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SUMMARY

The purpose of this thesis was to study the nucleic acids 

of Capsicum annuum plastids during fruit ripening.

The ultrastruetural characteristics of Capsicum annuum 

plastids were studied during the transition between chloroplast 

and chromoplast, revealing the complex changes in membrane 

structure. Ploidy changes in ripening plastids was followed 

using a new experimental system, the Leitz MPV3 microphotometer. 

The relative changes in fluorescence of DAPI-stained plastids was 

measured. Chromoplasts proved to contain a UV-absorbing substance 

which reduced the level of fluorescence. The amount of plastid 

DNA decreases from leaf chloroplasts to green pepper plastids, 

and possibly decreases further in the chromoplast. It was con

cluded that the system was unsuitable for use with plastids of 

changing pigment content.
A ripeness index of pepper fruit was formulated using a 

general pigment extraction. Ripeness was assessed by the ratio 

of absorbance measured at 470 and 430nm of this extract. The use 

of an in vitro ripening system was investigated to counter the 

problems of availibility and uneven ripening of green-house 

ripened fruit.

Similarity between the chloroplast and chromoplast 

genome was examined by comparison of Bam HI digestion patterns.

The resolved gel bands were identical.

Clones were created containing Capsicum annuum chloroplast 

DNA using a modified X  bacteriophage, X l4? vector. The Xcap 

clones were investigated using Bam HI restriction endonuclease 

digests. The enzyme digests revealed fragments in the 4-8.5kb 

region, and iBkb upwards. It was concluded that the 4-8.5kb 

fragments comprised the foreign DNA insertion. Hybridization



of chloroplast DNA with \cap clones gave looo levels of hybrid

ization, Wnich was concluded to be due to impurities in the plastid 

DNA.
Hybridization of X  cap clones to each other revealed that 

17 of the 22 clones are closely related. l6s rRNA extract 

hybridized with certain Xcap clones, although clones containing 

known chloroplast genes for LSU, ^ and oC subunits of ATPase and 

cytochrome f did not. Collation of this evidence, together with 

the Bam HI fragment patterns led to the conclusion that the X cap 
clones map in the small single copy region and part of the 

inverted repeat region.

Study of gene expression during the chloroplast-chromo- 
plast transition was studied by hybridization of RNA, isolated 
from pepper fruit ripened vitro, with Xcap clones.
Evidence showed changes in expression accompanied fruit" 

ripening.
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CHAPTER 1 

GENERAL INTRODUCTION

1.1 GENERAL
The plastid is a subcellular organelle, exclusive to the 

Plant Kingdom, which possesses a remarkable property of different- 

-iation into several totally dissimilar forms. The most widely 

studied of these is the chloroplast, due to it's importance as 

the site of photosynthesis. However, there are other plastids, 

most of which have only been described ultrastructurally, and 

their functions are unclear.

Plastids are all, to some extent interconvertible, and a 

model of interrelated pathways of plastid development has been 

proposed, (Thomson and Whatley, I980) (see Figure l). This 

covers the main types of plastid, there are other specialised 

forms. In general, all plastids in a given plant cell will be 
of the same type. The structures in the diagram labelled amoeboid 

plastid,and pregranal plastid, can be regarded as types of pro- 

-plastid.
The chloroplast is the most widely studied of the plastids, 

and shall be discussed first.

1.2 CHLOROPLASTS

1.2.1 STRUCTURE AND FUNCTION

The majority of chloroplasts in a plant are found in the 

palisade and spongy mesophyll cells of the leaves. They also 

occur in the guard cells of the epidermis, outer cells of the stem, 

and any other green tissue such as immature flowers, pods or seeds.

A typical higher plant chloroplast is lens-shaped,the long diameter 

is normally 4-6^m. It is bounded by an envelope, a double membrane
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about 30nm thick. Under the electron microscope the chloroplast 

matrix appears slightly electron-dense and somewhat granular.

Embedded in it is a complex system of membranes, the 

lamellae. These are a series of membrane-bounded sacs, which are 

flattened together, the thylakoid membranes. These systems are 

the grana, there are commonly 5-20 thylakoids per grana. It is 

now thought that the thylakoid system consists of a single, complex 

membrane -enclosed cavity, separate and distinct from the stroma, 

that constitutes the photosynthetic membrane system of the chloro- 

-plast. Chloroplasts usually contain starch grains, vdiich are 

roughly ellipsoidal, with a length up to 1.5}m. They lie in the 

stroma, usually in contact with the thylakoid system. Electron 
micrographs of thin sections of osmium-fixed chloroplasts show 

electron-dense globules, called osmiophilic globules. In a plant 

such as spinach iSpinacia oleracea) these are smalll, and present 

in large numbers, 8OO-15OO per chloroplast. Ribosomes can also 

be seen in the stroma as small granules 15-20 nm in diameter.
There are irregularly shaped areas of low electron-density in the 

stroma, which contain fibrils believed to be DNA.

Some work has been done on the distribution of DNA in the
I

chloroplast, mainly using the fluorochrome DAFI (4 -6-diamidino-
2-phenylindole), which binds specifically and quantitively to DNA. 

Dicotyledon chloroplasts,for example spinach, appear to evolve from 

DNA areas subdivided by thylakoid membranes, remaining interconn

ected, to the mature chloroplast, which contains a number of separate 

discrete nucleoids. (Possingham et al., I983). However, in Mono- 

-cotyledons, such as wheat (Triticum aestivum) DNA is located on 

the periphery of the plastid, frequently in a discrete band (Sellden 
and Leech, I98I).
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The function of the chloroplast is to capture light energy 

and use it for the conversion of carbon dioxide to carbohydrate, a 

process called photosynthesis. The reactions needing light occur 

in the thylakoid membrane system. Hydrogen is withdrawn from the 

water and passed along a series of hydrogen carriers to NADP+, so 

that NADPH is formed, and oxygen is liberated. Associated with 

this hydrogen (electron) transport there is a conversion of ADP and 

inorganic phosphate to ATP, about two ATP molecules being formed 

for every two electrons transferred, or molecule of NADP reduced. 

These changes are made possible by the light energy absorbed by the 

chloroplast pigments, organized on the membrane (Cogdell, I983). 
LIGHT REACTION

■♦l-O + NADPHH^O + NADP

2ADP 4- 2P, 2ATP
The reaction that does not require light, the dark reac- 

-tion, takes place in the stroma of the chloroplast. The NADPH 

generated by the light reaction reduced 00^ to carbohydrate,using 

energy in the form of ATP, produced in the light reaction. 

(Clayton, I98O).
C0„ + 2NADPH — ?-- ^ ( C H ^ O )  + H_0 + 2NADP+

3ATP 3ADP + 3P^

DARK REACTION

Figure 2a shows the proposed role of the plastid proteins in this 

process. (Haehnel, 1984).
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1.2.2 PROTEINS

Chloroplasts are the major protein-bearing bodies of the 

leaf (Kirk and Tilney-Bassett ,1978a). These can be separated 

into the water-soluble fraction consisting mainly of enzymes in the 

stroma, and the water insoluble fraction, pigment-bearing electron - 

transport structural proteins in the thylakoid membrane.

The major species of the thylakoid proteins is the 

protein moiety of the light-harvesting chlorophyll a/b protein.

The highest molecular weight band seems to be the protein moiety of 

Photo-system 1 chlorophyll a protein. The next large molecular 

weight band is the a. and subunits of coupling factor 1, this 

factor has ATPase activity and 3 different kinds of subunit, ot ,

/S , V , V and t (Nelson et , 1973; Strotmann and Bickel-Sandkbtter, 
1982). The electron-transport proteins found in chloroplasts 

include three cytochromes, onec-type, and two b-types. The c-type 

cytochrome is thought to consist of two 31-î̂d. chains with a haem 
residue attached to one of them (Singh and Wasserman, I971).
Both b-type cytochromes are attached firmly to the thylakoid 

membrane, and contain lipid, in the case of cytochrome b^ this 

is principally chlorophyll a. There are two ferredoxin-type 

molecules, one more tightly bound to the membrane than the other, 

the former is probably associated with the photosystem 1 fraction.

A ferredoxin-NADP reductase forms a 1:1 complex with the loosely- 

bound ferredoxin.

More than half of the weight of the thylakoid membranes is 

protein. The present theories envisage a continuous lipid bilayer 

with protein embedded in it. Figure 2b shows a membrane with the 

chloroplast proteins arranged in it.

Other thylakoid membrane proteins include polyphenol oxi-
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-dase firmly bound to the membrane. There is also superoxide dis- 

-mutase, which is present both in the stroma and the membrane, where 

it is associated with Photosystem 1 (Asada ejb al., 1973) •

The proteins of the stroma are all soluble, and easily lost 

during isolation procedures. The major protein is ribulose-bis- 

phosphate carboxylase (RuBPGase), up to 6^% of total soluble protein 

in leaf extracts consist of this enzyme (Ellis, 1979)' One reason 

put forward for its abundance being that it is a relatively ineffic- 

-ient catalyst. The commonest molecular weight quoted is ^60 kd.

In spinach RuBPCase there are two types of subunits, 55*0 and 12 kd, 

and there are 8 large and 8 small subunits per molecule. Small 

angle x-ray measurements on the enzyme from the marine green alga 
Dasyeladus indicates that in solution the enzyme exists as a-Tiollow 

sphere of diameter ll.jhm with an inner hole 2.3nm diameter. The 

molecular weight was 535 kd, which is approximately the same as 
those obtained in limited studies done on various plants (Paradies 

_et ^ . , 1977; Kawashima and Wildman, 1970). Tryptic peptide patterns 

show that the large subunit does not vary much between species, 

whereas the small subunit varies considerably (Lorimer, I982). The 

stroma contains all ensymes necessary for the dark reaction of photo- 

-synthesis, and starch production (see Table l).

The chloroplast is capable of a wide number of biosynthetic 

pathways. It is now known that they possess all the machinery for 

protein synthesis; ribosomes, tRNAs, amino-acyl-tRNA synthetases, 

initiation factors, elongation factors, mRNA, and in addition DNA 

and RNA polymerases. Furthermore, enzymes are present for convert- 

-ing orotic acid to nucleoside triphosphates.

Nitrogen is transported into chloroplasts as nitrite and 

reduced to ammonia. This is incorporated into glutamine from gluta-



Table 1 Some Enzymes present in the Chloroplast Stroma
Enzyme Present in cytoplasm or stroma

3-Phosphoglyceric acid kinase Different enzymes in both 

NADP glyceraldehyde phosphate Chloroplast, also uses NAD 

dehydrogenase

Triose phosphate isomerase Different enzymes in both

Fructose diphosphate Cytoplasm and stroma

aldolase
Fructose-l-6-diphosphatase Chloroplast stroma

Ribose-5-phosphate isomerase Chloroplast stroma and cytoplasm 

Ribulose-5-phosphate kinase Chloroplast stroma

Transketolase Preliminary evidence indicates

Sedoheptulose-l-7-diphosphatase that these are present in the 

Zylulose-5-phosphate epimerase stroma

Enzymes of C4 pathway Some present in stroma of C4 plants

Enzymes of starch metabolism Chloroplast stroma

Carbonic anhydrase Most in stroma

NADP-linked malic dehydrogenase Could be involved in oxaloacetate
malate shunt

Phosphoglycollate phosphatase Conflicting evidence

Alkaline pyrophosphatase Cytoplasm and chloroplast stroma

Biosynthetic enzymes Small proportion of total, not much
work done

M From Kirk and Tilney-Bassett (1978c)
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mate by glutamine synthase. The glutamate group is used to tran- 

-saminate the appropriate keto-acid. All other protein amino acids 

can be transaminated with the possible exception of leucine. Ghloro- 

-plasts also possess the sulphate reduction pathway to yield cysteine 

(Kirk and Tilney-Bassett,1978b).
Isolated chloroplasts can carry out the synthesis of fatty

acids from acetate (see Figure 3)* The phosphorylated sugars gen-

-erated in photosynthesis are broken down glycolytically within

chloroplasts to pyruvate^which is then converted to acetyl GoA by

chloroplast pyruvate dehydrogenase (Stumpf, 1975; Volpe and Vagelos,

1976). Chloroplasts possess the enzymes to synthesize palmitic and

oleic fatty acids, but not linolenic acid. However label was incor- 
l4-porated from C oleate into linoleate and linolenate in studies 

on leaf slices. It was proposed that oleate was transported out- 

of the chloroplast, desaturated to linolenate and then retransported 

(Tremolibres and Mazliak, 1974; Roughan and Slack, 1977). Another 

proposed pathway is that dodecanoic acid (12;3) is synthesized out 
side the chloroplast, taken up by the chloroplast and then elongated 

to linolenic acid (l8:3) (Kannangara ^  al., 1973). It is possible 

that both pathways exist but may operate at different rates. The 

chloroplast also appears to possess enzymes for introducing fatty 

acids into more complex lipids, such as glycolipids, phospholipids 

and mono-, di-, and triglycerides (Stumpf and James, 1962; Moore,I982),
All steps from ALA (S-aminolaevulinate)to chlorophyll are 

possible in the chloroplast. Since ALA synthetase is undetectable 

in plants, it is thought that oL-ketoglutaric acid is reduced and 

transaminated to ALA. The oL-ketoglutaric acid is probably made 

in the mitochondria, and transported to the plastid. ALA is a 

precursor to chlorophyll, haem and phycobilins, all synthesized in
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chloroplasts (Bogorad, I976). Chlorophyll biosynthesis has been 

reviewed recently (Gastelfranco and Beale, I983). Figure 3 shows 

all reactions that chloroplasts are capable of with respect to 

terpenoid metabolism. As can be seen, plastids can make all ter

penoid sidechains of chlorophylls and chloroplast quinones. In 

addition the formation of chloroplast quinones requires the synth- 

-esis of the quinoid ring, which also seems to be formed from CO^ 

in plastids. Chloroplasts also synthesize terpenoid secondary 

plant products such as resins and essential oils in some plants, they 

also carry out the synthesis of gibberlins and flavonoids.

Chloroplasts can make all carotenoids from CO^Csee Figure 3)
and in the case of Capsicum annuum capsanthin and capsorubin axe
the characteristic pigments. Plastids labelled /3 -carotene from

but not from ^^C mevalonate, probably due to its not penetr-

-ating the plastid. The conversion of phytoene to lycopene was

proved to occur in tomato chromoplasts, the enzymes are probably

bound to the membrane as they require detergent to remove them
(Qpreshi , 197^) (see Figure 4). The reaction has been

proved to occur through to/0 and y -carotene (Kushwaha ^  , 1970).
l4Spinach leaf chloroplasts can also incorporate label from C 

phytoene into phytofluene and lycopene (Stumpf, 1975)» They also 

perform the cyclization reactions to give the carotenes (Kushwaha 

et al., 1969), so the ability to carry out the desaturation sequence 
is not peculiar to chromoplasts, although they may have higher 

activity. Terpenoid metabolism has recently been reviewed (Goodwin, 

1979). Not much is known about the biosynthesis of xanthophylls, 

but it is commonly assumed that oxygen atoms are incorporated sub

sequently to the formation of corresponding carotenes. These 

reactions appear to occur in the plastids.



Phytoene - 2 H

cis-Phytoene

-2H

Lycopene

6-Carotene

cL -Carotene

V-Carotene

/? -Carotene

Figure 4 Biosynthesis of Carotenoids
Complied by Kirk and Tilney-Bassett (l9?8e)



1.2.3 CARBOHYDRATES

The main carbohydrate present in higher plant chloro- 

-plasts is starch, the final product of photosynthesis. This 

exists in the form of starch grains in the stroma, the starch con- 

-tent is highly variable since it depends on the rate of photo- 

-synthesis. An investigation done on leaf starch metabolism 

during the growth of pepper (Capsicum annuum) plants indicated that 

the variation in starch levels was related to amylase activity 

(Hammond and Burton, I983).
Non-starch carbohydrate is also present and the majority 

is thylakoid-associated, in the form of glycoprotein.

This form of carbohydrate corresponds to approximately 0.6% of the 

dry weight of whole chloroplasts.

1.2.4 LIPIDS

Lipids are, in terms of quantity, the second most import- 

-ant constituent, being 15% of the dry weight of chloroplasts. The 

relative amounts of the different lipids present in spinach chloro 

-plasts are shown in table 2. Most of the chloroplast lipid is 

present in thylakoid membranes, the remainder is in the chloroplast 

envelope and osmiophilic globules.

The chloropast envelope is a double membrane. The outer- 

-most membrane is a lipid bilayer that structurally resembles the 

endoplasmic reticulum and is permeable to ions or molecules up to

10,000 Daltons.

The inner membrane is relatively impermeable, and most 

transport of molecules is by translocases in this membrane. The 

structure of the thylakoid membrane has been outlined (see Figure 

2) with respect to the proteins present. There are three major



Table ? Relative Amounts of Lipids in Spinach Chloroplasts

Number of Lipid Molecules per 100 Molecules 

of Chlorophyll 

100 Chlorophyll a,b

73 Chlorophyll a

27 Chlorophyll b

Percentage by Weight 

of Total Lipids 

21.5

32.1 Carotenoid

10.2 ^ -carotene

l4.6 Lutein

5.1 Violaxanthin

2.2 Neoxanthin

33.6 Quinone and related compounds 5.7
10.0 Plastoquinone A

4.4 Plastoquinol A

0.9 Plastoquinone B

5.9 Plastoquinone C

1.2 Plastochromanol-8

12.4 oC -Tocopherol

1.5 ctC -Tocopheryquinone

1.5 Vitamin

50 Phospholipid

23 Phosphatidyl glycerol

18 Phosphatidyl choline

6 Phosphatidyl inositol

3 Phosphatidyl ethanolamine

9.2

« Compiled by Kirk and Tilney-Bassett (l978d)



Number of Lipid Molecules per 100 Molecules Table 2 continued.

of Chlorophyll 

246 Glycolipid

150 Monogalactosyl diglyceride 

63 Digalactosyl diglyceride

10 Trigalctosyl diglyceride

21 Sulpholipid

2 cK -Spinasterol

3 Prends probably about 90%

Prenols -11 and -12

4 Alkanes Ĉ .̂  to C^^

a Compiled by Kirk and Tilney-Bassett (I9?8d)
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classes of lipids, in the proportion 10:2:1 respectively,of gala- 

-ctosyl-glycerides and digalactosyl-glycerides, a mixture of 

phosphoglycerides and a sulfolipid,(sulfoquinovosyl diglyceride).

1.2.5 PIGMENTS

Pigments of leaves are predominately chlorophyll. Angio- 

-sperms contain solely chlorophylls a and b. The chlorophyll 

content of spinach chloroplasts is about 4.5^ by dry weight.

All chlorophyll probably exists as chlorophyll-protein complexes 

(l and ll), the interaction is not covalent, and the ratio of pro- 

-tein to chlorophyll is approximately 6:3. A recent review-has 

been published on the photosynthetic reaction centres (Cogdell,1983).
The major carotenoids normally found in higher plant chloro- 

-plasts are -carotene, lutein, violaxanthin and neoxanthin.

Relative amounts of xanthophylls to carotenoids is 2:1. In photo- 

-synthetically active plastids carotenoids absorb light not absorbed 

by chlorophylls and act as accessory pigments in the light reaction 

of photosynthesis. In addition,they appear to protect the cell 

from photosensitization, and have been implicated in phototrophism 

(Goodwin and Mercer, 1972a).

1.3 PLA3TID DMA

1.3.1 GENERAL

Most of plastid DNA research has been carried out 

on DNA extracted from leaf plastids, that is, chloro

plasts. Researchers have assumed that the DNA from all types 

of plastids is identical, in a given species of plant. The 

evidence for this is limited. Circular DNA, the same length as 

chloroplast DNA, was isolated from Narcissus chromoplasts (Falk
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et al., 1974) and generated the same restriction digest pattern 
(Thomson, I980). In the C4 plant Panicum maximum both mesophyll 

and bundle sheath cells contained the same plastid DNA (Walbot, 1977)' 

Renaturation studies indicated that root E8̂A was the same as chloro- 
-plast DNA in spinach (Scott and Possingham, I982) and beet (Tymms 
et al., 1983). Potato plastid DNA was found to be the same in 

leaves and tubers (Scott et , 1984). The DNA isolated from 

chromoplasts of Narcissus flowers resembled the chloroplast DNA.

Both had the same density on caesium chloride gradients and the same 

degree and rate of dénaturation (Herrmann, 1972).

Studies on the DNA regions found in various plastids 

indicated that all DNA regions, independent of their size, possess 

at least one complete plastome (Kowallick and Herrmann, 1974). Each 

DNA region can be regarded as polyploid. The mature chloroplast 

contains approximately 2-300 plastomes per plastid in pea and 
spinach (Lamppa and Bendick, 1979; Scott and Possingham, I98O; Boffrey 
and Leech, I981).

Studies on chloroplast ENA using reassociation kinetics 

indicate»chloroplast DNA contains one major component vdiich has a
o

complexity of about 1 x 10 Daltons (Bedbrook and Kolodner,1979)•

The first indication that the DNA is circular was electron micro

graph evidence. The chloroplast molecules appeared to have a 

homogenous contour length which differed from species to species.

In Pisum sativum as much as 90% of the total chloroplast DNA mole- 

-cules were demonstrated to be circular. There was a suggestion 

that the presence of linear molecules vas merely due to isolation 

procedure (Bedbrook and Kolodner, 1979).

Alkali-labile sites were detected in chloroplast DNA 

which were proved to be RNA. Pea and spinach chloroplast DNA each
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contained l8 - 2 nucleotides and Lactuca sativa DNA 12 - 2 ribo- 

-nucleotides. Mapping of pea DNA indicated they are at 19 unique 

sites. In animal mitochondrial DNA, at least one of the ribo-

-nucleotides present was near the origin of mitochondrial DNA

replication. This may be an explanation for its function. (Lam- 

-ppa and Bendich, 1979)-
The average size of a higher plant chloroplast 

genome is between 135 and 150 kb. In most cases studied 

an inverted repeat, in the range of 20 - 25 kb, separ

ates a small and large single copy region. However, the 

circular genomes of broad bean and pea are about 12 0 kb, 

this large size difference is mainly due to the absence of

a repeated segment, only reported so far in the chloroplast

genomes of legume plants of the tribe Viciceae (palmer and 

Thompson, 1982; Palmer et al., 1983).

