by preventing photosynthesis from occurring and not 

by limiting any photomorphogenic responses. 

It therefore appears that photosynthetic activity is necessary for max-

imum synthesis of Fraction I protein. Under conditions where photosynthesis 

cannot occur the control over synthesis exerted by the grain reserves IeC0nIeS 

more apparent. In shade treatments the maximum levels of Fraction I protein 
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and total soluble protein attainable are directly proportional to the weight 

of the grain. The evidence is that both carbohydrate and nitrogen content of 

the grain are important. The carbohydrate reserves and their availability 

will govern the amount of carbon skeletons available for incorporation into 

Fraction I protein in the early stages of growth before photosynthetic activ-

ity reaches a significant level. The contribution from grain nitrogen appears 

to be critical for both control and shade-grown leaves. 

The dependence of the Fraction I protein development in the barley first 

leaf on grain nitrogen level extends the long recognised fact that the grain 

yield of cereal crops is related to the initial grain size. Kaufmann and Gui-

tard (1967) have shown that barley first leaf size a related to grain size 

and hence the amount of nutrient available to the seedling. It is of more spe-

cific interest however that in fertiliser field trials on Tritiourn ass tivum L. 

cv. Inia 66 Lowe, Ayers and Rios (1972) showed seedling dry weight to be po3it-

ively correlated to seed protein and glutamic acid content, while in later 

studies Lowe and Ries (1973) showed the correlation to be only related to the 

protein content of the aleurone layer and endosperm but not the embryo. No 

doubt this could possibly reflect the dependence of RuD? earborylase 8yntssis, 

photosynthetic activity and hence seedling dry weight accumulation, on the 

grain endosperm protein. The whole question of grain nitrogen reserves and 

their protein composition is of great importance as the proportions of differ-

ent amino acids available in the protein complements of grain from different 

barley varieties could reflect their suitability to satisfy the amino acid re-

quirements for Fraction I protein synthesis. This could then determine how 

well the seedling will develop if nutrient supply or other conditions are in-

itially limiting. In view of the constancy of the amino acid composition of 
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the large subunit and variabi1ity in the small subunit of fraction I protein 

from different species, as summarised by Ellis (Ellis, 1973) 9  it would be of 

interest to see whether the amino acid compositions of the large and small 

subunits of fraction I protein from different barley varieties vary with 

grain protein composition. 

For both shade and control treatments grain nitrogen supply is inade-

quate for maximum protein synthesis and an external supply of nitrogen is 

necessary. It has been shown that this needs to be supplied probably by day 

2 for both these treatments. The reason for supplying on this date is relat-

ed to the time needed for nitrate to be taken up and converted to a form 

which is readily usable when grain reserves become limiting,rather than that 

grain nitrogen reserves are limiting at that time. 

The level of nitrate which needs to be supplied has been shown to be 

between 0.5 and 1.0 in moles per pot for control plants. It must however be 

emphasised that this level of nitrate given does not represent the absolute 

level available to the seedling but represents the level that has to be supp-

lied so that the proportion of nitrate in the pot which can be tapped by the 

roots is adequate for the seedling's needs. The minimal level of nitrate 

needed for shade-grown material was not examined though it was probably less 

than that for control seedlings unless the question of the availability to 

the roots becomes limiting before this. 

One point which is unresolved is what proportion of grain nitrogen and 

what proportion of externally supplied nitrogen are used in the synthesis of 

Fraction I protein. Does a situation occur in which there is a preference for 

grain nitrogen over added nitrogen ,or are both used without discrimination and 

the grain nitrogen simply supplies the early requirements of the developing 
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verted to a usable form. This is an area in which 15N studies could be of 

great help in attempting to resolve the question. 

Shading experiments show that maximum photosynthetic activity of the 

first leaf is essential for the maximum development of total soluble protein 

and Fraction I protein in the second leaf. The reduction in the level of 

protein in the second leaf, where the first is shaded, reflects the fact 

that by the time the second leaf emerges, grain reserves are exhausted and 

no assimilated carbon is available from the first leaf. The initial growth 

of the emerging second leaf will no doubt depend upon the protein breakdown 

products translocated from the first leaf. When the second leaf starts pho-

tosynthetic activity)  its development is still restriotod,as the products of 

its photosynthesis will not all be available for its own development as a 

proportion are required for renewed root growth and nutrition of the stem 

apex (Felippe and Dale, 1973). 

The conclusions of all these findings on factors influencing the 

level and activity of RuDP carboylase during first (and second) leaf devel-

opment are provided in a summary diagram form )fig. 43. 

This work has demonstrated the importance of light and carbon dioxide 

supply, acting through photosynthesis, and of nitrogen supply, from grain or 

as exogenously-supplied nitrate, together with endosperm carbohydrate reser-

ves, for Fraction I protein synthesis. It has not been necessary to invoke 

specific roles for growth substances in controlling leaf protein level. 