1.3.2 PLASTID RNA GENES

The ribosomal RNA genes of chloroplasts are arranged in the 

order l6s rDNA-spacer-23s rDNA-5s rDNA. In flowering plants there 

is 4.5s rDNA in addition, either in between 23s and 5s or next to 
5s rDNA ( Whitfel d' ejb ^ . , 1978). The rDNA genes are located in 
the inverted repeat region. The function of the inverted orient- 

-ation is not understood, but it has been proposed that it would 

improve the stability of the repeated sequence as well as help 

maintain the similarity of the two copies of the inverted repeat 

by promoting continual recombination and heteroduplex repair 

events between the two copies (Lamppa and Bendich, I979). This 

opinion was in part comfirmed by Palmer and Thompson who found that 

chloroplast DNA rearrangements were even more frequent when the 

inverted repeat sequence was lost (Palmer and Thompson, 1982).
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An investigation into seven different species of Nicotiana 

found that most observed changes were confined to one area of the 

large single copy region. This was designated a "hot spot'and a 

theory proposed that the inverted repeats represent a vestige of 

what were once two identical, complete chloroplast genomes joined 

together in a head to head and tail to tail fashion, and deletions 

generated the current chloroplast genome organization (Tassopulu 

and Kung, 1984).

The l6s rDNA and 23s rDNA gene has been sequenced in 
tobacco (Takaiwa and Suguira, 1982; Tohdoh and Suguira, I982).
The 23s rDNA and 4.5s rDNA genes of maize have been sequenced.
The 3* terminal region of l6s rDNA of maize has also been seque

nced and had 72% homology with the same region of l6s rIMA gene of

E.coli (Schwarz and Kôssel, 1979)-

In tobacco two tRNA^^^ genes have been sequenced and are 

located about O.pkb apart from the distal end of each 5s rDNA.

The genes are coded for by the DNA strand opposite to that of

the rRNA genes (Kato ^  , I981).
The spacer in between l6s and 23s rRNA genes of spinach

liewas investigated and a tRNA^ gene was located in this region 

(Driesel ^  , 1979). The isoleucine tRNA gene was sequenced

(Guillemaut and Weil, I982) and shown to be identical to that of 
maize. The entire spacer region was sequenced in maize (Koch 

et ^ . , 1981) revealing two split tRNA genes. These code for 

tRNA^^® (aUc) and tRNA^^ (GG^). The split sequences are of 949 

and 806 bp, homology between the introns was considerable and a 
common origin was inferred.

The 16s rRNA gene leader region was sequenced in spinach 
(Mache et al.,1982),tobacco (Takaiwa and Suguira, 1982; Tohdoh and
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Suguira, I98?), and maize (Schwarz et , I98I). The tRNA^^^

gene located there is 72 bp long. Both the tobacco and maize

sequence contains a promotor sequence recognised by E. coli poly-

-merase (in tobacco), and the maize gene is very similar to the
Val35 region of E^ coli r m  (Schwarz _et ^ . , I981). The tRNA gene

does not contain an intron, the spinach gene was located 69I bp up-
Valstream of the l6s rRNA gene, and the maize tRNA gene is 303 hp 

proximal to the 5' end of l6s rRNA gene coded on the same strand.

Four cloned fragments have been sequenced of the junction 

between the repeat and single copy regions. The end sequence 

AGGAG in the repeat is complementary to tiie 3' terminal sequence 

of tobacco 16s rDNA (Sugita et al.,1984).

Genes for tRNA^^^, tRNA^^^^, and tRNA^^^^ in spinach were 

mapped in the repeat region outside the ribosomal RNA unit (Driesel 

et ^ . 1979). Fifteen genes correspond to tRNA genes for 12 amino 

acids in the larger of the single copy regions. This proposed map 

was changed slightly in a later paper from the same group, a few 

tRNA genes having better defined positions (Driesel _et ^  1980a). 

There is evidence for a complete set of tRNA genes being present in 

pea (Meeker and Tewari, I980). On the common bean plastome (Phas- 

eolus vulgaris) 27 tRNA gene species specific for I6 amino acids 

have been identified and localized (Mubumbila ejt ^ . , I983). Maize 

chloroplast DNA contains sequences complementary to maize tRNA corr

esponding to 20-26 tRNA genes , they coded for at least I6 amino 

acids (Koller and Delius, I980).
There is no CCA sequence at the 3* end of any chloroplast 

tRNA genes, presumably this is added post-transcriptionally. Other

tRNA genes have been localized in the single copy region (see Figure 

5). An interesting one is tRNA^^^, sequenced in maize (Steinmetz



Figure 5 Positions of known RNA genes on Higher Plant 

chloroplast genomes. Summary of evidence covered in 

Section 1.3.2.
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et al., 1982) and common beam (Well et al.t I980), it has an intron 
of 4_$8 bp vrtiich is completely unrelated to tRNA^^ and tRNA^^® 
introns in the 23s-l6s spacer (Bonnard et , 1984). In tobacco 

tRNA^^^ overlaps by 3-9 nucleotides with the 32 kd gene tram scribed 
on the complementary DNA strand. (Bogorad et al., 19^0; Bogorad 

et al., 1981 {Sugita et , 1984) .

1.3.3 plastid protein genes
The large subunit of RuBPGase was transcribed from spinach 

chloroplast I^A and RNA using a cell-free E^ coli system. The 

protein was identified using proteolytic digests (Bottomley and 

Whitfeld, 1979). The structure of the gene was l425 coding bp 
long, a 5- 'base Shine -Dalgamo sequence was found complementary to 

the sequence near to the 3* end of chloroplast and bacterial l6s 

rDNA. There was also a promotor region of prokaryotic type (Zura- 

-wski jab al., I98I ). The LS RuBPGase gene for maize has been loc- 

-ated and sequenced (McIntosh et al.,1979; McIntosh et al.,I98O).
It did not have a typical prokaryotic promoter sequence or the pro- 

-posed eukaryotic one, but it did have a typical prokaryotic ribo- 

-some binding site, complementary to one on l6s DNA close to the 

site at which translation is initiated. The gene has also been 

mapped onto the tobacco genome (Seyer et ^ . , I981) using radio- 
-active probes. The gene was located near the /S and £ ATP synthase 

subunit genes and transcribed on the opposite strand together with 

tRNA^®^ elongator gene. The elongator gene did not contain an 

intron (Deno ^  , I982). The wheat gene was in the same pos-

-ition (Howe et , 1982a). The pea chloroplast LS gene was in 

the same position respective to the /5 and £ ATP synthase subunits 

on other higher plant genomes, despite the lack of inverted repeat
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(Huttly and Gray, 1984). The mRNA of the gene in pea, showed that 

the direction of transcription was the same as that of the rDNA 

(Oishi and Tewari, 1983).
An insoluble 32,000 polypeptide is the second major product 

of jm vitro chloroplast protein synthesis (Driesel et , 1980b).

It does not accumulate in the same way as RuBPGase, and appears to 

be a minor hydrophobic component of the thylakoids (Ellis, 1981a) 

that turns over rapidly. Ellis (l98la) suggested it may have a 

scavenging function in photosynthesis, reduced in preference to 

other compounds to protect them, or may have protease activity.

Recent work has revealed that the protein is associated with herb- 

-icide susceptibility (Amtzen _et , I98I). The herbicide is 

covalently bonded to a 32-3^ kD protein with susceptible but not 

resistant membranes. This triazine receptor protein was identified 

as a chloroplaèt gene in pea (Steinbeck ^  , I981). Another

team concluded that the polypeptide was a proteinaceous shield reg

ulating photosynthetic electron transport, and thylakoids depleted 

of it are deficient in electron transport on the reducing side 

(Mattoo et ^ . , I981). This protein was associated with Photo

system 11.
However, the triazine-resistant biotypes were not lacking 

in the 32 kD protein as originally thought. The protein was present 

in these mutants (Mattoo et al.,1982).

The gene is transcribed to a primary translation product 

of 38,950 (Bottomley £t ^ . , I982) in both spinach and tobacco.
It was located immediately adjacent to one of the inverted repeats 

in the large single copy region. There was a complete absence of

lysine residues and it was rich in hydrophobic amino acids.

Whereas in most cases the LS RuBPGase and 32kD protein gene
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are at least 50 kb apart, in the case of soybean they are only a 

few kb apart (Spielmann et al., 1983) as also found in mung bean 

(Vigna radiata) and pea (Palmer and Thompson, I982). The 32 kD 

protein gene was as heavily transcribed as the LS gene, which may 

be a result of the large spatial gene rearrangement (Mattoo e_t 
1981). The soybean gene has been sequenced, and the structural 

part showed 92^ homology with the corresponding genes of spinach 

and Nicotiana debneyi (Spielmann and Stutz, I983).

Two 32 kD proteins have been isolated from chloroplast 

thylakoids. One is the rapidly turned-over protein embedded in 

the thylakoids, which is associated with herbicide binding. The 

other is loosely associated with the thylakoids, may be invol- 

-ved in water splitting, and is slowly turned over (Wolter et al.,

1984).

The chloroplast ATP synthase is built from two blocks, CFq 

is integral to the thylakoid membrane, and serves as a protein chan- 

-nel, while GF^, attached to GF^, is catalytically active (see 

Figure 2). The latest research indicates that CF^ is located

near the middle of the membrane and incorporates proton binding 

groups in units of six, which act cooperatively (Junge et a_l. , 1984) 

GF^ is composed of subunits o4 , , V , 9̂ and L and GF^ of subunits

1, 11, and 111. Subunits cL , / i , 6 and 111 are definitely 

coded from the chloroplast genome in the few plants examined so far 

(Gray ejt al., I983) • A recent paper has suggested that subunits 

1 and 11 are proteolytically altered light-harvesting proteins based 

on antibody studies. (Suss and Manteuffel, (I983).

The position for the ,yg , and L ATPase subunits have 

been determined for spinach (Zurawski ^  , 1982; Westhoff et al.,

1981), as have the nucleotide sequences for the f i and & genes



- 17 -

from spinach and maize respectively (Krebbers ejb al., I982). The 

localization and nucleotide sequence of the gene for synthase prot- 

-eolipid subunit has been reported (ill) (Alt e_t , 1983a; V/est- 

hoff and Zetsche, I981). The nucleotide sequence of this gene was 

interrupted, and shows little homology with the proteolipid subunit 

of E. coli. It was close to the oL subunit on the genome and 

transcribed in the same direction.

The tobacco genes for /3 and 6 subunits have been sequen-

-ced (Deno et ^ . , I982). The genes occur on the same area of the

genome as the gene for LS of RuBPGase. The ATPase subunit genes
Valwere transcribed on the opposite strand, together with a tRNA 

gene, which contained an intron of 571 bp. Further investigation 

of the 2 subunits found that the 3' end of the/? coding region over

laps by one nucleotide with the 5' end of the 6 coding region 

(Shinozaki et ^ . , I983). In addition, the genes for the U  

subunit and proton-translocating subunit have been located on the 

tobacco chloroplast genome (Lin and Kung, 1984). They were in the 

same position as the spinach genes, and sequencing revealed a 1521 

bp coding region with an amino acid composition similar to spinach 

(Deno et , 1983a) .

The wheat subunit 111 gene had an identical location to the 

spinach gene, the deduced amino acid sequence was also 

identical with 18 nucleotide changes, all being silent mutations. 

The wheat oc-subunit gene was located nearby(Howe et al.,1982b). 

The 6 and /5 subunits for wheat were found in the same place as tob

acco (Howe et ^ . , 1982a) near the RuBPGase LS gene.

The arrangement of the ATPase subunit genes in two clusters 

in pea was similar to that found in other plant species, although 

pea chloroplast DNA has no large inverted repeat sequence (Huttly
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and Gray, 1984). Subunit 111 of ATPase gene does not have a typ

ical prokaryotic promotor sequence in those genes studied.

Photosystem 1 (PSl) is the protein complex of the chloro

plast thylakoid membrane responsible for the reduction of NADP^ 

during photosynthesis. It is also essential for cyclic photo

phosphorylation which is thought to provide additional ATP for bio

synthetic reactions. The major component of PSl is the P700 

reaction-centre chlorophyll a protein (CPl), whose apoprotein has 

a molecular weight 60,000-70,000. The gene was located between the 

genes for the oL subunit of ATP synthase and cytochrome f in pea 

(Smith and Gray, 1984).

Chloroplasts contain a thylakoid-bound cytochrome complex, 

which operates a plasto-quinol-plastocyanin oxidoreductase and 

thus forms an electron transfer chain between photosystems 1 and

11. The complex from spinach contains cytochrome f, cytochrome 

b-5&3, the Rieske high potential iron-sulphur centre and the 17.5 kD 
polypeptide without an identified redox function (Hurt and Hauska, 

1981). Pea contains a 15.2 kD polypeptide which is probably 

homologous to the 17.5 kD polypeptide, the polypeptide of the tob

acco cytochrome complex is also 15.2 kD. The tobacco polypeptide 

was located in the large single copy region between the LS gene and 

the left margin of the inverted repeat (Lin and Kung, 1984). The pea ' 

15.2kD polypeptide(Phillips and Gray,1984a) gene was located in between 
the 32 kD and subunit 111 genes. The gene codes for a hydrophobic 

protein of 139 amino acid residues (M^ 15,266). A sequence of 

50 amino acid residues in the middle of the gene shows homology with 
a sequence near C-terminus of mitochondrial cytochrome b.

The cytochrome f gene has been located in the chloroplast 

DNA of spinach, pea, wheat and tobacco (Alt _et ^ . , 1983b; Willey
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et , 1983; Willey ^  , 1984a; Lin and Kung, 1984). The

nucleotide sequence of the pea gene has been determined (Willey 

et al., 1984b), the pea and wheat gene indicate the mature protein 

is composed of 285 amino acids and has a molecular weight of 31,800 
including a haem prosthetic group. It appears to be synthesized as 

a higher molecular weight precursor due to an additional sequence on 

the N-terminus.

The core particle of the water-oxidising Photosystem 11 

(PSll)reaction centre was prepared from spinach thylakoid membranes, 

The protein-pigment complex consists of at least four polypeptide 

species. Two components of molecular weight 51 and 44 kD are con

jugated with chlorophyll o4 and /3 -carotene, the herbicide binding 

protein of molecular weight 32 kD and cytochrome b559 ( H  kD).
The genes occur in the large single copy region. The gene for 

the 51 kD protein (it probably bears the reaction centre chloiv

ophyll a) was located close to the cytochrome b^ gene (Alt et , 

1983b) and 70 kbp away from the gene for the 32 kD protein. The 

gene for the 44 kD protein was halfway in between these two genes 

next to the gene for the P700 chlorophyll oL apoprotein of PSl.

Both PSll genes were transcribed into discrete RNA species in the 

same direction from the opposite strand as the gene for the 32 kD 
protein.

The putative gene of tobacco chloroplast DNA coding for a 

ribosomal protein similar to E. coli ribosomal protein S 19 has been 

found (Sugita and Suguira, I983). The gene was found in the large 

single copy region and was 276 bp long. The amino acid sequence 

had 55^ homology with the E. coli protein. It was coded for on 

the same DNA strand as LSU and was located very close to the left 

margin of the inverted repeat. This gene has been pinpointed 4 bp
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away from the repeat margin in the large single copy region (Sugita 

et 1984).

Maize chloroplast DNA encodes a protein sequence homologous 

to the bacterial ribosome assembly protein S4, there is a 40-50% 

homology. A sequence of 1100 bp ecodes a basic protein of 201 

amino acids. The gene is located in the large single copy region 

in between tRNA^^®^ and tRNA^'^^’̂ being transcribed on the same strand 

as tRNA2'̂ ^̂  (Subramanian at , I983).
A fragment of Nicotiana tabacum DNA has been sequenced, 

revealing ars (autonomously replicating sequences) activity in 

SacchATomyces cerevisiae. The fragment was located in the small 

single copy region proximal to the 23s rRNA gene. The sequen-

-ces responsible were narrowed dovm to about 338 bp (Ohtani ejb ad 

1984). The protein mapping evidence is summarized in Figure 6.

Considerable work has been done on the Euglena gracilis 

chloroplast genome. However, it is not typical of higher plant 

chloroplast genome studied so far. For example,|there are three 

repeated rRNA gene sets (El-Gewely ^  , I981) and the t'RÎ A genes
occur in clusters (Bedbrook and Kolodner, 1979). Recently the gene 

for 32 kD protein has been sequenced, and found to be interrupted by 

four introns (Karabin ^  , 1984)

1.3.4 HÜMULOGIES WITH OTHER DNA

Recent work has shown that actual homologies exist between 

chloroplast DNA, and nuclear and mitochondrial DNA.

The original observation was that corn mitochondrial DNA 

contains a 12 kb segment of corn chloroplast DNA, part of the inver- 

-ted repeat (Stern and Londsdale, I982), The high degree of conserv- 

-'ation indicates that it could be transcribed. The
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Figure 6 Positions of known protein genes on Higher Plant 

plastid genomes. Summary of evidence covered in Section

1.3.3 for plastomes containing an inverted repeat.



- 21 -

Ilesequence contains l6s rRNA geneand coding sequences of tRNA and
ValtRNA . This particular region of DNA is altered in mitochondrial 

mutants, implying the intact sequence is neededfor normal growth.

Hybridization techniques revealed numerous sequence homo

logies between cloned mung bean and spinach chloroplast DNA restric

tion fragments and mitochondrial DNAs from com, mung bean, spinach 

and pea ( Stern and Palmer, 1984). The strongest cross-homologies 

were between clones derived from the chloroplast DNA inverted repeat 

and mitochondrial DNA from c o m  and pea. Known chloroplast genes 

showing strong mitochondrial DNA homologies include those for RuBPGase 

LS gene which hybridizes to c o m  mitochondrial DNA, and the subunit 

of chloroplast ATPase which hybridizes to mung bean mitochondrial DNA. 
Several of these homologies were shown to be much more closely rela- 

-ted from the same species, vtiich seems to indicate recent DNA 

sequence transfer events.
Studies in spinach (Scott and Timms, 1984) showed every 

cloned fragment of plastid DNA showed homologies to discrete restri- 

-ction fragments of rDNA.

Sequence homologies were also found in the cloned plastid 

gene for RuBPGase and the /S subunit of plastid ATPase. Many of 

the homologies occur in the regions of the genome that were highly 

methylated. The homologies generally appeared to be in individual 

segments of less than 2 kbp in length.

The elucidation of sequences for chloroplast genes have 

revealed in some cases prokaryotic-type initiation and termination 

signals, as opposed to eukaryotic. It has recently been discov- 

-ered that chloroplast sequences of tobacco and Ghlamydomonas DNA 

coding for RuBPGase LS were directly expressed, in ^  coli and 

Bacillus subtilis (Zhu et , 1984).
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1.4. NUCLEAR GENES ENCODING PLASTID PROTEINS

There are many plastid proteins coded for hy the nucleus,but 

only a few have been studied to date owing to practical difficulties.

In the case of RuBPGase enzyme, it was known to be composed of 

two types of subunit. The smaller was inherited biparentally in the 

genus Nicotiana, that is, coded for within the nuclear DNA (Kawashima 

and Wildman, 1972.). Three cDNA clones were found encoding different 

mRNAs for the precurser to the small subunit of wheat RuBPGase (Smith 

et ^ . , 1983). The subunit does appear to be coded for by a multigene 
family (Broglie _et ,1983), this is also the case for pea (Goruzzi
et al.,1983),petunia (Dunsmuir et ,1983)» and soybean (Berry-Lowe 
et al.,1982). Only one gene is expressed in soybean,two different ones 
in pea,and at least four in petunia. The SSU of Nicotiana sylvestris 

coding region was 72^ homologous with that of pea (Pinck et al.,1983).
Significant differences in the small unit polypeptides were 

observed when different cultivars of >dieat and pea were compared. How- 

-ever, comparison with other published data reveals several regions 

which are completely conserved (Broglie ^  al.,1983)« The LSU gene is 
much more highly conserved between species (Dunsmuir et al.,1983a).
The nucleotide sequence of the SSU from Lemma gibba has also been rep- 

-orted (Stiekema at ,1983) which shows a similar lack of homology
with other reported sequences.

Due to the phenomenon of a constant RuBPGase enzyme level to 

nuclear DNA ratio it was possible to locate the nuclear control of 

RuBPGase levels by direct measurement using aneulpoids. A Triticum 

aestivum cv.Ghinese Spring monosomie set was used. In this way the 

homeologous chromosome group 4 was identified as the site of major con- 
-trol of RuBPGase in the levels of bread wheat (Jellings et al.,1983)« 

The pea SSU gene contains two introns, the first intron (79bp) 

was situated in between the second and third amino acid, and the second
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intron(86bp) in between the 47th and 48th amino acid of the mature poly

peptide (Goruzzi ^  , 1984).

The light-harvesting chlorophyll a/b protein complex is a 

major component of thylakoid membranes in chloroplasts of higher plants. 

In the photosynthetic process this complex acts as a receptor for light, 

and the resultant exitation energy transferred to photosystems 1 and 11 

(Butler,1978). All the constituent polypeptides are encoded by the 

nuclear DNA. The nuclear genes encoding the a/b polypeptides are present 

in pea as a small multigene family (Goruzzi et ,1983; Timko and Gash- 

-more,1983). The a/b binding protein of petunia is a multigene family, 

from which five distinct cDNA clones were derived. The nucleotide sequ- 

-ences of polypeptide coding regions were similar between clones but the 

3' untranslated regions were divergent. Hybridizations indicate at' 

least sixteen genes for the protein. The genes can be classified into 

at least five small multigene families. Two families contain only two 

genes each. In one case one gene is in inverted orientation with res- 

-pect to the other, and in the other case the two genes are in tandem 

array (Dunsmuir et ^ . , 1983b). A nuclear gene encoding the polypeptide 

has been isolated and sequenced in pea (Gashmore,1984). The NH^ term

inal of the mature a/b polypeptide has been implicated in the regula- 

-tion of grana stacking (Burke at al.,1979) and the threonine residues 

in this peptide are the site of light-induced reversible phosphorylation 

(Bennet et ,1980; Mullet, I983). The clones isolated code for the 
major a/b polypeptide but not the minor one. Two different major poly- 

-peptides have been coded (Goruzzi et al.,1983; Gashmore,1984), which 

seems to suggest that the major chlorophyll a/b binding polypeptides are 

in fact a mixture of closely related but distinct polypeptides. The 

transit sequence is significantly shorter than those characterized for 

the SSU gene. There was no extensive homology between these two types 

of transit sequence.
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1.5 PLASTID PROTEINS

A recent review has been published on chloroplast proteins 

(Ellis, 1981a). The methods used to establish which proteins axe  

coded for by the nuclear genome, and which by the chloroplast, axe  

covered. In summary, one of the main techniques involves the use 

of isolated chloroplasts. This is based on the simple fact that 

only intact chloroplasts can generate ATP from light in the absence 

of added cofactors. Therefore very crude chloroplast preparations 

can be used without fear of conflicting results from damaged organ- 

-elles. Those chloroplasts axe incubated with radioactively-labelled 

amino acids, and the products isolated. Other ^  vitro systems 

include chloroplast mRNA and DNA with cell-free trascription-trans- 

-lation systems from E. coli, wheat and reticulocytes.

nearly work used inhibitors extensively on the basis that 

some, for example, chloramphenecol, specifically inhibited organ- 

-elle protein synthesis and others, such as cycloheximide, inhibited 

eukaryotic. However, there are many side effects when using anti

biotics that it is not surprising that many of the results obtained 

were conflicting. However, certain indications axe confirmed by 

in vitro work (Ellis, 1981b).
Another in vivo system involved the use of heat-treated 

plants. Growing Secule cereale at 32°G in the light produces 

chlorotic leaves containing plastids deficient in plastid ribo- 

-somes. The plastid DNA seems to be normal (Feierabend and 

Schrader-Reichardt, 1976). The results from these heat-treated 

leaves confirm the picture gained from the inhibitor and in 
vitro approaches.

The last major source of evidence was mutant studies.

However, some mutants presumed to have altered chloroplast DNA,
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because of altered chloroplast ribosomes, called plastome mutants, 

may merely have an abnormality in the nuclear genome, affecting 

chloroplast ribosome formation (Walbot and Coe, 1979)»

The protein RuBPGase, and the 32,000 Dalton protein have 

been studied in detail, since these are the major products of pro- 

-tein synthesis in the plastid. Mapping evidence for the case of 

RuBPGase gene has already been presented. Investigations on the 

protein's production in developing wheat leaves (Brady and Scott, 

1977)f led to the conclusion that chloroplast polyribosomes are 
active in the turnover of the LSU during the growth phase, but are 

proportionally more active in making other proteins in older leaves. 

This was confirmed by a later report (Ellis, 1979), showing that 

RuBPGase is neither synthesized nor turned over in mature leaves.

Function of the 32 kD protein has already been discussed.

A report on maize chloroplasts showed that although the oC and ^ 

subunits of GF, and 32 kD proteins were produced, they were in a 

precurser form that the isolated chloroplasts did not process 

(Grebanier et al., 197#). Three components of cytochrome g-f 

complex, cytochrome f, cytochrome b-563 and 15.2 kD polypeptide 
were labelled by isolated pea chloroplasts. Gytochrome b-565, 
but not the other proteins, needed ATP for assembly (Phillips and 

Gray, 1984). Several minor products have been characterized, 

the major problem being that they are a very small proportion of 

the total protein production.

Studies on ribosomal proteins of chloroplasts have also 

been carried out. Analysis revealed that 30s ribosomes contain 

24 proteins, 50s ribosomes 32 proteins, and 70s an additional 7 
proteins (Mache _et , I98O; Eneas-Filo et al., I981). Using 

the light-driven system of protein synthesis, it was concluded
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that at least 6 ribosomal proteins of 30s and 5 of 50s subunits are 
made in chloroplasts. An additional 3 protein of 30s and 1 of 50s 

subunits may also be made in chloroplasts.
There are three multi-subunit complexes known to assemble 

in the chloroplast. Two occur in the thylakoids, and one in the 

stroma, and have been briefly discussed earlier. They are the 

light-harvesting a/b protein complex, chloroplast ATP-synthase 

complex, and RuBPGase. The polypeptides of the light-harvesting 

complex are highly hydrophobic. The precurser molecules are sol- 

-uble and it is not known whether processing precedes, or occurs 

after assembly. The remaining two complexes contain polypeptides 

from the cytoplasm and the chloroplast as opposed to solely the 

cytoplasm.

The ATP synthase complex of spinach chloroplasts contains 

at least eight non-identical subunits. Five form the extrinsic 
coupling factor complex (GF^), while the remainder is embedded in 

the thylakoid membrane. Isolated chloroplasts synthesize three, 

possibly four,of the extrinsic polypeptides as well as two of the 

membrane subunits.

A well-known nuclear-coded polypeptide is the small sub- 

-unit for RuBPGase. This is synthesized as a precurser of higher 

molecular weight. The precurser is taken up into intact isolated 

chloroplasts and cleaved (the enzyme is probably coded for by the 

nucleus) to its final size. This work was done on Pisum sativum 

(Highfield and Ellis, I978). This protease has recently been 

partially purified (Robinson and Ellis, 1984a). The SSU precurser 

of pea was processed to the mature size of 14,000 from M.̂  20,000 
in two steps via an intermediate of 18,000 (Robinson and Ellis, 

1984b).
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Work by Ellis (Ellis, 1981a) revealed an abundant stromal 

protein which binds to newly synthesized large subunits of RuBPGase.

It is probably a nuclear gene product, as it is not synthesized by 

isolated chloroplasts. It was sugested to be an intermediate in 

the assembly of RuBPGase.

Studies of post-translational uptake of proteins by isolated 

pea chloroplasts (Mullet et , I982) were able to demonstrate the 
transport of plastocyanin, ferredoxin NADD oxidoreductase, and 

fructose-1-6-biphosphatase. All these proteins were processed

inside the chloroplast to the size of their mature counterparts.

Another protein found to be coded by the nuclear gene was 

the phosphate translocator in spinach (Flugge, I982). This protein 

is situated on the inner membrane of the envelope, and facilitates 

export of carbon as triophosphate and 3-phosphate glycerate in 

exchange with phosphate from the chloroplast stroma into the 

cytoplasm.

The control of plastid genes has only beeni 

investigated recently.

Jolly and her colleagues (Jolly and Bogorad, I98O; Jolly 
e t , 1981) showed that there is a differential transcription 

in vivo and vitro of the two adjacent chloroplast genomes. The 

maize plastid UNA-dependent RNA polymerase preferentially transcribes 

RuBPGase gene 3:1 compared to the 2.2 kb gene beside it.

A study on RuBPGase synthesis in barley leaves concluded that 

the amounts and rates of synthesis are coupled, the subunits are 

always present in a.n equimolar ratio. The amount of RuBPGase 

shows a strong quantitative dosage effect in 'wheat;the ratio of 

accumulated RuBPGase to nuclear UNA amount per cell is the same in
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seedling leaves of diploid, tetraploid and hexaploid wheats (Dean 

and Leech, I982). The RuBPGase concentration was 60^ higher in 

hexaploid compared to diploid species. The results suggest increa- 

-sed nuclear DNA content leads to greater synthesis of the SSU 

which in turn leads to increased levels of RuBPGase in mesophyll 

cells. Therefore it is possible that the plastid genome has the 

capacity to respond to an increase in the synthesis of the SSU with 

an increase in the synthesis of the large subunit of RuBPGase.

Work on Ghlamydomonas reinhardtii chloroplast ribosome 

deficient mutant seems to indicate translational or post transla

tional regulation (Mishkind and Schmidt, I983). Several mRNA-con- 

-taining chloroplast subfractions were prepared and incubated with 

homologous and heterologous translation systems. The fractions 
gave rise to strikingly different product patterns. The most 

prominent difference concerned the iui vivo 32 kD polypeptide.

Neither this membrane protein nor its 34,000 D precurser was formed 

when membrane-containing or free polysomes were translated, while 

the 34,000 D precurser was the main product of the RNA isolated from 
the same membranes. The results point to a regulatory role of thy

lakoid membranes in the expression of chloroplast mRNA and argue 

against compartmentation of the chloroplast mRNAs between the soluble 
and membrane fractions (Leu et ad^, 1984).

A theory has been proposed that transcription of higher 

plant chloroplast ribosomal opérons are regulated by premature 

termination. Three stem loop structures (HI, H2, H3) can be 

formed in the leader transcript of the chloroplast rDNA of spinach, 

tobacco and maize. H2 and H3 partially overlap, and cannot exist 

simultaneously. These potential hairpins led to the postulate 

of premature termination. The proposed mechanism could be con-
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trolled by the presence or absence of a ribosome translating a 

hypothetical leader peptide encoded in the rDNA leader sequence 

(Briat et , 198]).
Light stimulates the accumulation of RuBPGase although it 

is not an essential requirement. For example, the pea RuBPGase 

mRNA is modulated jO fold by light (Broglie _et , 1984). Light 

induction of the enzyme is mediated by phytochrome and controlled 

by the two mRNA levels of LSU and SSU(Sasaki et ^ . , I983). The 

SSU protein and mRNA levels increase under continuous white light 

with a 24 hour lag. The protein appears to be under simple phyto- 

-chrome control at the level of the steady-state concentration of its 

mRNA. The LSU also appears to be regulated through the steady-state 

concentration of its mRNA but the mRNA is not under simple phyto

chrome control.

Light is an obligatory requirement for the accumulation 

of the 32 kD protein (Bedbrook et ^ . , 1978; Lamppa and Bendich, 

1979). The amount of protein produced is mirrored by the amount of 

mRNA present. Studies on mustard using red and far-red light 

revealed that the 35,000 D protein mRNA (presumably the precurser) 

is controlled by phytochrome (Link, I98I; Link, I982). The concl- 

-usion drawn from these preliminary studies indicates that control 

is mediated at the level of transcription.

The chlorophyll a/b binding protein complex only accumulates 

under continuous light conditions, although under intermittent light 

conditions the mRNA for the polypeptides can be detected (Lamppa and 

Bendich, 1979), the protein cannot. This observation was confirmed 
by recent work (Vivo and Kloppstech, I982). The same paper reported 

that under these intermittent light conditions, protochorophyll red

uctase disappears from the membranes although the 32,000 protein
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becomes integrated into the membranes.

Ellis suggested that the appearance of mRNAs for the chioro- 

-phyll a/b binding protein complex is not strictly dependent on 

light, although stimulated by it (Ellis, 198la). Therefore he 

proposed that the complex was subject to rapid turnover in thylakoid 

membranes when the plants are exposed to darkness. The role of 

light provides chlorophylls a and b to stabilize the apoprotein of 

the complex.

Studies on the light-dependent control of chloroplast 

development in barley showed that the appearance of the chlorophyll 

a/b protein is controlled by the cooperation of protochlorophyllide 

and phytochrome (Apel ^  , I983). In dark-grown barley plants

not the chlorophyll a/b protein but its mRNA is undetectable. The 

light-dependent appearance of mRNA is under the control of phyto- 

-chrome. The mRNA activity was induced by a single red light pulse, 

but assembly only takes place under continuous illumination, which 

allows chlorophyll synthesis.

The second protein analysed in the same paper was NADPH- 

protochlorophyllide-oxidoreductase, which catayzes the light depen- 

-dent reaction of protochlorophyllide to chlorophyllide. interest- 

-ingly there was a rapid decline of the enzyme during illumination 

In addition to the decrease of enzyme protein, the mRNA coding for 

the enzyme declines during illumination. This effect is also med- 

-iated by phytochrome. From these results it seems likely that 

phytochrome regulates the development of chloroplasts predominately 

at the level of transcription.

Little evidence for the export of chloroplast gene products 

has been documented. Blamire et al., (1974) reported that the 

replication of nuclear DNA, but not chloroplast DNA, is inhibited in
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Chlamydomonas by antibiotics known to block chloroplast 
protein synthesis, A suggestion that chloroplasts export 
regulatory RNA molecules into the cytoplasm was made to 
explain the failure of plastome mutants bf Hordeum vul- 
gare to accumulate chloroplast proteins known to be coded 
for on chloroplast ribosomes (Bradbeer et al,,1977) Anti
biotic studies are considered totally unreliable since 
the entire plant cell is affected. Any observation based 
on such unsubstantiated evidence is misleading, and no 
coroborative work has been published. The non-accumulation 
of plastid proteins bears no relation to the rate of syn
thesis, merely indicating steady-state concentration, In 
addition the basic assumption that plastome mutants contain 
altered plastid DNA is unsubstantiated and probably incor
rect since nuclear DNA encodes for the majority of plastid 
ribosomal proteins and other constituent proteins (Ellis,1981 a )

An interesting theory by Bennoun proposed that the chloro- 

-plast has an effect on mitochondrial function (Bennoun, I981).

This suggestion was based on the observations that mutants with 

abnormal chloroplasts but not nuclei, appear to affect mitochondrial 

function. This paper is of course subject to the seme criticism 

regarding plastome mutants as discussed earlier, that is, the nuclear 

genome may be mutated as opposed to the plastid genome. However, 

chloroplasts and mitochondria seem to be connected, as a highly con- 

-served chloroplast DNA sequence was found in the mitochondrial 

genome (Stern and Londsdale, I982).

In contrast to the research carried on chloroplasts, very 

little information is available on other types of plastids. A 

certain amount of work has been done on etioplasts which is the 

nearest a plant can achieve to making chloroplasts in the dark.

The_majority of the work made on other plastids is ultrastructural, 

the functions are largely unknovm.
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1.6 PRÜPLASTIDS

Proplastids are undifferentiated plastids that occur in 

the meristematic cells of the stem and root. They are pale green 

or colourless, and e l l i p s o i d a l ,  s p h e r i c a l  o r  a m o e b o i d  i n  s h a p e ,

1.0 - 1.3 long and about 0.7 }im diameter (Kirk and Tilney-Bas- 

-sett, 19781,). They have a double membrane and a fairly homo

genous matrix, into which extend occasional invaginations, possibly 

tubular, from the inner plastid membrane. They may also contain 

several isolated vesicles and thylakoids.

1.7 ETIÜPLASTS

Etioplasts are plastids formed in leaf cells grown in the 

dark. They occur naturally in primary leaves or cotyledons of 

seedlings germinating in the soil. They are roughly ellipsoidal 

in shape with an envelope of two membranes. The interior, when 

viewed by electron microscopy in thin sections, is filled with the 

stroma of a uniform background of protein, with many ribosomes.

There are also areas of low electron density containing DMA as a 

23 A° fibres. There is usually one, but occasionally up to four 

large quasi-crystalline bodies built up of interconnected membranous 

tubules in regular array. During differentiation into chloroplasts 

these develop into thylakoids.

1.8 EUPLAST3

Eoplasts often occur in meristems, they are regularly 

formed during seasonal dormancy, or during maturation of some special- 

-ised cells. They may be repeatedly reformed during such stages 

as the developing egg, pollen, zygote and the ripe seed. In 

structure eoplasts are usually small,roughly spherical and have a
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relatively electron-dense stroma. They may contain small plasto- 

-globuli and fragments of thylakoid membrane (Kirk and Tilney- 

Bassett, 19?8f).

1.9 AMYLOPLASTS

Amyloplasts are thought to be the storage vesicles, they 

lack chlorophyll, and contain starch. They are found in many types 

of tissues, for example storage tissues, root cap cells associated 

with geotrophism and meristems. Their structure is dominated by 

starch grains. The grain is sometimes large enough to distend the 

envelope, making the double membrane indistinct. Starch grains in 

amyloplasts in the same cell may have different stainng and ultra- 

-structural characteristics, but the reason is unknown.

1.10 CHROMOPLASTS

1.10.1 STRUCTURE AND FUNCTION

Chromoplasts are the carotenoid-containing plastids respon

sible for the yellow, orange or red colour of many fruits and 

flowers. No physiological function is known for any of them.

They probably act as an attractant for birds and insects, in the case 

of fruits to spread the seed widely, and in the case of flowers to 

pollinate. Chromoplasts in the tapetum of certain flowers 

synthesize some of the components of the pollen grain coating (Dick- 

-enson, 1973)- Chromoplasts in roots seem more obscure, they do not 

appear to be storage organelles for energy or carbon, however, colou- 

-red roots may be a useless mutation encouraged by man, a theory 

confirmed by the fact that the wild carrot is white.
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1.10.2 GHLOROPLAST-GHROMOPLAST DIFFERENTIATION

At the mature-green stage of fruit development in Capsicum 

annuum. the plastids are large, commonly elongated in profile and 

peripheral in cells having a lairge central vacuole(Spurr and Harris, 

1968). The thylakoid system has the structure of a typical chloro- 

-plast. During the stages of fruit ripening the mitochondria, 

dicotysomes, endoplasmic reticulum and tonoplast appear to retain 

their structural integrity.

In tissue collected at the olive-green and bronze stages of 

ripening, some of the grana are isolated from the intergranal thylar 

-koids. It can be seen that this break occurs at the lamellar 

junction of intergranal thylakoids with the grana. Grana lysis 

occurs during this stage of ripening, it may occur when the grana 

are isolated or when they seem intact. During lysis the grana 

retain their general conformation, and often the margins become 

ill-defined. Lysis affects the entire stack of grana, there is 

no indication of unstacking. The membranous structure is gradu- 

-ally lost, leaving a finely granular remnant more deeply contrasted 

than the surrounding stroma.

Starting at the olive-green stage of ripening, a plexus of 

thylakoids develops from the intergranal thylakoids. This may 

even occur before granal lysis is obvious. Persistent thylakoids 

in one or more regions of the plastid form small loosely aggregated 

groups of branched thylakoids. From this one or more highly ram- 

-ified groups of thylakoids are formed. In the pepper they are 

rather irregular in conformation and about 3 ̂ m or less in dia- 

-meter. The plexus may include some small globules, but large 
globules, although adjacent, do not enter it.

The chromoplasts of some peppers have unusually long
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thylakoids, unbranched for up to 10 ̂ m. They are not tubular but 

sheet-like, some may develop directly from very long intergranal 

thylakoids, but most arise from elements of the thylakoid plexus. 

Most thylakoid sheets are in association, about 2-8 in number.

The extremities of the sheet associations often include a complex of 

lamellae.

Since lysis is confined to thylakoids in developing 

chromoplasts, and does not occur in other organelles or membranous 

systems, it appears to be an autonomous process. However, Yoshida 

showed chloroplast degeneration in isolated Elodea leaves is in part 

attributable to RNA from the nucleus (Yoshida, 19^2; Spurr and 

Harris, I968). The granal lysis may reflect a shift favouring 

degredative changes over the rate of incorporation of replacement 

materials.

The distinct and complex nature of the partitions indicates 

that specific lytic agents and mechanisms may be involved. The 

sterol component of the membrane may affect the susceptibility to 

lysis in lower organisms (Spurr and Harris, I968).
Déacylation of the sulpholipid has been suggested to be 

important in the bleaching process, and degradation of the photo- 

-synthetic apparatus. If sulpholipid and possibly other glyco- 

-lipids are associated with the globular units of the partitions, 

the separation of the polar and fatty acid moieties would result 

in a reduction in size of the globular membrane units during lysis. 

It was also suggested that the proteins of the membranes undergo 

degradation. It is unlikely that breakdown of the lipoprotein 

membranes contributes directly to the lipid globules as they do 

not accumulate in the immediate region of granal lysis. There 

is, nevertheless, a marked increase in lipid globules during
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chromoplast differentiation, indicating the possibility of a secon

dary association between granal lysis and globule formation.

Kirk and Juniper, (I967) suggested that fibrils develop 

from osmiophilic globules. They proposed that fibrils are com- 

-posed of a carotenoid-protein complex and that conversion of 

globules to fibrils would require the synthesis of the appropriate 

protein. The formation of fibrils do not require cyclopentanol 

carotenoids, capsanthin and capsorubin, but when both cyclohexane 

and cyclopentane ring caratenoids are inhibited so is the formation 

of fibrils (Simpson et , 1974). It may be that fibril formation 

requires cyclic carotenoids (lycopene is not sufficient). It has 

also been suggested that a minimum carotenoid content is needed for 

fibril formation (Kirk and Juniper, I967). One particular variety 

of pepper without fibrils had only one quarter the carotenoid con- 

-tent of another variety with fibrils (Davis et , 1974). It is 

also possible that fibril formation is under separate genetic 

control.

Common features of plastids in which thylakoid sheet form- 

-ation occurs are the failure to develop chlorophyll or its pre

cursors, and the loss of chlorophyll, as in the case of chromo- 

-plasts in pepper. Thylakoid sheet formation may also be favoured 

by low oxygen tension in the tissue since development occurs, for 

the most part in tissues which are non-photosynthetic. The dec- 

-line in oxygen content is aggravated by the rise in respiration 

at the onset of ripening.

Studies on the chloroplast-chromoplast interconversions 

in flowers of Orontium aquaticum L., showed that normal thylakoids 

changed to a tubular complex during lowering and then changed back 

to the original form. The yellow colour was found to be due to
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lack of chlorophyll rather than the presence of carotenoids (Casa- 

-duro _et ad. ,1 982 ),Hov/ever this system cannot be considered typical, 

as the interconversions are part of the normal cell cycle, which is 

not the case with other chromoplasts.

An observation was made in a much earlier paper (Thomson 

et al., 1967) that gibberelic acid appears to encourage greening

in Valencia oranges.