Nevertheless it is of some importance to briefly consider the evidence for 

hormonal influences in this field, and to see If they suggest any areas for 

future profitable study. 
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[areing at al. (1968) have concluded that partial defoliation of 

Phaseoluz vulgaris increase the RuDP carboxylaae activity in the remaining 

leaves by increasing the amount of cytokinine available per leaf from the 

roots. This is also linked, by thorn, to an increased nutrient supply from 

the roots to the remaining leaves. Under the shade conditions used in the 

present experiments root growth is restricted (Dale and Felippe, 1972) and 

from this it could follow on the argument of Wareing et al. that a lower level 

of cytokinin will be translocated from the roots to the first leaf and hence 

synthesis of leaf protein is reduced. However as the lamina Fraction I pro-

tein level appears to be dependent on grain reserves and added nitrate, under 

shade conditions, then it is difficult to see how altering hormonal level 

would increase protein synthesis since no additional carbon-skeletons are 

available after the exhaustion of grain reserves. 

If the decline in protein level which occurs after day 8 is a result 

of a reduced level in cytokinin in the leaves, then this would fit in with 

the work of Poolhouse (1967), who showed that kinetin applied to senescing 

Perilla leaves can delay the breakdown of chlorophyll and ribonuoleic acid 

which occurs on leaf senescence. Later studies by Atkin and Sahai-Srivastava 

(1970) have shown that kinetin treatment stimulated protein synthesis in de-

tached senescing barley first leaves. This synthesis was sustained even when 

the level of soluble protein was rapidly declining. However similar treat-

ments to attached senescing leaves only resulted in a small increase in pro-

tein synthesis, and they concluded that the promotion by kinetin of incorpor-

ation of 140  alanine into proteins after leaf excision could reflect early 

differences in permeability and precursov pool size in detached and intact 

tissue. This point should be kept in mind when considering studies on detached 
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tissue and leaf discs , such as was used by 7oo4house. 

The decline in protein level on shading could be crudely likened to 

that found in senescence studies and it would be interesting to see if applic-

ation of cytokinins to shaded first leaves prevented the decline in protein 

after day 8. If this did occur it might be expected to have harmful effects 

on the whole plant as it would put further restrictions on the materials avail-

able for the development of the second leaf which would be the only photosynth-

etically active organ at that time. There may well be a feedback-meohani8m 

operating whereby root growth is dependent on supply of assimilated carbon 

from the first leaf and in return translooates oytokinin to the leaf which con-

trols protein uyntneais. Failure of the carbon supply leads to failure in cyt-

okinin supply so that protein breakdown predominates over synthesis, and the 

products of breakdown become available for use elsewhere, for example in the 

second leaf. It should be remembered though that the rate of loss of protein 

from the leaf is relatively slow. 

The renewed synthesis of Fraction I protein which follows shade removal 

could not only reflect the immediate restoration of photosynthetic activity to 

the first leaf and hence a supply of assimilated carbon for the synthesis of 

more protein but also an increased supply to the roots. This could result in 

an increased synthesis of cytokinin which in turn could be tranalooatad to the 

leaf to stimulate the synthesis of more Fraction I protein. This interpretat-

ion would be compatable with the findings of Feierabend (1969), who reported 

that synthesis of RuDP carboxylaae was stimulated when kinetin was applied to 

dark-grown rye seedlings which were exposed to the light. 

In future studies it would be useful to see whether oytokinin treat-

ments affect the levels of Fraction I protein in shaded-and control-grown 
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leaves. The fact that gibborellin has also been implicated in stimulating 

the activity of RuDP carboxylase in red clover (Stoddart and Preharne,1968) 

would also make it worth investigating especially in view of its regulation 

of o-anyla.se  synthesis in the barley aleurone (Varner and Chandra, 1964), 

and therefore possible later effects. It would also be of interest to see 

if application of these growth substances caused increased activity of RÜDP 

carboxylase without a concomitant Synthesis of Fraction I protein as reported 

by Trehaet al. (1970),  since in all cases where both were assayed in these 

studies a 1*1 correlation was found between activity and level. 

In conclusion it can be said that although no hormonal studies have 

been done in this work the results are more In keeping with the idea that it 

is level of nutrients and food supply available to the leaf and root system 

which regulates the level of hormone which may then act by controlling the 

level of enzyme. In view of the close correlation between grain size and 

leaf protein it seems unlikely that the level of hormone controls the utili- 

sation of food reserves in lamina protein synthesis. It is nevertheless pos- 

sible that hormonal balance controls the distribution of food supply between 

the different parts of the developing seedling. Considering photosynthesis 

in the intact leaf it could be that growth substances affect the contribution 

made by some if not all of the components of the stomatal and mesophyll res- 

istances. Stomatal aperture has been shown to be affected by kinetin and 

abscissic cjd levels in excised leaves of barley (Cooper, Digby and Cooper, 

1972) and it is possible that effects of this kind could result from alter- 

ations in the hormonal balance in the leaf as a result of shading. 
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