The chromoplast ultrastructure in Capsicum annuum seems 

to be affected by nuclear genes (Laborde and Spurr, 1973)« One 

gene pair y'/y influences carotenoid content, and the other cl^/cl 

retention of grana and chlorophyll in ripe fruits of brown and 

green phenotypes. The gene y ' increases total carotenoids and 

promotes formation of red pigments.

1.10.3 BIOCHEMICAL CHARACTERISTICS

Chromoplasts develop from many other types of plastid.

It was originally thought to be the senescent form, incapable of 

further differentiation, and therefore may not even have a complete 

plastome present. However, current evidence suggests that they 

can redifferentiate to chloroplasts. There are only a few known 

examples. The chromoplasts in Daucus carota revert to normal 

chloroplasts (Crdnegress, 1974a). Other examples are Valencia 

oranges (Thomson at , I967), the sepals of Muphar luteum Sibth 

et Sm. (Crdnegress, 1974b), Crysosoplenium alternifolium and Ghr. 

oppositifolium (Sitte, 1974), the spathe of %antedeschia elliot- 

-iana Eng. (Sitte, 1974) and subepidermal tissues of Cucurbita 

pepo fruit (Devide and Lujubesic, 1974).

Table 3 shows the typical carotenoid composition of pepper 

fruit. The carotenoid biochemical pathways described for the



Table 3 Carotenoid Composition of some Pepper Fruit^
Unripe
Green

Ripe
Yellow

Ripe
Orange

Ripe
Red

Carotenoid

^  -Carotene 20.3 1.0 12.3
p> -Garotene-5, 6-Epoxide 1.7 3.1

Hydroxyl- ai -Carotene 5.7
Cryptocapsin 8.0 5.0
Cryptoxanthin 3.6 7.8

Lutein 39.7 28.1
Zeaxanthin 1.0 7.3 6.5
Antheraxanthin 5.0 15.9 10.6 9.2
Violaxanthin 13.3 31.3 14.9 9.8
Capsanthin 35.4 31.7
Capsanthin-3, 6-Epoxide 6.1 4.2
Capsorubin 14.3 7.5
Neoxanthin 15.4 20.0 2.7 2.0

M Kirk and Tilney-Bassett (l9?8j)
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chloroplast also appears to apply to chromoplasts (Qureshi at , 

1974), although in the latter the pathway is more active, obviously. 
The carotenoid content increases from 0.62mg per lOOg weight in 

green fruit, to 85.5mg per lOOg red fruit (Davies et al.,1970). 

Plastid quinones also increase several-fold during ripening 

( oL-tocopherol, plastoquinone) (Lichtenthaler, I969). Lutein, 

the main xanthophyll of green fruits, decreases gradually. Viola- 

-xanthin and neoxanthin persists during ripening, and new epoxy- 

xanthophylls lutein 3,6-epoxide, antheraxanthin, and mutatoxanthin 

appear at the breaker stage (Camara, 1978).

Studies based predominantly on mutant evidence give some 
indication of the type of genes controlling carotenoid production. 

In the mutant orange-yellow ripe fruit, capxanthin and related 

pigments are absent. The yellow colour is recessive to the red, 

a single gene appears to be responsible (y /y). The simplest 

explanation is that the gene controls the enzyme which forms the 
cyclopentanol ring (Kirk and Bassett, 1978 ).

The membrane system was shown to be a possible framework 

for enzyme binding in carotenoid synthesis during ripening (Camara 

and Brangeon, I98I). Galactosyltransferase was detected and it 

was proposed that ^  novo synthesis of membranes occured during 
ripening.

When chromoplast membranes were disturbed, carotenoid 

synthesis was inhibited, suggesting enzymes involved in phytoene, 

^-carotene and capsanthin synthesis are membrane bound. Viola- 

-xanthin deepoxidase has a similar requirement.
Based on these observations, Camara and his colleagues proposed that 

the biogenesis of phytoene, [h -carotene and capsanthin is dependent 

upon a phospholipid environment inside the chromoplasts and that
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this environment was developed as new membranes during the 

chloroplast-chromoplast transformation (Camara and Brangeon, I981).
Studies on chromoplasts indicate that they synthesize 

membrane lipids from acetate or sugar nucleotides (Kleinig and 

Liedvogel,1978; Liedvogel and Kleinig, 1979; Liedvogel et , 1978) 
which seems to correspond with the current views on chloroplast 

lipid systhmsis. There is indirect evidence for a partial gly- 

-colytic sequence within daffodil chromoplasts (Kleinig and Lied- 

-vogel 1980). A study 6n metabolic changes during chloroplast - 
chromoplast transition in Capsicum annuum showed that despite the 

decreasing rate in CO^-fixation, glucose-6-phosphate showed relatively 
high incorporation of radio-labelled carbon dioxide. Character- 

-istic enzymes of the Calvin cycle lost more than 80^ of their 
activity during the transition. Fructose-biphosphate aldolase 

showed the same activity throughout the transition stage. Glucose- 

6-phosphate dehydrogenase had similar activity in the chloroplast 
and chromoplast but it was increased during the transition stage 

(Ziegler at ^ . ,  I983).
High aldolase activity indicated a high demand for hexose- 

-phosphate as a substrate for the oxidative pentosephosphate cycle, 

and the key enzyme for the reaction sequence, glucose-6-phosphate 
dehydrogenase, had increased activity. Acetyl CoA is the substrate 

for most syntheses carried out by the chromoplast. Several routes 

for the supply of acetyl CoA have been suggested (Ziegler et , 

1983). It may be formed from acetate within the plastids, the 
acetate could be delivered from the cytoplasm. Acetyl CoA could 

also be produced by the glycolytic sequence from triose phosphate.
A scheme for some metabolic processes on chromoplasts was pro- 

-posed (see Figure 7).
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1,11 AIMS OF THIS STUDY

The aim of the present work was to study the change in 

expression of the plastid DNA during the transition of the plastid 

from chloroplast to chromoplast. Because chloroplast DNA is 

present in the plant cell in relatively small quantities, an app

roach involving direct extraction and study would be highly impr

acticable. To overcome this difficulty, recombinant DNA tech

niques were used to clone the plastid DNA, to facilitate the 

extraction of large quantities of plastid DNA, and separate it into 

smaller defined fragments for study.

The plastome is approximately 150 kb, I30 kb of which is 
unique. Although the nucleus is known to code for the majority 

of chloroplast proteins, the creation of a library of chloroplast 

DNA would be a much simpler proposition, compared to nuclear DNA.

Study of higher plant plastid genomes to the present time, reveal 

common features including an inverted repeat, the positioning of 

rRNA genes and the arrangement of large and small single copy 

regions.
The constructed gene library was to be used in a series of 

experiments to investigate clones containing genes which are 

switched on or off during transition from choroplast to chromoplast.

The work in Chapter 2 begins with a description of the ultra

structure of the developing chromoplast, and describes an attempt 

to quantify plastid DNA, in the intact plastid. The contents 

of Chapter 3 discusses the creation of a gene library of Capsicum 

annuum plastid DNA, and the study of the resultant clones using 

restriction endonuclease digestion and DNA-DNA hybridization.

Using RNA extracted from pepper fruit of different stages of ripeness, 

Chapter 4 describes an attempt to identify clones containing genes
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switched on or off during the chloroplast-chromoplast transition.

The findings of this project are discussed and related 

to the current literature in Chapter 5*
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CHAPTER 2

PLASTID ULTRASTRUCTURE AND DNA CONTENT

2.1 INTRODUCTION

The work described in this chapter is a study of the iso- 

-lated intact plastids. This includes ultrastructural observation 

of Capsicum annuum plastids using the electron microscope, and the 

study of DNA while still present in the plastids through staining 

with DAPI.

The stained DNA of wheat chloroplasts was visualized in 

the periphery of the plastid. The DNA was located in several 

areas, an average of 12, evenly distributed around the periphery, 
the majority associated together in a narrow band. During the 

development of the chloroplast it became increasingly possible to 

distinguish discrete staining areas (Sellden and Leech, I98I).
In contrast the DNA areas of dicotyledons appear to be regions 

randomly scattered in the stroma of the chloroplasts. In the case 

of tobacco and spinach, the areas were not easy to resolve, although 

their aggregate appearance suggested that there were more areas than 

in wheat. Beet plastids also contained numerous DNA areas, large 

chloroplasts had more such areas than young chloroplasts (Herrmann 

and Kowallick, I970). Some workers have suggested that the indivi- 

-dual fluorescing areas of young chloroplasts are interconnecting 

although this has not been proved (James and Jope, 1978). This 

conclusion was also drawn by recent studies on spinach immature 

chloroplasts (Possingham et al., 1978). It was suggested in the same 
paper that the grana membranes of developing and dividing chloro- 

-plasts grow through existing DNA and in doing so form a relatively 

close attachment. The attachment between plastid DNA and grana 

lamellae of chloroplasts was such that an average of half the
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plastid DNA was retained when chloroplasts were lysed (Rose, 1979).

It has been assumed that all plastids contain DNA and with- 

-in one species the plastid DNA is the same in all plastid forms.

The direct evidence is sparse on this subject.
The evidence has been summarized in Chapter 1 (Section I.3.I)

The quantity of DNA per plastid varies according to the 

nature and maturity of the plastid. In young mesophyll cells of 

pea and spinach 200-300 plastomes have been estimated per chloroplast 
(Lamppa and Bendich, 1979; Scott and Possingham, I980). A great 

deal of work has been done on DNA amounts in developing wheat leaves. 

The average DNA content per plastid was measured at the earliest 
stages of growth. The number of plastids per cell and amount of 

chloroplast DNA per cell increased with cell age, but the chloroplast 

DNA per plastid remained at a constant level of 800-1,000 genome 

copies. Later, the number of plastids per cell increased, although 
the amount of chloroplast DNA per plastid decreased, and both then 

levelled off to a final number of 3OO genome copies per plastid 
(Boffrey and Leech, I98I). Thymidine was only incorporated into 

plastid DNA throughout the zone of plastid division in the meri- 

-stem but not above it (Boffrey ^  , 1979). Levels of chloro-

-plast DNA in pea showed considerable variation (Lamppa and Bendich, 

1979). Fully greened shoots contained 10% chloroplast DNA, and 

roots 0.4% of total DNA. During shoot development the percentage 

increased from 1.3^ to an average of 5*3^. The quantity of plastid 

DNA in potato tubers was high, being more than half as much plastid 

DNA on a percentage basis in tubers (5.2%) as in leaves (7.6%).
On a plastid basis, the plastome copy number in amyloplasts 

was almost ten times that in potato chloroplasts (Scott et , 1984).
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High levels of ploidy have been observed in storage tissues of pea 

(Davies, 19?6; Millerd and Spencer, 1974) and watermelon (Newbury 

et al., 1978). There is no evidence on ploidy levels in chromo

plast levels at present.

2.2 MATERIALS AND METHODS
The reagents used were analytical reagent-grade supplied by BDH or 

Fison's. The DAPI was supplied by Sigma, and the Murashige and 
Skoog medium by Flow L a b o r a t o r i e s . DNase was supplied by Sigma.

2.2.1 ISOLATION OF PLASTIDS

All operations were carried out at 0-5°G unless other
wise stated.

Mature pepper leaves(5-10)were washed and blotted,then chopped using 

a razor blade, into mannitol buffer (0.3M mannitol, 0.1% (w/v) BSA,
ImM /3-mercaptoethanol, 3i'̂M EDTA, 50mM Tris/HGl pH7.0), left for 

10 min. Alternatively, the leaves were homogenized in a Waring 

blender using two 4-second power bursts, in the same buffer.

The suspension was filtered through 3 layers of muslin, 

and the filtrate centrifuged in a bench centrifuge for 10 min at 

2700 xg. The pellet was resuspended in the mannitol buffer, and 

layered on a sucrose gradient prepared in buffer (lOmM MgCl^, 40mM 

/3 -mercaptoethanol, 50mM Tris/HGl pH8.0) and formed by layering 

7.5ml 20% sucrose over 7.5ml 32% sucrose, 7.5ml 43% sucrose, 7.5ml 
55/̂  sucrose. The gradient was left to equilibriate overnight.

After centrifugation for 35 min at 90,000 x g^^ in a Beckman SW28 
-type rotor, the plastid layer was removed, and equal quantities of 

sucrose gradient buffer added, and centrifuged for 10 min in a bench 

centrifuge at 2700 xg. The supernatant was discarded.
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2.2.2 TRANSMISSION ELECTRON MICROSCOPY

Pepper fruit tissue slices (imm thick) of different stages 

of ripeness were fixed in 2% (w/v) osmium tetroxide in 50mM sodium 

cacodylate buffer, pHÔ.O. The tissue slices were left for one 

hour at 4^C with occasional agitation. The liquid was removed 

by décantation and fresh 50mM sodium cacodylate buffer, pHô.O 

added to the tissue slices. The buffer was replaced a further 
three times. Then samples were stained with 1% (w/v) uranyl 

acetate at 20°C for 1 hour in the dark. The samples were then 

dehydrated in the following acetone (v/v) sequence; 30min 15%»
30min 50%» 30min 90%, and three times jOmin 100%. The samples were 

transferred to 50% resin (Emix from Emscope) 50% acetone for 1 day, 

and 100% resin for 1 day,the last step was repeated twice. The 

samples were then polymerized at 70°C for two days. Sections 

were cut on a Reichert 0MU3 ultramicrotome. The sections were 

stained for 15min in Reynolds (I963) citrate. The sections were 

viewed on a JEOL 100 cx transmission electron microscope.

2.2.3 DAPI STAINING AND FIXING
The method folD.owed was essentially that of Sellden and 

Leech (1981). T h e  p l a s t i d  p e l l e t  ( S e c t i o n  2 . 2 . 1 ) ,  w a s  r e s u s p e n d e d  i n  

1ml m a n n i t o l  buffer supplemented with DNase, lOOyig/ml, and incubated at O^G

for lOmin. Then 5ml of mannitol buffer, containing DAPI (50mg/ml) 
was added. After incubating the mixture for lOmin, 6ml mannitol 

buffer containing 7% ( v / v )  glutaraldehyde was added, and left for 

a further lOmin. The plastids were then spun down at 2700 x g 

for lOmin, and resuspended in an appropriate volume of standard 

mannitol buffer containing 7% ( v / v )  glutaraldehyde.
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2.2.4 FLUORESCENCE MICROSCOPY

The stained plastids were visualized and photgraphed 

using a Leitz Orthoplan microscope with Orthomat attachment(filter 

systems 2 and 2) and an oil immersion lens (magnification x 1,000.) 

Kodak Tri-X pan film was exposed at 400 ASA and pushed to a rating 

of l600 ASA during development. Preparations were located and 

photographed under visible light,and subsequently photgraphed 

under a UV light source. The exposure time was controlled auto

matically, governed by the setting for the field covered by the 

sample. A 50% setting gave the best results.

The relative fluorescence of the stained plastids was 

measured using a Leitz MPV 3 system microscope with an oil immersion 

lens (magnification x 1,000). The filter system specific for 

DAPI was used (system 3)* The samples were located using the 
visible source. When switched to measuring mode the sample was 

only exposed to UV light during the set measuring period. The 

range of 0.9-0.8 kv (photomultiplyer tube sensitivity) was usual 

for DAPI- stained plastids, one range being used throughout, since 

measurements cannot be compared between sensitivity settings. The 

sensitivity of the instrument was set initially to approximately 

100% using green leaf plastids since they invariably give the 

greatest fluorescence. The measuring diaphragm was set to a size 

just larger than the plastids in view, and only that area was illum

inated with UV light. However, the plastids that were within a 

plastid diameter of the measured plastid were considered too close 

to be measured as well. The machine was zeroed dark current, and 

the background was further reduced by shielding the microscope from 
illumination from the room.
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2.2.5 RIPENING INDEX

A portion of pepper tissue used for extraction was res- 

-erved, and ground in 80% (v/v) aqueous acetone. The suspension 

was filtered (Whatman No.l), kept in the dark on ice, and then 

scanned using Unicam SP I8OO, range 400-650 nm. The values at 

certain wavelengths were used to calculate the relative ripeness 

of the friut (see Results).

2.2.6 EXPLANT RIPENING

Green peppers were picked when fully grown, but not 

ripened. The whole pepper was submerged in an 8-10% hypochlorite 

solution briefly and dried. Cicular pieces of pepper tissue were 

stamped out using a sterile cork-borer, and the fragments transferred 

to 0.5% hypochlorite solution for 1 min, washed twice in sterile 
water. The pepper explants (approximately 5-8) were incubated in 

Murashige and Skoog medium (Murashige and Skoog, I962), (without 

sucrose, lAA and kinetin) supplemented with 10% (w/v) sucrose, 

approximately lOmls to each petri dish with 1ml CEPA (2.86^g/ml).

The petri dishes were sealed, and incubated at 25°C under con

tinuous light.

2.2.7 SCANNING SPECTRA OF EXTRACTS

Acetone extracts of pepper fruit tissue were prepared as 

described in Section 2.2.5. Scanning spectra were performed on 

a Shimadzu UV-visible recording spectrophotometer using 10mm 
light path length quartz cells.

Aqueous acetone (80%, v/v) was the reference.
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2.3 RESULTS

^.3.1 PLASTID ISOLATION
The isolation of plastids was achieved by sucrose density 

gradient centrifugation. The intact plastids banded in the lower part 

of the gradient, and were identified by their characteristic colour 

(Miflin and Beevers, 1974; Camara et , 1982). Light microscopy 

confirmed that this band contained intact plastids for each stage of 

ripeness. This fraction was taken for use immediately without stor

age. Leaf chloroplasts and green chromoplasts banded at higher dens

ities, 1.175 and 1.193 g/ml respectively, than orange and red chromo
plasts which banded at l.l62 and 1.146 g/ml repectively (see Figure 

2.1). The procedure yielded approximately 4.4 x 10 plastids per gram 

of tissue. Other visible bands were present, their densities varied 
depending on the degree of ripeness of the fruit used (Figure 2.l). 

They were presumed to be disrupted plastids or membrane fragments.
2.3.2 INDEX OF FRUIT RIPENESS

The present study required pepper fruit at various stages 

of ripening, so an index was necessary specifying the stage of 
ripeness of the friut.

Since the pepper fruit shows a progressive change in colour 

related to the degree of ripeness, an obvious choice for this scale 

would be the amount of pigment present. A method was therefore 

chosen to extract a broad spectrum of carotenoids and chlorophylls. 

Initially the crude plastid suspension was mixed with acetone to 

make a final concentration of 80% (v/v) aqueous acetone, the 
mixture filtered and scanned in a spectrophotometer. However, 

the resultant extract was dilute, and in later experiments, when 

smaller amounts of tissue were used, the tissue was directly 
ground in 80% (v/v) aqueous acetone and filtered.

Figure 2.2 shows typical scanning spectra of pepper
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Figure 2.1 Sucrose Density Gradients of Plastid Extracts.

Crude plastid extracts of pepper leaf and fruit were 

centrifuged on 0-50% (w/v) sucrose gradient at 90,000 x g for 

35min. The bands were visualized by the presence of pigment.
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Figure 2.2 Absorption spectra of Pepper Pigment Extracts.
QOfo (v/v) acetone extracts of pepper fruit tissue (iml per 

Ig wet wt.) were scanned in 10mm cells using a Unicam SP l800 
spectrophotometer.
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pigment extracts. Two areas of interest are present, the 400- 

500 nm, and 60O-65O nm peaks. In the case of mature green fruit 

a large ajid complex peak was present in the region of 400-_$00 nm, 

with a major peak at approximately kjd nm. In addition a much 

smaller peak centred on 63O nm. It was hoped to be able to use 

the disappearance of the 63O nm peak, and dominance of the 430- 
470 nm region. However, as can be seen, the 63O peak disappears 
by the orange pepper stage, so any ratio based on this peak would 

remain unchanged for the subsequent stages of fruit ripeness. In 

consequence, an absorbance ratio of 470/430 nm was chosen as the 

most appropriate index. Using this scale, a mature green pepper 

gave a value of 0.5-0.7, the red pepper l.l4 and orange pepper a 

typical value of 0.9 (see Table 2.1).

Table 2.1 Acetone Pigment Extracts of Greenhouse Ripened Fruit.

Pepper Absorbance ratio
Fruit Type (470/430 nm)

Green O.69
Brown O.92
Orange 1.06
Red 1.22

Very Red 1.3&

2.3.3 IN VITRO RIPENING

Using the vitro ripening system the ripeness index 

(absorbance ratio 470/430 nm), was measured aganinst the period 
of time that the discs had been ripened. Although the indices 

from three days onwards gave a gentle curve, the initial readings 

appeared somewhat erroneous. However, study of typical ratios
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for green pepper showed that the downward turn was resulting from 

the immature green pepper, which %'fas significantly darker than 

the mature fruit (see Figure 2.3).

The ripeness index for iu vitro ripened pepper explants 

did not reach the values achieved under greenhouse conditions.

Abrams and Pratt (1964) repeorted that when supplied with adequate 

carbohydrate and suitable tonicity, explants of Capsicum annuum 

will ripen and form the usual carotenoids when cultured asepti- 

cally. Varying sucrose concentration altered the rate of ripen
ing but not the final ripeness.

The concentration of 105̂  sucrose was found to ripen ex

piants with sufficient speed without the dehydrating effect of 

higher concentrations of sucrose.

2.3.4 PLASTID ULTRASTRUCTURE

The ultrastructure of the plastids of ripening fruit of 

Capsicum annuum was investigated, in thin section, by transmission 

electron microscopy. Figure 2.4a shows a chloroplast from unripe 

pepper fruit. A.large starch granule is evident, in the centre 

of the plastid, typically showing low electron density. The 

complex membrane structure has a typical thylakoid membrane organ
ization stacked into grana along the length of the plastid. The 

two-electron-dense spherical structures to the left of the staxch 

granule are probably osmiophilic globules, which contain a variety 

of lipids, predominantly plastoquinone-45, oC-tocopherbl , oL-toco- 

-pheroquinone, phylloquinone and polyisoprenols (Goodwin apd 
Mercer, 1972c).

A transient plastid is shown in Figure 2.4b. Several smaller 

starch granules of unchanged electron density are present, but the
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Figure 2.3 In Vitro Ripening of Pepper Fruit Slices

The absorbance at 430 and 470nm was measured on 80^ (v/v) 
acetone extracts of fruit explants, (iml per Ig wet wt.) incubated 
at 23 C under continuous light conditions (see Section 2.2.3 and 2.2.6)



Figure 2.4a Transmission electron micrograph of a thin section 
through a chloroplast from unripe pepper fruit.
Magnification x 30,300.

Figure 2.4b Electron micrograph of a transient plastid in thin 
section . Magnification x 30,200.
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membrane sytem is reduced and much less organized. The grana still 

present are relatively intact, degradation does not seem to involve 

unstacking. The number of globules have increased, although they 

are not thought to be a direct result of granal lysis (Spurr and 

Harris, I968).
Ghromoplasts from the ripe red pepper are shown in Figures 

2.3ab and 2.6. These are subject to considerable variation.

Figure 2.3b for instance,shows a chromoplast with many fibrils, 

fibril formation being characteristic of chromoplasts. On many 

of the fibrils are swellings similar in appearance to osmiophilic 

globules, it is thought that the swellings may develop from them. 

(Chapter 1 Section 1.10.2). Osmiophilic globules are present 

throughout the cytoplasm. In addition, this chromoplast shows 

abnormally long thylakoids, also called 'sheet* thylakoids, which 

have complexed together in places. The chromoplasts, shown in 

Figures 2.3a and 2.6, possess a thylakoid plexus, a laorge irregular 

network of tubules and perforated thylakoids. The latter often 

has associated thylakoid sheets, although these are not obvious in 

this case.

2.3.3 LOCATION AND ESTIMATION OF PLASTID DNA

Plastids isolated from pepper fruit at different stages 

of ripeness were stained with DAPI in order to visualize DNA areas 
and estimate DNA content in relation to plastid development.

Using the Orthoplan microscope, DAPI-stained plastids were 

located under visible light before being examined under UV light 

because of the problem of DAPI bleaching by UV light. Plastids 
from the green to orange stages of ripeness gave adequate fluoresc- 

-ence for study but the red fruit chromoplasts were barely visible.
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Figure 2.3a,b. Transmission electron micrograph of a thin 
section though a red pepper chromoplast.
Magnification, a, x 24,300 and b, x l6,800.



ê

w #-

Figure 2.6 Electron micrograph of a red pepper chromoplast in 
thin section. Magnification x 26,800.
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Treatment with DNase had ensured that only intact organelles were 

labelled. Fluorescent labelling revealed discrete areas within 

the plastid. By moving the focal plane through the plastids,dis- 

-crete areas appeared to be distributed throughout the organelle. 

Photography of several planes of a single plastid was impossible 

because of the DAPI bleaching. A single photographic exposure 

(20-30 seconds) bleached the fluorochrome completely. However, the 

photographs of the plastids do provide an accurate representation 

of the stained plastid's appearance under the microscope.

Green pepper plastids showed relatively distinct staining, 

six to ten areas were evident per plastid (see Figures 2.?and'2.8).

In orange chromoplasts, the stained areas appeared to be larger, 

more diffused and of reduced number (see Figures 2.9 and 2.10).

The fluorescence of red chromoplasts was barely visible and no dis- 

-crete areas were evident (see Figures 2.11 and 2.12),

Initially it was hoped to estimate plastid DNA content from 

the photomicrograph negative. However, because of the extent of 

the DAPI fading during the long photographic exposures, the results 

were not considered sufficiently accurate for this purpose.

Therefore the use of the Leitz MPV3 System was investig- 

-ated. The instrument can expose and directly measure the fluor- 

-escence of a single selected object in a field of objects. The 

area exposed and measured is controlled by separate diaphragms, the 

size selected for the size of the object. As yet no suitable 

fluorescent standards are available for biological work. Leitz 

do supply a perspex fluorescence standard, but its high brightness 

renders it totally unusable since the instrument sensitivity settings 

are not interchangable. In consequence, common bean (Vicia faba) 

and pea ( Pi sum sativum') mature chloroplasts were prepared in the
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Figure 2.7 Photomicrograph of DAPI-stained green pepper fruit
chloroplast illuminated with (a ) visible and (B) UV light.
The ripeness index was 0.82.
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Figure 2.8 Photomicrograph of DAPI-stained green pepper fruit
chloroplasts illuminated with (a ) visible and (b ) UV light.
The ripeness index was 0.82.



Figure 2.9 Photomicrograph of DAPI-stained orange pepper fruit
plast illuminated with (a ) visible and (B) UV light.
The ripeness index was 1.0.
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Figure 2.10 Photomicrograph of DAPI-stained orange pepper fruit
chromoplasts illuminated with (a ) visible and (B) UV light.
The ripeness index was 1.0.
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Figure 2.11 Photomicrograph of DAPI-stained red pepper fruit
chromoplasts illuminated with (a ) visible and (b ) UV light.
The ripeness index was 1.1.



Figure 2.12 Photomicrograph of DAPI-stained red pepper fruit chromo
plasts illuminated with (a ) visible and (b ) UV light. The ripeness
index was 1.22.
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same way as the pepper plastids, and measured at the same time.

The Capsicum annuum chloroplasts gave the highest fluor- 

-escence values, and therefore were used to set the maximum sens

itivity of the instrument. The actual numeric value is of no 

meaning in absolute terms, only when compared with the standards.

The fluorescence of the other plastids was measured relative to 

Capsicum annuum chloroplasts, their mean values and variation are 

shown in Table 2.2. The standard deviation of the mean for each 

plastid type fell within the range 25-3̂  of the mean, reflecting 
that population of each plastid showed a similar spread in staining. 

The results highlight the very low fluorescence values of red chromo- 

-plasts.

2.3.6 ULTRAVIOLET ABSORBANCE OF PLASTID EXTRACTS

The 80% (v/v) aqueous acetone extracts of the same fresh

weight of pepper fruit tissue, at different stages of ripeness,

were scanned for the prescence of UV-absorbing material. Typical

wavelength scans, shown in Figure 2.13, reveal two major peaks in 

the UV region. The first is a sharp peak at 310 nm, the absorbance 

value was similar regardless of the stage of ripeness. However, 

a broad peak at 320-400 nm, showed maximal absorbance in the red 

pepper fruit extract.

2.4 DISCUSSION

Chromoplasts have been subclassified into four groups: 

globular, tubular,membranous, and crystalline, based on the form 

which carotenoids take. Capsicum annuum chromoplasts are class- 

-ified as tubular chromoplasts, the main structural characteristic 

being the presence of numerous tubules (Thomson and Whatley,I98O).



Table 2.2 Results of DAPI-Stairdng Experiment

Organelle Ripengsg Fluorescence Value
Index /43O - n

Pisum sativum 37 9-5 33
chloroplasts

Vicia faba 67 22 31
chloroplasts

Capsicum annuum 71 17.5 31
chloroplasts

Green pepper fruit O.69-O.7O 53 15.3 27
chloroplasts

Orange pepper fruit O.9O-O.95 51 I6.I 23
chromoplasts

Red pepper'fruit 1.40-1.41 1.84 0.52 24
chromoplasts

Plastids were labelled with DAPI and measured using the 

Leitz MP 3 System. The results of two independent experiments 

were combined, x, mean value; 6n, standard variation; n, number 
of observations.
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Figure 2.13 UV- absorbance of Plastid Acetone Extracts.
QO~/o (v/v) Acetone extracts of equal amounts of pepper tissue 

were scanned with a Shimadzu UV-visible recording spectrophotometer 
using 10mm light path length quartz cells.
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The chromoplasts of Capsicum annuum are subject to considr 

-erable variety, as shown by the electron micrographs.

The tubule system, a common feature, frequently formed 

into a thylakoid plexus structure (Spurr and Harris, I968).
The development of the thylakoid plexus and of extensive 

thylakoid sheets during or after granal lysis indicates that dynamic 

synthetic activities occur in the chromoplasts during ripening.

These dynamic structural changes are important in relation to the 

metabolism of fruit ripening and senescence.

These facts mean that the formation and ripening of chromo

plasts is a very dramatic process to study, and any biochemical 

investigation is likely to show many changes in metabolism.

In order to study chromoplast development in ripening 

pepper fruit some type of index was needed to specify fruit ripeness, 

Although the index development was rather more sophisticated than 

required for the present purposes, it would be particularly useful 

in studying more detailed events during the ripening process.

The most satisfactory indication of ripeness was based on 

the absorbance ratio, of the total pigment extract, measured at 

430 and 470 nm. This index gave a good graduation of values from 

the brown stage through to red, but the green fruit was more diffi- 

-cult to pinpoint owing to the fact that the immature fruit tended 

to give higher values.

An alternative possibility could have been to extract 

chlorphylls or carotenoids and follow their appearance or disapp- 

-earance spectrophotometrically. This approach would require more 

tissue, and because pepper fruit frequently ripens unequally, 

the amount of tissue available of a particular ripeness would be 

further reduced. Therefore the broad spectrum pigment extraction
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was chosen. In addition the simplicity of the method adapted made

it suitable to use during another extraction of nucleic acids.

Ripening plastid tissue 5^ vitro provided a controlled 

reproducible system for the study of chloroplast-chromoplast trans- 

-ition. It has the additional advantage of slowing down the 

ripening process slightly, so it was possible to collect samples at 

every stage, which was difficult using fruit grown under greenhouse 

conditions. Monitoring the progress of ripening vitro using the 

ripening index method, showed a lag phase of approximately 2-3 days, 

before the onset of ripening. Thereafter ripening progressed 

smoothly to a maximum ripeness of 10-12 days. One aspect of this 

system is the fruit explant did not produce a ripeness index as 

high as fruit ripened under greenhouse conditions. The possible 
use of ethylene gas to increase ripening was not investigated.

However, Abrams and Pratt (1964) reported that explants 

of Capsicum annuum fruit ripened normally when cultured in synthetic 

media. In addition the uptake or loss of water or solutes by the 

disk was comparable to the behaviour of tissue from normal fruit 

at a similar stage of maturity.

Because of the problems of availability and variability of 

greenhouse ripened fruit, 5^ vitro ripened fruit was adopted as a 

model for vivo ripening.

DAPI was selected as the most suitable stain to investigate 
the organization and possible quantitation of plastid DNA. This 

stain is a DNA-specific quantitative fluorescent probe first used 

by Williamson and Fennel (1975) on mitochondrial DNA in yeast.

DAPI is far more intense than acridine orange, and stains 
up all DNA, unlike autoradiography which only visualizes the portion 

recently synthesized.
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In addition the staining procedure required minimal mani- 

-pulation, causing little or no plastid damage. Treatment of the 

plastid preparation with DNase ensured that damaged plastids were 

not stained.
Microscopic examination of stained plastids confirmed other 

studies on dicotyledon plastids. The quantity, size and closeness 

of DNA areas made them difficult to resolve and therefore estimate 

numbers. In this respect Capsicum annuum plastids resemble young 

tobacco and spinach chloroplasts which it is thought as many as 40 

areas may exist per plastid. (Sellden and Leech, I981). An attempt 

to overcome this difficulty by taking a series of photographs at 

various focal planes was rendered impracticable by photobleaching 
of the stain. The photomicrographs show that the DNA areas be- 

-come less distinct in the transition of green to orange chromo- 

-plasts. In addition the number of DNA areas appear to be red- 

-uced in the orange chromoplasts. This may indicate a change in 
DNA organization in the plastid. In other dicotyledon systems, 

plastids have dissimilar organization, such as the potato tuber 

amyloplast and the potato leaf chloroplast. Whereas the chloro

plast contained a number of nucleoid areas thoughout the plastid,

DNA in the amyloplast was concentrated around the starch grains 

(Scott et ^ . , 1984). The red plastid fluorescence does not reveal 

any areas. The low level of fluorescence in red chromoplasts is 

discussed in relation to the Leitz MPV3 System.

The use of the Leitz MPV3 System was an attempt to sim- 

-plify the process of estimating DNA content in plastids. At 

present the only satisfactory method available was chemically 

estimating the DNA, and the consequent counting of the plastids to 

calculate the amount of DNA per plastid. The microscope system
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offered an opportunity to directly measure the DNA in each individual 

plastid.
The initial problem was the standard. Commercial stand- 

-ards do exist, but as mentioned previously, they are very bright 

and consequently unusable in conjunction with biological systems.

An alternative possibility was the use of bacteria with known DNA 

content. However, the fluorescence would be too bright also, 

since bacteria contain a large amount of DNA in comparison with 

plastids. A strain of Pseudococcus has recently been suggested 

because it grows very slowly and has a nearly constant DNA content 

(Possingham, 1984, personal communication).

Therefore it was decided to use plastids of known DNA 

content. Availability of fresh material dictated the choice of 
Pisum sativum, and Vicia faba. The controls had to be measured 

during the same period as the experimental plastids owing to the 

small reduction of the UV light source from one session to the next. 

Initially the quantity of DNA was taken from a value published 

for Vicia faba chloroplasts which was estimated using DNA purified 

by the flotation technique, deproteination and dialysis (Kùng 

and Williams, I969). However, a value of 38 plastome copies per 
plastid seemed too low compared with values estimated more recently 

in other plants. Therefore the second standard (Pisum sativum) 

was used, with the estimated value of 200-300 plastomes per plastid 
(Lamppa and Bendich, 1979)• Based on Pisum sativum the plastome 

copy numbers per plastid were similar in green and orange chromo

plasts, and approximately 70% of the value for leaf chloroplasts 

(see Table 2.3). The pepper leaf DNA copy number per plastid was 

high compared to estimates published, spinach was estimated as 

200-300 plastomes per plastid (Scott and Possingham, I980) and in



Table 2.3 Estimated Levels of DNA in Plastids

Organelles

Pisum sativum 
chloroplasts

Vicia faba 
chloroplasts

Capsicum annuum 
chloroplasts

green pepper fruit 
chloroplasts

orange pepper fruit 
chromoplasts

red pepper fruit 
chromoplasts

Ripeness
Index

Bean value Pea value 
X copies/ copies/ 

plastid plastid

37

67 38̂

71 41

0.69-0.70 33 30

0.90-0.93 31 29

1.40-1.41 1.84 1

;3o

476

331

338

12

Relative quantities of DNA in plastids compared to the 

standards, pea chloroplasts and bean chloroplasts, (a^Lamppa and 
Bendich,1979; bKung and Williams, I969). x, mean fluorescence 

values from Table 2.2.
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wheat leaves 3OO genome copies per plastid (Boffrey and Leech, I98I) 
The leaf chloroplast and green pepper chloroplast values determined 

by DAPI staining was l40% and 73% greater respectively than esti

mates based on a chemical method (see Table below).

Estimate of genome copy number in plastids of Capsicum annuum 
(Pryke and Nickson, personal communication).

Plastid Type DNA no. copies
content*/plastid genome/plastid

X lO'^^g

Seedling chloroplast 2.13 142

Mature leaf chloroplast 3.00 200
Fruit chloroplast 3.14 209
Fruit chromoplast 2.31 167
^ method of Burton (I936).

The figures obtained from the DAPI-staining experiment is 

only as accurate as the standard value.

However, it was surprising to find that the value for red 

chromoplasts was very much lower, in addition a larger quantity of 

DNA was extracted from red chromoplasts than indicated by these 

figures (see Chapter 3). Although no ripeness index was taken, 

it is likely that the fruit used in the chemical estimation was of 

a similar stage of ripeness as used in the present study.

There are several possible explanations for this difference. 

Firstly the red chromoplasts may take up much less DAPI stain than 

other plastids. To test this possibility, plastids were permea- 

-bilized by treating with a drop of toluene and vortex-mixed just 

before staining with DAPI. This had no significant effect on the 

fluorescence of red chromoplasts or any of the plastids examined.
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A second possibility is the interference of pigments in the plastid. 

These could act in two ways, either by absorbing UV light before it 

reaches the DNA areas, or by absorbing the transmitted visible 

light. Although the emission maximum of DAPI (438 nm) corresponds 

with an absorption peak in extracts of all pepper pigments investi

gated, the similarity of the absorption spectra in this region of 

orange and red chromoplasts (see Figure 2.2) does not support the 

latter theory. Shielding of the DNA by substance(s) present 
only in red chromoplasts is less easy to prove. Comparison of 

the UV absorption patterns of total pigment extracts for the three 

types of plastids revealed that red chromoplasts did contain a 

larger amount of UV absorbing material than other plastids on a 

weight for weight basis (see Figure 2.13). In addition the peak 

corresponds closely to the wavelength of the exitation light used 

for DAPI staining (300-400 nm). Excitation maxima for DAPI-DNA 
is 370 nm (Kapuscinski and Skoczylas, I978),

It cannot be estimated from these results whether the 

amount of UV-absorbing material present in the red chromoplasts 

is sufficient to account for the much reduced fluorescence 

observed. The spatial arrangement of the substances may be 

important.

The only known methods that removes pigments would disrupt 

the plastid, and therefore are not suitable for microscopy.

In conclusion, the Leitz MPV3 or similar system appears to 

be suitable for calculating DNA content in higher plant chloroplasts 

and provides an indication of the level of variation in a population 

of plastids. Until the problem of pigment interference is resolved, 

fluorescent staining techniques appear to be unsuitable for plastids 

with changing contents of pigments.
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CHAPTER 3

INVESTIGATION OF CLONED CAPSICUM ANNUUM CHLOROPLAST DNA

3.1 INTRODUCTION
The creation of Capsicum annuum chloroplast DNA clones 

was an important aspect of this project. Using powerful techniques 

of recombinant DNA technology the project could be simplified and 

a large amount of information obtained on the Capsicum annuum 

plastome.
The chosen vector for this manipulation was a derivative 

of the bacteriophage À  . The derivative chosen was developed by 

Loenen and Brammer (I98O), it can be used for cloning DNA fragments 
of about 20 kb generated by restriction enzymes EcoRl, Hind 111,

Bam HI, Mbo 1 and Bgl 11. This ability to accommodate large frag- 

-ments of DNA generated in several different ways makes it a good 

choice for the construction of a gene library.

The cloning organism used was coli. It is desirable 

that the cloning organism lacks restriction enzymes that may cleave 
foreign DNA. In addition, in order to minimize inadvertent 

recombinatory events that would impair the integrity of the cloned 

DNA, the cloning organism was frequently rec A~, deficient in a 

major pathway of DNA recombination (Shinsheimer, I977).
The temperate coliphage X has about fifty genes (Brammar 

1976), about one half of which are essential for phage growth and 
plaque formation (unshaded region in Figure 3«la). Genes of related 

function tend to be clustered on the genetic map. About 20 genes 

governing head and tail formation and phage morphogenesis are on the 

left hand third of the genome (genes A to j). The region between 

J and the phage attachment site att, contains non-essential genes 

coding for proteins of unknown function. Genes to the right of site
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att govern both site-specific (genes int and xis) and generalized 

(genes red A and red B) recombination of A phage DNA. None of 

the genes between J aud N are essential for plaque formation.

The A  L47 bateriophage was constructed using the phage 

strains NM570 BV2, NM567, L27 and L37. Their genotypes are 

detailed in Figure 3*2?-and the parts that are contained in 

phage. The isolated Al47 has an inversion of the central Bam 

fragment that separates the red and gam genes from their 

normal promotor pL. They grow normally, so the separation does 

not affect expression. Figure 3^L^ shows the A 4-7 genome.

The production of recombinant phages is achieved by 

supplying the ligated recombinant DNA with high concentrations of 

phage head precursor, packaging proteins and phage tails. This 

is done with a very concentrated mixed lysate of two induced lyso- 

gens, one of idiich is blocked at the prehead stage by an amber 

mutation in gene D and therefore accumulates this precurser while 

the other is prevented from forming a head structure by an amber 

mutation in gene E. In the mixed lysate, genetic complimentation 

occurs and exogenous DNA packaged.

An additional advantage with using this vector, is that 

no markers are needed to identify the clones. The \  phage is not 

formed unless the amount of ligated DNA is 78%-109% of the original 

A  genome (Bellet ^  al., 1971; Weil et , 1972). Therefore 

litigated right and left arms of Al47 with no intervening DNA 

would not be enough DNA to form the phage. In consequence, the 

only phages that form after the packaging reaction must contain 

intervening foreign DNA.

This chapter describes the construction of A  cap clones 

and their investigation. The techniques used include agarose
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gel electrophoresis of clone and chloroplast ÜWA digests. Both 

clone and chloroplast DNA was labelled using nick-translation, 

and hybridized to clone DNA to eJucidate further the A  cap clones.

3.2 MATERIALS AND METHODS

All reagents were analytical reagent-grade supplied by 

BDH or Fison's. The caesium chloride was Ana]ar grade from BDH.

DNase, RNase, lysozyme and restriction endonuclease Bam 111 was 

supplied by Sigma, And Mbol by Cambridge Biotechnology lab. The 

nick-translation kit was supplied by B e t h e s d a  R e s e a r c h  L a b o r a t o r i e s  

(bRL), and the radio-active nucleotides by New England Nuclear.

Agarose purified for electrophoresis was supplied by Sigma and the 

sarcosyl by Koch-Ldght laboratories. The nitrocellulose filters 

were supplied by Millipore. All bacteriological media were supplied 

by Difco.

3.2.1 S'TRACTION OF PLASTID DNA

The plastids were isolated using a modification of the 

methods described by Kolodner and Tewari (1973). The DNA was 

extracted using a modification of the method described by Bendich 

et aly, (1973).
The pellet of isolated plastids obtained from sucrose 

gradients (see Section 2.2.1), was resuspended in TE buffer (lOmM 

Tris/HO 1 pIlS.O, Imll EDTA) containing 1% sarcosyl (w/vj and frozen 

at -20°C. The thawed solution was made up to 1 x SSG (0.14h HaCl,

13mM Na^ Citrate) and 5.2*00g CsGl dissolved in 3^1 of it, and then 

supplemented with 30ul (lOmg/ml) ethidium bromide solution. This 

was centrifuged overnight at 230,000 x in a Beckman Vt^ 63 

rotor at I3°0.
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The chloroplast DNA band was visualized in UV light and 

removed using a wide-bore syringe needle. The ethidium bromide 

was removed by two extractions with the same volume of butan-l-ol. 

The extract was made up to 2mls in volume with TE buffer and dial- 

ized against the same buffer for Ihr at The solution was then

made up to 0.8M NaCl, and two volumes of ethanol added to 400ul 

aliquots, which were frozen overnight at -80°C. The precipitated 

DNA was centrifuged in a MSE microcentaur at 11,600 x g at 4°C for 

30 min, the supernatant discarded, and the pellet dissolved in TE 
buffer, and stored at -20^G.

3.2.2 DETECTION OF DNA

All DNA was detected using the value of absorbance at 

260nm, the ^260^^280 ^&tio being used as an indication of purity.
The presence of DNA was also tested using the microgel. 

Agarose was dissolved with heating into a buffer (40mM Tris,

20mM NaAc/HAc pH8.03, 2mM EDTA, l8mM NaCl) to a concentration of 
0.7% (w/v). Two ̂ 1 ethidium bromide (lOmg/ml) was added to every 

25ml of molten gel, and the agarose poured on to a microscope slide. 

The test solution was placed in wells on top of the gel, which were 

formed by a comb placed in the molten gel. The marker dye used was 

bromophenol blue, and the gel ran at 30v for approximately 30niin.
The DNA was recognisable as a fluorescent band under UV light.

3.2.3 RESTRICTION ENDONUCLEASE DIGESTION

The method described by Loenen and Brammar (1980) was 
followed. Chloroplast DNA was partially digested by restriction 
endonuclease Mbol. Two p.g of chloroplast DNA was dissolved in 

3Qpl of buffer (6mMTris/HCl pH7.9» MgCl^, 6mM ^  -mercapto-
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-ethanol). This was divided into two 1^1 aliquots, and jO units 

of enzyme added to each. The reaction mixtures were incubated at 

37^0. The first mixture had ly i aliquots removed at 3» 13, 20,

30, and 60 second intervals and the second mixture had '̂ il aliquots 

removed at 3» 10, 30, 60 and 120 min intervals. The reaction was 

stopped by adding stopping buffer (5% (w/v) SDS, 23^ (v/v) glycerol 

0.023# (w/v; bromophenol blue) and heating up to 70°0. The aliquots 

were combined and stored at -20°C.

Approximately djjg UNA in 20(^1 buffer (6mM Tris/HO 1 pH7.3,
6mM MgOl^, 30mM NaOl, 6mM /3-mercaptoethanol) was reacted overnight 

with 0.3)-il dam HI endonuclease at 37°0. The reaction was stopped 

by the addition of 6ĉ il stopping buffer, and heating up to 60°0 .

The sample was stored at -20^0.

3.2.4 AGAHUSE GEL ELECTROPHORESIS

Restricted DNA was separated using a submarine gel elect- 

-rophoresis apparatus, supplied by Uniscience (C3 IO3O Hinigel 

apparatus) and manufacturers instructions were followed.

Agarose was dissolved with heating in buffer (OOmM Tris,

90mM boric acid, 2.3niH EDTA; to a concentration of 0.7# (w/v).

The molten gel was poured into the central chamber, left to set, 

and samples loaded into the wells formed by a comb placed in the 

molten gel. The buffer (as above) was poured on either side of 

the gel, and a very low voltage ( -vlOv) applied to run the samples 

into the gel. The rest of the buffer was then poured on top of 

the gel, making approximately 23ml in all, and the gel run at 40v. 

Ethidium bromide was added {?j\l of lOmg/ml), and the gel left to 

stain for 13 min.

The bands in the gel were viewed on an IJV-transilluminator
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(Ultraviolet Products Inc. Ca., USA, model G-63) and photographed 
on a black and white film type 667 Polaroid, with a Polaroid 

camera fitted with a Wratten gelatin filter No. 8.

3.2.3 ELEGTROELUTION
The method described by McDonnell at , (1977) was used.

Selected bands were cut out of an agarose gel, and placed in a

dialysis membrane bag (sterilized by boiling in TE buffer for 13min) 

with 0.3ml buffer (40mM Tris, 20mM NaAc/HAc, pH8.03, 2mM EDTA, 

l8mM NaCl). The bag was placed, in 30ml of the same buffer, 

between two electrodes. The DNA was electroeluted at lOOv for 2hr, 

and then the polarity reversed for 30 seconds. The solution was 

removed from the bag, and the bag then washed with 0.2ml buffer,

and combined with the solution. This extract was shaken twice

with an equal volume of butan-l-ol to remove the ethidium bromide, 

and the volume reduced to lOOul by evaporation under a stream 

of sterile air. The extract was then dialyzed against TE buffer 

at 4°C for two hr. The dialysate was stored at -20°C.

3.2.6 BACTERIA AND PHAGE CULTURE

All buffers, liquid media, agar media and equipment were 

sterilized at 117°C for 13 min. E. coli strains were cultured in 

a conical flask (lOOml) containing 23ml L-broth (see Table 3.1) aJid 

23mg maltose. The liquid medium was inoculated with a loopful of 

stock culture (stored at -20°C) and incubated overnight with shaking 
at 37°C.
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Table 3.I COMPOSITION OF L-BROTH AND PHAGE BUFFER 
L-BROTH per litre

Bactotryptone 5s

Yeast Extract 2.jg

NaCl 2.5g

Glucose O.jg

Adjust to pH7.0 with NaOH

PHAGE BUFFER per litre

KHgPO^ 3.0g

Nâ HPÔ 7.0g

5-0g
Iml

1ml
1ml

NaCl
MgSO^ ( I M )

CaCl (O.lM)

1% (w/v) gelatine 

The bacterial stock culture was prepared by centrifuging 

a fresh overnight culture at 10,000 x g for 10 min. The super- 

-natant was discarded and the pellet resuspended in lOmM MgSO^.

Two volumes of 80# (v/v) glycerol were added, and the culture 

stored at -20°C.

Bacteriophage stocks were prepared as described by Davis 

et al., (1980a). Bacteriophage stocks and inocula for liquid 

culture propagation were prepared on bacterial lawns on nutrient 

agar medium. A mixture of E.coli overnight culture, Ẑ Ojil

lOmM MgSO^ and ]yil stock or diluted stock bacteriophage was in

cubated at room temperature for 15 min. After this period, 3 mis 
of soft agar (6.5g Bactoagar, 13g Oxoid Nutrient Broth per litre) 

at 47°C was mixed in, and the solution poured onto plates already
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containing 13 mis solidified nutrient agar (lOg Bacto-agar, 13g 

Oxoid Nutrient Broth per litre). The inverted plates were incu- 

-bated at 37°G for 6-8 hrs for X wildtype and Xl47 bacterio- 

-phage, and overnight for Acap clones.

To obtain a bacteriophage stock solution, a nutrient agar 

plate was inoculated with the appropriate bacterial host and bacter

iophage as described above. After incubation at 37°G, a plate 

with confluent lysis was incubated overnight at 4°C with 4 mis 

buffer (lOmM Tris/HGl pH7.3, lOmM MgSO^). The liquid drawn off, 
was shaken with one drop of chloroform, and centrifuged at

10,000 X g for 10 min. The supernatant was decanted, and centri- 

-fuged at 12,000 x g for 3 hrs.
The supernatant was discarded and the pellet resuspended 

in phage buffer (see Table 3*l) with shaking overnight at 4°C. 

Stocks were kept at 4°C.

The above method was used in early work, but in all sub- 

-sequent work, bacteriophage stocks were prepared by the following 

method. Nutrient agar plates containing phage cultures were pre- 

-pared as described above. Individual plaques were picked with 

a sterile toothpick and stabbed into 1ml of phage buffer. The 

solution was stabilized with one drop of chloroform and stored at 
4°C.

3.2.7 EXTRACTION OF BACTERIOPHAGE DNA
The method of Loenen and Brammar (198O) was followed, 

modifications are given in the results (Section 3.3.I).
One plaque, picked from a developed phage culture plate, 

was incubated with 100-20(^1 overnight culture of bacteria and 

30jil lOmM MgSO^ for 13min at room temperature. The mixture was
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then incubated in 2-500 mis L-broth containing 2mM MgSO^ at 37°0 

with shaking overnight. Chloroform was added (20ml per litre 

culture) and centrifuged at 10,000 x g for 10 min. The super- 

-natant was decanted and recentrifuged for 3 hrs at 12,000 x g.
The resultant pellet was resuspended in phage buffer with shaking 

overnight at 4°C. This suspension was centrifuged at 10,000 x g 

for 10 min, and the supernatant treated with DNase and RNase (lOmg/ml) 

for 1 hr at room temperature. The solution was centrifuged for

3 hrs at 12,000 x g, and resuspended in phage buffer as stated 

previously. Phenol, saturated in nucleic acid extraction buffer, 

pH7.5 ( O.lM Tris/HCl, 5mM EDTA,0.4.M NaCl, 0.5# v/v sarcosyl) 
was added to the phage suspension, 1:1 by volume. This suspension 

was gently mixed for 10 min, and then centrifuged at 3,000 x g 

for 10 min. This extraction was repeated until no precipitate 

was visible at the interface of the two phase system. The 

aqueous layer was then dialyzed against TE buffer, which was 

changed 4 times. The DNA solution was stored at -20°C.

3.2.8 CONSTRUCTION OF CLONES

The method described by Loenen and Brammar (I980) was 
followed. A  L47 DNA was restricted with Bam HI endonuclease, 

run on an agarose gel, and the two bands corresponding to 23.4 and 

10 kb cut out and electroeluted, by the methods described above.
The chloroplast DNA Mbol partial digest was run on an agarose gel, 

and the bands between 10-20 kb cut out and electroeluted, by the 
methods described above. For ligation, Ijig of each X L47 band 

was combined with 0.5pg Mbol partially-digested chloroplast DNA 

and incubated with 1^1 T4 ligase in buffer (20pl total), (3[^M 

Na^HPO^, 66mM ATP, 65mM Tris/HCl, pH7.6, 66mM MgCl^, lOOmM dithio-
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threitol) overnight at 9 G . The mixture was stored at -20 0.

The ligated DNA was packaged using packaging extracts A and 

B, which were prepared by the method described below.

Table 3.2a PACKAGING AND DNASE BUFFERS 

Packaging Buffer A

30mM Tris 

Iml̂  EDTA 

3mM MgGlg
5mM -mercaptoethanol 

Adjust to pHS.O with HGl 

Packaging Buffer B

6mM Tris 

IjmM ATP 

l6mM MgGl^

60mM spermidine HGl 

30mM (i -mercaptoethanol 

Adjust to pH7.4 with HGl 

DNase buffer

lOOmM NaCl 

lOmM MgSO^

50mM Tris

0.01# (w/v) gelatine 

DNase Img/ml 
Adjust to pH7.5 with HCl ^

An incubation mixture of 30^1 buffer A, 2^1 buffer B 

(see Table 3*2a)and all of extract A was added at 5-10^1 X 147/ 
chlorplast DNA ligation mixture and incubated at room temperature 

for 15 min. All of extract B was added, and the mixture incubated.
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with occasional stirring, for 1 hr at 37°G. Subsequently 

DNase buffer (see Table 3.2oi)was added, and the solution centri- 

-fuged in a MSE Microcentaur for 3 min at 11,000 x g. The phage, 

present in the supernatant, were plated at 10-20pl per plate as 

previously described using a non-restricting host (strain Qp47).

Packaging extracts were prepared using two lysogenic 

strains of E. coli;

i) BAB 2688 = rec A sup° ( \  imm 434 cits b^ red 3 Dam 15 Sam 7)
ii) BAB 2690 = rec A sup° ( X imm 434 cits b^ red 3 Sam 4 Sam 7).

Starter cultures of both strains were prepared in 10 mis 

tryptone broth (lOg Bactotryptone, 5g NaCl, lOmM MgSO^ per litre) 

by incubation overnight.
A batch culture of BAB 2688 was made in 150ml of L-broth 

(500ml flask) inoculated with 1.5ml starter culture and that of 
BAB 2690 made in 750ml of L-broth (21 flask) inoculated with 7.5ml 

of starter culture. The cultures were shaken vigorously at 32°G
o

for hrs until the cell density reached 1-2 x 10 cells/ml 

(measured turbidometrically). The lysogens were induced by 

shaking the cultures in a 90°G water bath until the temperature of 
the medium reached 42°C. The cultures were then shaken at 42°G 

for 20 min, 38°G for 70 min, and then transferred to an ice and 
water mixture bath. The effectiveness of induction was tested by 

shaking a few mis of the cultures with chloroform causing the induced 
cultures to clear.

For the preparation of extract A, I50 mis each of the two 
cultures were mixed and centrifuged at 8,000 rpm for 10 min.

The pellet was resuspended in 0.6ml buffer A (20mM Tris/HGl pHS.O,

ImT'i EDTA, 3mM MgGl^, 5mM /3-mercaptoethanol) . The solution was 

sonicated for 10-12 two-second bursts, until no pellet appeared
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after centrifugation. Then 15O31I of glycerol was added to the 

solution and mixed. The solution was separated into 50pl aliquots, 

frozen by immersion in liqiud nitrogen, and stored at -80°G.

For the preparation of extract B, the remaining 600mls 

of the BAB 269O culture was concentrated by centrifugation at
8,000 X g for 10 min. The pellet was resuspended in l-2mls buffer 

(50mMTris/HCl pH7.4, 10# sucrose). The suspension was separated 

into 80pl aliquots, and frozen by immersion in liquid nitrogen.
The tubes were thawed, frozen and thawed again,4pl lysozyme 

(img/ml egg white lysozyme 0.25M Tris/HGl, pH7.4j added, and the 

solutions incubated for 30 min on ice. To each of these solutions 

was added 3^1 of the mixture (0.625ml glycerol and 0.2ml buffer B) 

with stirring, and the extracts were stored at -80°G.

3.2.9 RADIOACTIVE LABELLING OF DNA BY NIGK TRANSLATION
The nick translation reaction was used to label both 

chloroplast and Xcap DNA. The chemicals necessary for the 

reaction were supplied as a kit (BRL). The reagents were:-

i) E. coli DNA polymerase 1 40 units/4(^l;

ii) DNase 1 10(ÿig/l00pl;

iii) Translation Reaction Buffer (lOx), 0.5MTris/HGl pH/.8,
O.O5M MgGl^, 0.1 M yd -mercaptoethanol, 0.5 mg/ml nuclease- 
free BSA;

iv) Stop Buffer, O.jM Na^EDTA, pHS.O;

v) Nucleotides, dCTP, dCTP, dATP, dTTP, all ImM;

vi) Radio-Labelled dTTP, 53 Gi/mmol Me-^H thymidine-5- 
-phosphate and

vii) ( - P) thymidine -5-phosphate tetra (Triethylammonium)
salt 3200 Gi/mmol.
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The DNase 1 enzyme was diluted immediately before use to 

lOO^g/ml. Radioactive nucleotide (300 pmoles) was dried down under 

nitrogen, to which was added 1.8^M of each unlabelled nucleotide, 

l-2pg DNA and 10^1 of 10 x concentrated nick translation buffer. 

Distilled water was added to make the volume up to 96^1, and 2^1 

of DNase 1 added. The mixture was incubated for 10 min at 15°G.

Then 2^1 DNA polymerase 1 was added, and the mixture incubated at 15°G 

for 1 hr. The reaction was stopped by the addition of 10^1 of stop 

buffer.

The labelled DNA was separated from the nucleotides on a 

Sephadex G-50 (fine) column of dimensions 0.5cm x 3cm. The column 

was equilibrated with buffer of composition lOmM Tris/HGl (pHS.O), 
O.lM Na^EDTA and 0.02# (w/v) Na azide.

The flow rate was 50^l/min and 0.5ml fractions were collec

ted. Samples were mixed 1;1 (v/v) with 20# (v/v) glycerol, before 

loading on to the column. The column was calibrated with Blue 

Dextran and methylene blue to determine the column's void and total 

volumes respectively. Radioactivity in the samples was monitored 

by liquid scintillation counting described below.

3.2.10 HYBRIDIZATION TO DNA ON SOLID SUPPORT

The method described by Davis at , ( 1980b) was used.

Nitrocellulose filters (0.22^m) were spotted with O.^pg DNA and

placed successively in three solutions for 5 min each: 0.5M NaOH,

1.5M NaCl; 0.5 Tris/HGl (pH?.5), 1.5M NaCl; and finally O.36M NaGl, 
20mM Na^PO^ pH?.0, 2mM EDTA. The filters were allowed to dry, 

baked at 80°G for 1 hr,and then stored at -20^G.

Nitrocellulose filters containing bound DNA were used 

directly in hybridization reactions. The radioactive DNA probe.
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contained in Tris-EDTA buffer (see Section 3*2*9) was denatured for 

10 min at 95^0. It was then added to hybridization buffer (0.18M 

NaCl, lOmM NaH^PO^, ImM EDTA, pH?.0, 0.3#, w/v, SDS, lOOpg/ml

sonicated calf thymus DNA) and incubated at 65°C overnight with 

20 filters per 5 mis hybridization solution. The filters were 

then removed, and washed in four successive rinses of buffer (lOmH 

NalLPU/ , pH?.0. IniM EDTA, 0.2#, w/v, SDS), dried and counted in a 

liquid scintillation counter (see below)*

3*2.11 iJQIUD SCINTILLATION COUNTING

Aqueous radioactive samples were mixed with 9 times the 

sample volume of liquid scintillant (0.5#, w/v, PPG, 30#, v/v, 

Triton X-100, in toluene) or the amount to make the solution clear 

after mixing. Agarose gel slices were melted in 1ml of water be

fore the addition of liquid scintillant. Non-aqueous radioactive 

sampIs were covered with an appropriate volume of scintillant (O.5#, 

w/v, PPG in toluene).

Samples treated appropriately with scintillant were 

counted by a Packard Tri-Garb liquid scintillation spectrometer. 

Samples with counts above 2,000cpm were counted for 2 

mins, and those with counts belou 2,000cpm for 10 mins.
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3.3 RESULTS

3.3.1 X cap CLONE GROw'TH
The adapted phage, A  L47 (Loenen and Brammer, I98O)

was used to construct clones containing leaf chloroplast DNA. The

leaf chloroplast DNA was assumed to be free of nuclear contamination,

after purification of chloroplast fraction on a caesium chloride

gradient. The gradient selects for circular closed DNA, which

eliminates nuclear contamination (see Figure 3*1-). Mitochondrial

DNA has a buoyant density of 1.705-1-707 gcm^ (Leaver and Gray,
o1982), as opposed to a typical chloroplast value of 1.697 gem 

(Wells and Birnstiel, I969) on caesium chloride gradients. The 

extracted DNA also gave a single band on electrophoresis. The 

clones were called A  cap since they were constructed using 

phage, from Capsicum annuum DNA.

They were grown on a variety of E. coli mutants to ascertain 
whether or not they were recombinant clones (see Table 3-2b). Four 

E. coli strains were used, QR47 was the non-restricting host, and 

G600 the normal plating strain. Wildtype ( A^) grows on G600^^, 

and A L47 and X g r o w  on gro N (sup; gro N) (Loenen and Bram- 

-mer, I980). The clones were initially grown up on the non-res- 

-tricting host (QR47), although C600 was the normal plating strain. 
Clones -were very difficult to grow up on this host, so QR47 was used 

routinely. According to these results, X cap 2 and 3 are not 
recombinants. Therefore they were omitted from further experi**- 

mentation. X cap 24 and 3 only grew on QR47 strain and proved 

impossible to grow up in the liquid culture, so they were also 
omitted.

Although wildtype and A L47 phage grew up in 8 hrs on 
agar plates, the clones were slower, an overnight incubation being



Protein

Linear DNA

Circular closed DNA RNA

Figure 3-X Appearance of Caesium Chloride Gradient in U.V. Light,

The purified chloroplast extract (lysed vdth detergent 

and freezing) was centrifuged overnight forming a caesium 

chloride gradient. The DNA was visualized by the ethidium 

bromide dye.



Table ]. 2b Growth of Acap Phage on Selected E.coli Strains 
^Gro;rbh on E.coli Strains

gro N C600^^ C600 QR4?
Phage ~

V -  4- + -HA c
X L47 + - + +

X rec
X clones

cap 2 4- 4- -  4-
2 - - +  +
3 + - + +
4 4- -f- - 4-
5 4- 4- -  4-
6 4- 4- -  4-
7 4- 4- -  4-
8 —  —  —  4"
9  4- 4- -  4-

10 4- -h -  4-
11 4- 4- -  4-
12 + + - +
13 + + -  4-
14 4- 4- -  +
15 + + -  4-
16 4 - 4 -  -  4-
17 4- 4- -  4-
18 4- 4- -  4-
19 + + -  +
20 + 4- -  4-
21 4- 4- -  4-
22 t t - +
23 4- 4- -  4-
24 -  4-
25 4- 4- -  4-
26 4- 4- -  4-
27 4- 4- 4-

M Growth of X Phage on selected bacterial strains on 
nutrient agar plates.

4-, indicates visible plaques,

-, no plaques visible.



- 75 -

necessary. They were also very sensitive to high temperatures, 

the molten agar killed a large proportion if added at a temper

ature above 45°C.

3.3.2 EXTRACTION OF PHAGE DNA
The extraction of phage DNA required culture of phage on 

agar plates, before large batch production in liquid culture. The 

incubation in liquid media generally needed two overnight incub- 

-ations, however, if no significant phage growth occured after the 

second incubation, a second dilution of the culture did not promote 

growth. The criteria for healthy phage groivth was the presence of 

bacterial debris and lack of Schieren patterns in the culture medium 

(Maniatis et al., 1982a).
The phage DNA was purified using the method of Loenen and 

Brammer (1980) with several modifications. The original method 

included a centrifugation ( at 26k for 3hrs) and resuspension
(in phage buffer overnight) step after the DNase and RNase digestion, 

To speed up the extraction and improve yield the centrifug- 

-ation and resuspension step was omitted and phenol was added to 

the phage suspension immediately after the enzyme digestion. An 

ethanol precipitation step was not included in the phage DNA 

extraction, as it resulted in very low yields. This was probably 

due to the dilution of the DNA solution, and small size of the 

DNA. IVhatever contaminants still present when ethanol precipita

tion was omitted did not appear to interfere i-dth endonuclease 

digestion, or the behaviour of the digested fragments under electro

phoresis. The average yield of phage from one flask containing 

250ml liquid medium was 7-7 x 10̂ '̂  phage, and this number of 

phage yielded approximately l ^ g  DNA.
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3.3.3 EXTRACTION OF CHLOROPLAST DNA

Chloroplast DNA was extracted from chloroplasts and puri- 

-fied on sucrose density gradients (see Section 2.3.I). The lysed 

chloroplasts were centrifuged in a caesium chloride gradient, with 

the dye ethidium bromide present to enable visualization of the DNA. 

Ethidium bromide also bound to the protein present, which appeared 

as a wide band at the top of the centrifuge tube. The RNA was 

also visible in U.V. light, as a band dovm the side of the tube.

The amount of ethidium bromide was increased to visualize the DNA 

sucessfully, owing to the large quantity of protein present in the 

lysed preparation, which tended to take up the ethidium dye. The 

DNA was visualized as two bands in the centre of the tube, only 

visible in U,V. light. The lower fluorescent band was the closed 

circular DNA and the upper band the linear DNA. Separation of the 

two species of DNA is due to the relative quantities of ethidium 

bromide intercalating with each DNA. (see Figure 3.1).

An average yield from this extraction was 2p.g DNA for 7g 

(wet vrb.) leaf tissue, giving a value of 6.5 x lO"^^ g DNA or 
43 genome copies per chloroplast. Each caesium chloride gradient 

yielded a maximum of 2;ig, routinely Ijig DNA, since overloading 

caused mixing of the two DNA bands, resulting in contamination.

3.3.4 DNA AGAROSE GELS

Both wildtype, AL47, and Acap DNA were digested 

satisfactorily by restriction endonucleases. As mentioned pre- 

-viously, the simplified DNA extraction process did not affect 

the efficiency of the enzyme, or fragment mobilities on agarose gels.

The wildtype and A l47 digests consistently showed two
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extra bands in the highest molecular weight range, (see Figure 3*3)* 

Incubation of the digestion at 6C°G for lOmin did not affect 

the band pattern under electrophoresis.

Restriction endonuclease digestion of chloroplast DNA 

did not give clear fragment patterns under electrophoresis. In 

contrast to phage DNA, chloroplast DNA was purified on a caesium 

chloride gradient and ethanol-precipitated.

Nevertheless all Bam HI digests gave a smear, with no 

visible bands. However, this smear was not a result of degraded 

DNA in consequence of the extraction process or contamination 

from other DNA, as undigested chloroplast DNA gave a single band 

under electrophoresis on an agarose gel. Slectroelution of the 

band, and digestion with restriction endonuclease, gave a smear 

under electrophoresis.

To explain the results it was proposed that despite the 

exhaustive extraction process, the DNA was chelated to contami

nants, that were interfering with the endonuclease action leading to 

partial digestion. Therefore, plastids isolated on

sucrose gradients were treated vdth equal volumes of phenol (satur- 

-ated in nucleic acid extraction buffer, pH7.3) aĴ d chloroformriso- 

amylalcohol (50:1). The aqueous plastid preparation was extracted 

several times with this mixture, until no further precipitate 

appeared at the interface of the two liquids. The aqueous layer 

was then dialysed against T.E. buffer at 4°C. The buffer v/as 

changed 4 times throughout the dialysis, and the dialysate was 

precipitated with ethanol. Restriction endonuclease digestion of 

the DNA revealed bands, although ovdng to the very lovr yields of 

chloroplast DNA these were very faint.

The agarose gels of Bam HI digests of pepper leaf plastid



Figure 3*3 Bam HI Digests of Phage DNA.
Bam HI endonuclease digests (0.5ug) were electrophoresed 

on 0.7# (w/v) agarose gels, stained with ethidium bromide, viewed 
on a UV transilluminator and photographed.

Figure 3.4 Bam HI digests of Gansicum annuum plastid DNA
(see Figure 3*3 for experimental details)



X wildtype X l47

red leafgreen orange
pepper pepper X pepper 

wildtype
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DNA and fruit plastid DNA of different ripeness, do show, some 

identical bands. In particular the bands below 6kb in the green 

and red pepper digests as shown in Figure 3.4. Although oompari- 

-son between these digests and other plastid DNA digests from leaf 

and fruit of different ripenesses indicate that they have bands in 

common.However, the digests were not clear enough to state that they 

are all identical.

None of the plastid DNA digests showed the deeply fluor- 

-escing bands indicative of inverted repeats. The three bands 

in the green pepper digest, corresponding to 6, 4.8 and 3*9kb, 

appear to be slightly brighter than the surrounding bands, but 

not sufficiently so to be certain (see Figure 3-̂ ).

In Figure 3.5 the chloroplast digest appears to contain 

three smaller bands below the 3.9Kb fragment. The plastid digests 

in Figure 3.4 also appear to have these smaller bands, and 

possibly 2 additional even smaller bands. However, the digestion 

is not sufficiently clear to say whether the last two bands are 

present, so they have been omitted from the band digest diagram 

(Figure 3.9). Since the chloroplast DNA digest in Figure 3.6 

appears particularly clear in the high molecular weight range, 

all bands are included in the band diagram.

All the Bam HI digestion of A cap clones and chloroplast 

DNA are summarized in Figure 3.9. Each fragment pattern is the 

conclusion drawn from at least three separate digestions, run on 

different agarose gels.

The molecular weights of the DNA fragments were calculated 

by plotting log^Q molecular weight of the known X wildtype and 

X L47 phage fragments against their position on the gel (see 
Figure 3*10). With the aim of ascertaining whether or not bands



Figure 3*5 Bam HI Digests of Capsicum annuum Plastid DNA
see Figure 3.3 for experimental details.

Figure 3-6 Bam HI Digests of /v. cap clones DNA
See Figure 3*3 for experimental details.
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of clone DNA digests were identical, the preferred approach was 

to run the digests directly against each other, as opposed to 

calculating the molecular weights and subsequent comparison. The 

molecular weights of the digestion fragments calculated in this 

manner are summarized in Table 3*3- Digestion of Acap clones 

revealed that a number of them are identical. Acap 6 and 21 

are identical, in addition Xcap 11 and 12 have the same 

3am HI fragments (see Figure 3.7). Unlike the chloroplast DNA 

digests, the clone fragments do exhibit increased fluorescence 

in certain bands, pointing to the presence of duplicated fragments. 

Examples of these are shovm in Figure 3*6. Acap 5 contains more 

than one 3.9kb fragment, and Acap 13 appears to contain more than 

one copy of the 6 and 4.8kb fragments. These bands and others 

considered part of the inverted repeat are labelled 1 in the diagram, 

The broad bands that appear in Xcap clones 15, l6, 18,25 

(see Figure 3.8) were also originally thought to be duplicated. 

However, the bands are vride, and of the same fluorescent intensity 

when compared with surrounding bands, unlike those presumed to be 

part of the inverted repeat. Therefore it vra.s concluded that the 

broad bands indicate 2 fragments present of similar molecular 

weight, calculated to be 6.8 and 6kb. All bands at the top of 

the digests exhibit increased fluorescence which seems to suggest 

polymers of some sort as opposed to single bands. This was 

not unexpected, owing to the 2 extra bands always found at the 

top of the A wildtype and X 1A 7 Bam HI digest gels. A cap l4 

and Xcap 23 were left undigested by the action of Bam HI endo- 

-nuclease, this is explained as a result of mismatching of the 

recognition sites (see Section 3*̂ ) at the Al47 junction with 

the foreign DNA , and the absence of Bam HI recognition sites 

in the foreign DNA of the clones.



Table 3-3 Molecular Weights of Bam HI digest Fragments of 

Chloroplast and X cap 3NA*
Molecu]Lar 'bight (Df Bam HI digest fragments of clone number:
26 22 20 12 11 1 6 21 l6 18 13

25.1 25.1 ~31.6 v31.6 -31.6 -32.5 -52.5 '-32.5 ~52.5 -32.5 -36.3
20.0 20.9 20.9 20.9 20.9 22.9 22.9 22.9 22.9 22.9 22.9
17 17 17 17 17 18.6 18.6 18.6 18.6 18.6 18.6
8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 6.8
6.8 6.8 6 6.8 6.3 6 6.8 6.8 6.8 6.8 6
4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8 6 6 4.8

4.8 4.8

Molecular Weight of Bam HI digest fragments of clone mumber:
GHL 17 13 27 4 "l4 23 3 10 25

DNA
28.2 ~37.2 -37.2 28.2 28.2 28.2 -43.7 28.2 28.2 -30.9
21.9 -50.9 -30.9 20 23 22.4 25.7 22.4
18.2 20 20 18.2 4.8 18.2 21.9 18.2
14.5 18.2 18.2 8.3 3.9 8.3 17 6.8
12.9 8.3 8.3 6 ~2.2 6 8.3 6
11 6.8 6.8 4.8 4.8 6 4.8
8.3 4.8 4.8 3.9 3.9 4.8 3.9
6.8 3.9 3.9 3.9
4.8
3.9

-3.1
-2
1,1.4

^iolecular weights were calculated from a calibration curve 
using Bam HI A  midtype digests (see Figure 3-2). Chloroplast 
and Acap DNA were digested by Bam HI and run on 0.7# agarose gel.

The band patterns shoim are a summary of at least three gels 

for each digest.



Figure 3.7 Bam HI Digests of Xcap clones DNA.
see Figure 3.3 for experimental details,

Figure 3*8 Bam HI Digests of Acap clones DNA
see Figure 3.3 for experimental details
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26 22 20 12 11 + 1 6 21 16 18 15

chl + 17 13 27 4 14 23 5 10 26

• 0 —  ■■ Q  - — —  — - ■ ■ Q

Figure 3*9 Bam HI Digest Fragments of Xcap Clones and 
Chloroplast DNA.

Enzyme digests were electrophoresed on 0 ,7% (w/v) agarose 
gels for approx. 5hrs. Bands were stained with ethidium bromide and 
visualized on a UV-transilluminator. The direction of electrophoresis 
was from top to bottom. ° Indicates repeated fragments.
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Figure 3.10 Calibration Curve for Calculating Molecular Weights 
from Agarose Gel.

A Bam HI digest of X  wildtype DNA was electrophoresed on 0.7% 
(w/v) agarose gel, stained with ethidium bromide and visualized under UV 
light.
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3.3.5 NICK-TRAN3LATI0N LABELLING OF DNA
Radioactive labelling of chloroplast and A  cap clone DNA 

was used to pinpoint complementary sequences within other Xcap 

clone DNAs.
The nick-translation reaction was carried out using Zjxg 

of the chosen DNA. The labelled DNA and nucleotides were sep

arated on a Sephadex G-30 column. Monitoring the eluant revealed 

two radioactive peaks (see Figure 3*ll)« The first peak 
appeared in the exclusion volume while the second peak was suff

iciently retarded on the column to be separated from the excluded 

material.

A portion of the excluded fraction was subjected to 
electrophoresis on a 0.7% (w/v) agarose gel. Radioactive anal

ysis of gel slices revealed a peak positioned behind the bromophenol 

blue front (see Figure 3.12). In addition, the excluded fraction 

was totally acid-insoluble, indicating that it was a polymer.

The results for the hybridization of a chloroplast DNA 

probe and certain A cap DNA probes to A cap DNA are shown in 

Tables 3*^ - 3 .6 . The A cap DNA probe hybridizations were 

duplicated, and chloroplast DNA probe hybridization carried out 

six times. Treatment of the chloroplast DNA prior to labelling, 

did not improve the efficiency of hybridization. All the hybrid- 

-izations were carried out using AL47 DNA as a control,and filters 
spotted with water as an additional control. The plastid DNA 

used for all the hybridizations was extracted from leaf chloroplasts, 
since they gave the highest yield of DNA.

All the results shown in Tables 3*4 - 3-6 are already 

corrected for nonspecific binding by subtracting the control value. 

The control value used was the filter spotted with water since 

XI'47 DNA gave high values.
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Figure 3.11 Elution Profile of ^^P-labelled Xcap 1 DNA from a 
Sephadex Column,

X  cap 1 DNA was labelled with ^^P by nick-translation and 
2ug applied to a column of Sephadex G-50, _$mm x 30™)- Fractions 
of 200jil were collected and ^^P counts determined(see Methods Section 3.2)
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Figure 3.12 Agarose Gel Electrophoresis Profile of
Nick-translated DNA.

32A sample of  ̂P labelled DNA was electrophoresed on a 0.7^ 
(w/v) agarose. The direction of migration, marked by bromophenol blue,

32was towards the anode. The gel was sliced and P determined in each 
fraction.



Table 3»̂  Labelled chloroplast DNA hybridized to Xcap 

clone DNA immobilized on Filters.* 

Hybridization of chloroplast DNA probe.*

X cap counts per Xcap counts per
minute minute

1 73 15 82
4 100 16 55

5 75 17 36
6 73 18 64

19 91
7 32 20 46

9 99 21 46

10 73 23 82
11 44 25 91
12 33 26 73

13 27 27 84

14 64

^^2-labelled chloroplast DNA, specific activity I.38 x 10^ 
cpm^g DNA was hybridized to (O.^g) Xcap DNA immobilized on

nitrocellulose filters in hybridization buffer overnight.

The filters were washed and counted using liquid scintillant

(see Section 3*2.10). These results represent a mean of three

experiments.



Table 3.3 Labelled Xcap DNA hybridized to Xcap DNA

Immobolized on Filters .

Hybridization of X  cap clone to radioactive probe :

clone 18 (2 .9 X lO^cpm/pg) clone 23 (9--! X lO^cpm/pg)

Xcap counts per Xcap counts per
minute minute

5 70 1 3080
6 190 6 13720
13 110 13 3780
15 390 15 9800
16 90 16 6250
21 80 20 1700
23 70 21 11820
26 50 22 8530
27 150 23 1340

clone 11 (6.4 X lO^cpm/pg) clone 5 (2.3 X lO^cpm/pg)
Xcap counts per X cap counts per

minute minute
6 57780 1 4670
12 66150 6 6850
13 78870 10 12470
15 213110 13 8130
16 43390 15 22320
18 56090 18 5350
21 86o40 21 4750
22 84330 23 6280
26 45790 26 6o4o
27 83400 27 10580

^^-nick-translated X cap probe was hybridized to (0.5>ig)
DNA immobilized 'on nitrocellulose filters in hybridization

overnight. The filters were washed and counted using liquid 

scintillation (see Section 3.2.10).
These results represent a mean of two duplicate experi

ments for each probe.



Table 1.6 Labelled Xcap DNA hybridized to X  cap DNA 
Immobilized on Filters*.

Hybridization of X  cap clone ]radioactive probes;
clone l4 (2.73 x lO^cpm/pg : clone I6 (7.4 x lO^cpm/ugj

X cap counts per Xcap counts per
minute minute

1 1520 1 7680
6 4530 6 35810
13 11190 13 14620
13 14440 15 25450
16 12130 16 9650
17 670 18 8910
18 3590 20 4940
20 1760 21 40560
21 5190 22 23000
22 15110

clone 22 (5*3 x lO^cpm/pg) clone 1 (3.7 X lO^cpm/pg)

X  cap counts per X  cap counts per
minute minute

1 690 6 13200
6 970 13 11610
7 860 15 24840
13 740 16 15130
14 990 18 11820
13 4400 21 15410
l6 850 22 34990
18 1270
23 420
27 770

*^^P-nicktranalated X cap probe was hybridized to (0.5pg) Xcap 
DNA immobilized on nitrocellulose filters in hybridization buffer 

overnight. The filters were washed and counted using liquid 

scintillant.(see Section 3.2.10).
These results represent a mean of two duplicate experiments 

for each probe.
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The figures for Xcap clone hybridizations are not com

parable between hybridizations since each probe had a different 

specific activity, a typical value is 5 % 10^ cpm/^g.
The clones 1, l6, l4 and 23 hybridize to almost exactly 

the same selection of clones. Clones 22, l8, 5 and 11 have a 

similar pattern but incorporate other clones, in particular 26 and 

27 which seems to indicate a slightly different relationship 

between the clones, and therefore position on the map.
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3.4 DISCUSSION

Approximately 20 clones were obtained from the construction 

of recombinant clones with Capsicum annuum chloroplast DNA.
The evidence for the identical nature of chloroplast and 

chromoplast DNA is covered in Section 1.8. It is not conclusive, 

and part of this investigation was to elucidate this.

The Xcap clones were grown up on different bacterial 

strains to ensure that they were recombinants. The clones giving 

the correct growth pattern were used for this study. The modified 

DNA extraction method for bacteriophage proved satisfactory, and 

was used routinely throughout this investigation. Initially 

direct transfer of DNA from the phage plaques was attempted, using 

the method of Benton and Davis (1977). However, all attempts to 

hybridize labelled probes to these filters gave background counts, 

and it was concluded that insufficient DNA was sticking to the 

filters. Therefore the DNA was first extracted from the phage, 

and then spotted onto the filters. The average yield of bacterio- 

-phage was 7.7 x 10^^ phage for every extraction. A quantity of 

15^g DNA was extracted from that, so the amount of DNA per phage 

can be calculated as 2 x 10 ^^g, (50kb), if there was significant 
bacterial contamination the amount of DNA extracted would probably 

be higher.

A similar calculation for the yield of chloroplast DNA 

gives a value of 6.5 x lO'^-^g DNA or 43 genome copies per plastid.

The findings of Rose (1979) found that an avërage of half 

the plastid DNA was retained when chloroplasts were lysed, the 

remainder was lost in the extraction process. The most likely 
steps where DNA is lost, is the dialysis, and ethanol precipitation 

step.
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Agarose gel electrophoresis was used throughout this study 

in an attempt to investigate the clone DNA, and chloroplast DNA 

digest patterns. It was the only technique used to estimate the 

molecular weight of the fragments. This was achieved by running 

digests of unknown molecular weight against standards of known 

molecular weight, using the graph shown in Figure 3.10. The calcul- 

-ated weights of the smaller bands are not exact since the standard 

(wildtype Bam HI digest) does not extend below 5.4 kb. In addition 

the larger molecular weights are not accurate since the bands are 

very close together towards the top of the gel and the wildtype 

digests has only two bands in this range.
The persistent presence of the two extra bands in the high 

molecular weight range of the Xwildtype and XL47 Bam HI digest was 

puzzling (see Figure 3-3) One possible reason for this could be 

the incomplete digestion of DNA, or the reannealation of sticky 

ends. However, incubation of the digest at 60°C for lOmin did 

not change the banding pattern when electrophoresed, this treatment 

breaks all non-covalent bonds. Therefore, despite the fact that 

^ g  DNA was incubated overnight with 100 units of restriction 

endonuclease, the two extra bands must be part of an incomplete 

digestion.

The problems encountered in obtaining a clear chloroplast 

digest pattern, were aggravated by the fact that it was considered 
for a considerable period of time the result of an inefficient 
extraction.

The eventual use of phenol and chloroform in the extraction 

procedure appeared to solve the problem. Presumably this extrac- 

-tion removed protein and/or lipid which was interfering with the 

digestion. This theory is supported by Rose (1979) who proposed
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a close association between chloroplast DNA and grana lamellae. 

Despite the development of this method, the problem remained of 

very low yields of plastid DNA. The yield of chromoplast DNA, 

green, orange and red was even lower. The yield from one chloroplast 

extraction after digestion was only sufficient for one gel, since 

digestion results in the total undigested DNA being diluted out 

into separate bands. Chloroplast digest patterns did not show 

any deeply fluorescing bands, indicating duplicated fragments. 

However, it had been noticed that in very dilute clone digests bands 

later found to be duplicated, were the same intensity as surounding 

bands. This is probably the situation with the chloroplast digests.

All the high molecular weight bands in the chloroplast 
DNA digest in Figure 3.6 were included in the band diagram, although 

the problem of high molecular weight bands may still apply to chloro

plast DNA digests. Nevertheless most other digests tend to have an 

indistinct, brightly fluorescing region above the discernable bands, 

for instance, at the top of Acap 25 Bam HI digest in Figure 3*5. 

this is absent in the chloroplast DNA digest in the same figure.

It was concluded from phage digests that the 6.8 and 6kb fragment 
is also present in the digest. In the first gels containing 

Xcap l6, l8 and 15 Bam digests, the 6.8 and 6kb fragments were 
identified as one since they were so close together, the same is 

probably the case for the chloroplast digests.

The sum of the fragments in the chloroplast digest came 
to l43kb. Based on clone digest evidence an inverted'' repeat 

containing the bands 6, 4.8 and 3*9kb is proposed, giving a total 
molecular weight of 157-?kb for the entire genome. This is the 

approximately the figure expected from research on higher plant 

genomes containing inverted repeats, (whitfeld and Bottomley, I983).
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The Xcap clones were digested with i3am HI enzyme with the 

purpose of mapping the clones. "lien tlie clones were constructed 

X'My DNA was digested by Bam HI endonuclease into three fragments,

23.4, 10 and 5-5kb. The central 5-5kb fragment was removed, and a 

chloroplast DN‘ fragment ligated in the space. However, when the 

Acap clones were digested by Dn.m HI enzyme, the fragments of

23.4 and lOkb are not necessarily regenerated. This is because 

3am HI is a hexanucleotide endonuclease with the recognition secpj- 

-ence G .GATJO (see footnote). The chloroplast DNA was partially 

digested with the endonuclease ilbol with the recognition sequence 

.GATG.

The additional ba.se on the foreign DNA strand is not 

necessarily the correct one to complete the Bam HI recognition 

sequence, in fact there is only one in four probability of it being so 

Therefore, since there are no other Bam sites on the Ajd-f genome, the 

fragments corresponding to the phage arms will either be 23.4 and 

IOkb or larger.

For instance the clone Acap l4 is not digested by Bam HI. 

Therefore the bases did not correspond to the recognition sequence 

nor does the foreign DNA contain a Bam HI site. This situation 

simplified, the task of identifying the fragments considerably.

Owing to the fact that two fragments lOkb and above correspond to 

the At./lf phage, a.nd in addition the possible extra bands resulting 

from an incomp]ete digestion, the Xcap digests were basically mapped 

according to the smaller molecular weight bands.

FOOTNOTE

Recognition sequences are written in the single-stranded 

form, from 5' to 3*• The symbol . specifies the cleavage by the 

endonuclease, r.hile the bases underlined represent the cohesive end 

generated by the endonuclease. (.1 oerien and Drammer, I980) .
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The smaller fragments of the chloroplast digest are not 

present in digestion patterns of the clones, except A cap 4 con
tains one smaller fragment. It cannot be presumed that the frag- 

-ments are present but not visible ovdng to the small amount of DNA. 

If that were the case, the much more dilute plastid digests would 

not show the smaller fragments either. In addition the central 

fragments of l4.5, 12.9 and llkb do not appear to be contained in 
any clones. The three high molecular weight bands 28.2, 21.9 and 

18.2, could have corresponding bands in the clone digests or not, 
depending on which bands are the \l47 arms.

The inverted repeat fragments are postulated to be 6, 4.8 
and 3*9kb, unfortunately based on a very few clones. Most clones 

merely contain the 8.3, 6.8 and 4.8 fragments, with no repeats.
The repeats are very evident as deeply fluorescing bands, contrasting 

to the ones next to them. The double band in clones l8, l6 and 15 
was originally thought to be part of the inverted repeat, but it 

is now thought to be the two clone fragments 6 and 6.8kb, since they 
are of the same fluorescence as the surrounding bands.

The radioactive labelling of DNA using nick-translation 

gave specific activities of 5 % 10^ cpm^g. The example illust - 

-rated had a particularly low proportion of nucleotides left after 

the reaction, it vra,s not always as efficient, it appeared to depend 

on the quality of DNA.

The hybridization results are quoted in cpm, since any 

manipulation of the figures would not be applicable. ' The level 

of hybridization appeared to be low, and changing the hybridization 

conditions and washing procedures did not improve it. It was 

eventually concluded that 100> hybridization had not taken place.
Therefore the hybridization evidence can be used to indicate
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whether the probe and the immobilized DNA contains homologous 

sequences or not. It can also indicate relative, not absolute size.

The control filter spotted with XlA? DNA was intended to 

provide a background level for the X l47 arms, which are common 

to all the clones. However, it showed high counts, higher than any 

of the test DNAs. If this was the result of non-specific binding, 

the test samp]es would show similarly high counts. They do not, so 

the reason must be specific binding. A posible explanation is that 

there is a higher proportion of XL47 arms in the DNA stuck on 

the filter, owing to the small size of the middle fragment, com- 

-pared to the Xcap clones.

A. criticism made of the nick-translation labelling tech- 

-nique is the fact that being based on enzymic activity,and not 

chemical reaction,areas of DNA may be preferentially labelled as 

opposed to others. This could be the case with this system in 

particular, since the clones consist of two different types of DNA, 

XL47, and plastid. But the clones do each contain exactly the 

same proportion of X l47 DNA, so this should not affect the diff- 

-erences of homology in chloroplast DNA sequences from different 

Xcap clones.

As can be seen from the results (Table 3.4)labelled 

chloroplast DNA does not hybridize strongly to Xcap DNA. In 

addition it does not hybridize strongly to itself. When chloro- • 

-plast DNA was immobilized on filters it gave very low counts 

whether probed with labelled Xcap DNA or labelled HNÂ (see Section 

4.4). This particular hybridization was repeated amny times.

The chloroplast DNA was approximately the same activity as the 

labelled clone DNA, and the hybridization conducted under the same 

conditions.



Consequent to the success in obtaining a Bam HI digest 

when chloroplast DNA was treated with phenol and chloroform. It 

was thought that the possibility of protein or lipid interfering 

with restriction endonucleases may also apply to hybridizations. 

However, the use of the newly-treated DNA as a probe, and immobilized 

on a filter in the same experiment had no effect on the efficiency 

of binding. Since treatment of the DNA with phenol/chloroform 

resulted in a successful digestion, protein and /or lipid must be 

one of the chelated impurities onto the DNA, therefore it must be 

concluded that other impurities are still chelated to the DNA.

If these impurities were remaining lipid and/or protein, the 

removal of a proportion using phenol and chloroform would at least 

improve the result. Since this was not the case, yet another 

impurity could be the culprit. One possibility in particular is 

carbohydrate, specifically starch, present in all chloroplasts.

A colleague (M.Day, Personal communication) has reported inter

ference of starch with purified plastid DNA in wheat endosperm, 

so this could be the case in Capsicum annuum chloroplasts.

Currently the results shown in Table 3*4 are not suffi

cient to conclude anything. The counts are not really suitable 

for calculating the relative size of the foreign DNA fragments in

the clones, the technique is simply not accurate enough at that
level.

Interpretation of clone hybridization data is complicated 

by the presence of the inverted repeat. Any clone that contains 

part of it, will also hybridize to clones coding for the other 

inverted repeat. The data gives an indication of closely 
related clones.

The results shown in this chapter and those from chapter 4,

are collated to form a map in Chapter 5»
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CHAPTER 4

EXPRESSION OF CLONED CAPSICUM ANNUUM CHLOROPLAST DNA DURING FRUIT
RIPENING

4.1 INTRODUCTION
The work described in this chapter investigates the expre- 

-ssion of the chloroplast genome, during the transition from 

chloroplast to chromoplast in Capsicum annuum. The genome 

expression was studied using \  cap clones, which were described 

in Chapter 3.
Previous studies have established that during pepper 

ripening plastid gene transcription is markedly reduced. Whereas 

21% of the plastid genome was expressed in leaf, only 4-5% was 
expressed in ripe red pepper (Pryke and Nickson, I981).

The majority of work on plastid transition was done on 
chloroplast development from proplastids. In wheat leaves the 

maximum accumulation of protein, rRNA 80s and 70s ribosomes occured 

36-48 hrs after the final cell division. Between 48 and 60 hrs the 
70s ribosomes, rRNA and protein increased but the 80s ribosomes 

decreased (Dean and Leech, 198I). This seems to reflect large 

changes in gene expression, involving both the nuclear and plastid 

genome. The amount of RuBPGase,monitored in the same study, 

increased 20-fold between I3 and 60 hrs. Studies done on protein 

synthesis during the development of spinach revealed a slow decrease 

in RuBPCase production throughout development of the plastid after 

an initial rise. Production of the 32,000 dalton protein remained 

constant over the same period (Silverthorne and Ellis,' I980). The 

changing amounts of mRNA reflected this change. An investigation 

into chloroplast proteins produced during germination and early 

development of the cucumber, revealed that RuBPGase reached a peak 

after 48 hrs. Subsequently mRNA production declined although the
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the level of the enzyme did not (Walden and Lever, I98I).
Recently some insight into gene expression during tomato 

ripening has been obtained. Tomatoes exhibit similar dramatic 

changes to those seen in the pepper during ripening. Enzymes 

such as invertase, phosphofructokinase and malic enzyme increase in 

activity, whereas others such as photosynthetic enzymes, malate de- 

-hydrogenase and citrate synthase decline. At least six major 

translatable mRNAs decline in quantity during fruit maturation and 

ripening. Also a new group of at least 8 mRNAs accumulate which 

code for proteins with molecular weights ranging from 2O-I9OK. cDNA 
synthesis and cloning has resulted in the selection of l46 ripen- 

-ing-specific cDNA clones. Some of these have been grouped into 

families, one of which was shown to code for a fruit-softening 
enzyme polygalacturonase (Grierson et al., 1984a; Grierson et al., 

1984b).

Clones containing known chloroplast genes were obtained to 

facilitate identification of expression of certain genes. The 

gene for LS RuBPCase was cloned in the plasmid RSF IO3O (Link and 
Bogorad, I980) and the genes for the subunits ck. , j3 and 111 of 

ATP synthase and cytochrome f were cloned into the filamentous 

phage MI3 (Huttly and Gray, 1984; Willey £t ^ . , I983).
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4.2 MATERIALS AND METHODS
All reagents were analytical reagent-grade supplied by 

BDH or Fisons. Acrylamide, NrN^methylene.-bis acrylamide purified

for electrophoresis and dimethyl dichlorosilane in 1,1,1-tri-
125chloroethane were supplied by BDH. Iodine as sodium iodide

in NaOH was supplied by Amersham. Ficoll (400,000 mw), Poly

vinylpyrrolidone (360,000 mw), 3-(N-morpholinopropane sulphonic 
acid (mops)) and SI nuclease were supplied by Sigma. The yeast 

RNA was supplied by Boeringer Mannheim.

In all experiments using RNA certain precautions were taken. 

All solutions were autoclaved at 117°C for 15 min, and the equip

ment drysterilized at l80°G for 2 hrs. Possible RNase contamination 

from fingertips was avoided by wearing gloves.

4.2.1 RNA EXTRACTION

The method described by Pryke ^  , (1979) was used.

All operations were performed at 0.4°C unless otherwise 

stated. A mixture of 4 mis nucleic acid extraction buffer pH9.0 

(O.IM Tris/HCl 5mM EDTA, 0.4m NaCl, 0.5%, v/v sarcosyl), 2 mis 

phenol (saturated in nucleic acid extraction buffer pH9.0), and 

2 mis chloroform;isoamylalcohol (24;l) mixture were allowed to 

separate after stirring. Approximately 0.5mls of the buffer layer 

was added to a mortar and pestle containing 5-TOg plant tissue.

The tissue raa ground for 15 seconds, and added to the 

remaining buffer, phenol and chloroform mixture. This suspension 
was stirred at room temperature for I5 min, filtered through three 
layers of muslin, and centrifuged at 11,600 x g for 5 min to 
separate the layers. The aqueous layer and interface were 

removed and re-extracted with 2 mis saturated phenol, and 2 mis
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chloroform :isoamylalcohol. The extraction was repeated until no

precipitate was visible at the interface. Then the aqueous layer 

was combined with 2 volumes of cold ethanol and frozen at -20^G for 

2 hrs. The precipitate was collected by centrifuging at 11,600 

X g for 30min, the supernatant decanted to waste and the pellet 
stored at-20°G.

The RNA pellet was solubilized in an appropriate volume 

of buffer (3/mM Tris, 2mM EDTA, 33mM NaAc/HAc pH?.8, 10%, w/v,

SDS, lOmg/ml sucrose). The RNA extract was kept at -20°C for short

term storage, and kept at -80°G for long-term storage.

4.2.2 RNA POLYACRYLAMIDE GELS
RNA was separated using tube gels of dimensions 8.5cm 

length and 4.5mm diameter. High molecular weight RNA was separated 

using 2.2% (w/v) polyacrylamide gels.

Polyacrylamide gels were prepared by combining 1.6ml 
acrylamide solution (acrylamide:bis-acrylamide 15%:0.75%,w/v,), 
3.3mls buffer (40mM Tris, 33"^ NaAc/HAc pH7.8, 2mM EDTA) and 5.iml 

HgO. The mixture was degassed under a vacuum until air bubbles 

ceased to form. Ammonium persulphate (lOQul) (lOOmg/ml; freshly 

prepared) and 10^1 TEMED was added, and the mixed solution poured 

into the tubes. Water was carefully added to cover the gels, 

excluding air, and the gels left to set for Ihr before use.

The gels were run at 100v, 2.2% gels for l|-hrs, and 7.5% 

gels for Ihr lOmin. Bromophenol blue was used as a marker.

The gels were scanned using Unicam SP l800 ultraviolet spectrometer 

in a quartz trough or tube at 260nm. Alternatively the tube gels 
were extruded from the tubes and stained with ethidium bromide 

(img/l) for Ihr.



- 93 -

The fluorescing bands were visualized using a U.V. 

transilluminator (Ultraviolet Products Inc., Ga., USA, model C-63).

4.2.3 RADIOIODINATION OF RNA

In addition to the precautions already described, all 

apparatus coming into contact with RNA during iodination was silcon- 

coated in addition to being sterilized.

The reaction was carried out in a small capped tube. 

Initially ImCi and 2^1 Na^SO^ 0.045mM (dissolved in Sjmfi

NaAc/HAc, pH4.5) were incubated for 25min at room temperature.

This was mixed with ^ 1  TlGl^ 2.8mM (dissolved in 85mM NaAc/HAc, 

pHj.O) and ÿig RNA (dissolved in 8jmM NaAc/HAc pHj.O), the tube 

sealed and incubated for Ijmin at 70°C. Then 20(^1 buffer 

(0.5H NaH^PO^/NagHPO^ pH?.4, lOmM -mercaptoethanol)was added,

and the mixture incubated for 45min at 60°G.

The sample was layered on a Sephadex G-50 (fine) column 
equilibrated in 0.12M NaH2P0^/Na2HP0^,pH?.4 previously calibrated 

with Blue Dextran.

Fractions of jO(ÿil were collected from the column, and 

assayed for TGA-precipitable counts (see below). The identified
125I RNA fraction was precipitated with 2 volumes of alcohol and 
stored at -20°G.

4.2.4 NITROCELLULOSE FILTERS SPOTTED WITH DNA

The DNA was denatured in 2M NaOH, then neutralized with 

2K NH^Ac and made up to 15 x SSG. The solution was spotted onto 

nitrocellulose filters under vacuum and 15 x SSG washed through 

afterwards. The filters were air-dried, and baked in a vacuum 

oven at 90 G for 2hrs. The filters were stored under vacuum at
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room temperature.

4.2.5 FILTERS SPOTTED WITH RNA
RNA was denatured, at 55°C for 15min in a mixture of 

50% (v/v) formamide and 17-5% (v/v) formaldehyde in a buffer 
(0.2M MOPS pH7.0, 50mM NaAc, ImM EDTA). The solution was spotted 

onto a piece of Pall Biodyne A Nylon membrane (Pall Process Fil

tration Ltd.) under vacuum, and 20 x SSG washed through afterwards. 

The filters were air-dried, and baked at 80°G for Ihr, then stored 

under vacuum at room temperature.

4.2.6 HYBRIDIZATION
The method described by Davis ^  , (1980b) was used.

Filters were prehybridized at 42°G for Ihr in 50% (v/v) formamide,

5 X SSPE buffer (l x SSPE, lOmM Na^HPO^ pH?.0, O.I8M NaGl, ImM EDTA), 
5 X Denhardt's solution (l x Denhaxdt's solution contains 0.02%, 

w/v, Ficoll, BSA and Polyvinylpyrrolidone) (Denhardt, I966), 
lOO^g/ml sonicated yeast RNA, and 1% (w/v) glycine. The solution 

was removed, and replaced with the hybridization solution consisting 

of 50% (v/v) formamide 5 x SSPE buffer, 1 x Denhardt's solution, 
10(^g/ml sonicated yeast RNA, 0.3% (w/v) SDS and containing the 

denatured radioactive probe (heated at 95°G for lOmin). The 

hybridization proceeded at 42°C for 3hrs. Then the filters were 

removed and washed in 3 changes of buffer (2 x SSG, 0.1%, w/v, SDS) 

at room temperature for 5 min each, with vigourous shaking. Then 

they were washed in three changes of buffer (O.l SSG, 0.1%, w/v,

SDS) at 5 0 , for Ifmin each. The filters were air-dried and 
counted.
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4.2.7 GAMMA RADIATION COUNTING

Acid-precipitable counts were assessed using TCA (tri

chloroacetic acid) discs. These were prepared by soaking VJhatman 

3mm discs in 20% (w/v) TCA in diethyl ether and left to dry. The 

sample was spotted onto a disc and left to dry. The discs were 

washed in 3 changes of 10% (w/v) TCA, and one wash of ethanol, 

each wash was for 15 Mn. The filters were then air-dried and 

counted usingaLKB 1280 Ultrogamma.

Nitrocellulose filters resulting from a hybridization 

reaction were air-dried and counted using the same machine. Liquid

samples were placed in capped tubes and counted in the same way.
125Since ^I-RNA gave high counts, all samples were counted for 1 min.

4.2.8 EXTRACTION OF DNA FROM PLASMIDS

The method of Maniatis ejt (1982b) was followed. The 

pZMc37 plasmid containing Zea mays LS RuBPGase was kindly given by 

Professor Ellis, University of Warwick.

All nutrient broth and equipment was sterilized at 117°G,

10 psi. for 15 min.
To amplify the plasmid, 10mls of L-broth (see Table 3*l) 

supplemented with 50̂ g/ml ampicillin was inoculated with a loop 

of the bacteria. The culture was incubated overnight at 37°G 

with shaking. This culture (O.lml) was used to inoculate 25mls of 

L-broth, supplemented with 50^g/ml ampicillin, in a 100ml flask.

This was incubated at 37*̂ 0 until the culture reached late log 

phase, determined turbidometrically. The late’log phase culture 

(25ml) was used to inoculate 50irils L-broth supplemented with 5(^g/ml 

ampicillin, prewarmed to 37°G. The culture was incubated at 37°G 

for 2.5hrs with shaking. Chloramphenicol (34mg/ml in ethanol)
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was added (250^1) and the culture incubated at 3? G with shaking 

for a further 12-l6hrs. The bacterial cells were harvested by 

centrifugation at 4000 x g for lOmin at 4°G. The supernatant was 

discarded, and the pellet washed in lOmls ice-cold buffer (O.IM 

NaGl, lOmM Tris/HGl pH?.8, ImM EDTA). The pellet was resuspended 

in 1ml of buffer (O.IM NaGl, lOmM Tris/HGl pH8.0, O.lmM EDTA), and 

10(ÿil of lyzozyme (20mg/ml lyzozyme in lOmN Tris/HGl pH8.0) added.

The solution was brought to the boil over a bunsen burner and trans- 

-ferred to a boiling water bath for 40 secs. The tube was cooled 

by immersion in ice-cold water for jmin. the solution was trans- 

-ferred to an ultracentrifuged tube, and centrifuged at 90,000 x g 
for 30min at 4°0.

The plasmid DNA was purified on a caesium chloride gradient 

as described in Section 3*2.1.

4.2.9 EXTRACTION OF DNA FROM Ml3 PHAGE

The Ml3 clones containing the genes for subunits 111, 

oC and of ATP synthase from wheat, and the gene from cytochrome f 

from pea, were kihdly provided by Dr. Gray, University of Cambridge.

All nutrient broth and equipment was sterilized at 11?°C,

10 psi. for 15 min.
Two 10ml aliquots of L-broth (see Table 3*l) were inoculated 

id-th the bacterial host, and a plaque of Ml3 phage (grown on nutrient 

agar plate see Section 3*2.6) was placed into one. The cultures 

were grown up overnight at 3?°C. Then 250^1 of the uninfected 

culture was added to 10mls L-broth, and shaken rapidly for ihr 

at 37°G. The infected culture (l2^l) ivas added, and the medium 
shaken rapidly for 4§-hrs at 37°G.

The bacterial cultures were centrifuged at 11,600 x g
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for lOmin and the supernatant discarded. The pellet was resus

pended in 250^1 buffer (25/Ü, w/v, sucrose, 50mM Tris,/HCl pH8.C).

Then jC^l of lyzosyme (lOmg/ml lyzozyme in water) was added, and 

the solution incubated at room temperature for jmin. The solution 

was then placed on ice, and 4(^1 ice-cold O.jM EDTA pH8.0 was added, 

and the mixture was left on ice for 5min. A Triton lysis mix 

(250;il) (1^, v/v, Triton X-100 , 50mM Tris/HCl, EDTA pH8.0)

was added and the mixture was left on ice for lOmin. The 

mixture was centrifuged at 13,000 x g in the MSS Microcentaur for 

15min and the supernatant was carefully decanted. Some 2M 

ammonium acetate (50̂ 1) was added, and the solution was extracted 
with phenol (saturated in nucleic acid extraction buffer pH?.5 see 

Section 4.2.1) tirice,and then precipitated with twice the volume 

cold ethanol in the presence of 0.4M NaCl. The DNA was kept at 

-20°C in this form, and when required, was centrifuged at 13,000 x g 

for 30min at 0°C, the supernatant discarded, and DNA pellet resus

pended in the appropriate buffer.
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4.3 RESULTS

4.3.1 RNA POLYACRYLAMIDE GELS

The RNA content of pepper fruit was assessed by electro- 

-phoresis of total RNA extracts on Z.2% (w/v) polyacrylamide gels 

to separate the high weight molecular species. Figure 4.1 shows 

the scans, made at 260nm, of gels of green, orange and red pepper 

fruit RNA. Pepper leaf RNA gave a similar profile to green pepper, 

although obscured by a large pigment peak in the low molecular 

weight region. This peak was not removed by pretreatment of the 

extract with ether or chloroform. The peak was removed by dialysis 

of the gels overnight in distilled water.

Gels of this type frequently have a peak at the very

beginning of the gel, thought to be DNA, this can just be seen in
the green pepper RNA scan. Further down the gel are two peaks,

one twice as large as the other, these correspond to the cytoplasmic 

28s and l8s ribosomal RNA peaks (Loening, I967) > The plastid 

ribosomal RNA was identified as a shoulder of the first peak, 

corresponding to the 23s rRNA. The l6s rRNA is visualized as 
a small peak beyond the l8s rRNA peak. A peak of low molecular 

weight RNAs occurs towards the end of the gels. The low molecular 

weight species are not separated in a gel of such low concentration 

of acrylamide (Loening, I967).
An additional method used for the detection of RNA was 

ethidium bromide staining. Although RNA takes up the dye much

less effectively than DNA, it can be visualized in thé quantities

used by a U.V.-transilluminator. The DNA band was recognisable

as a more intensely stained region. This method was used to isolate 

the 16s rRNA band which was then electroeluted (see Section 3*2.5), 

and iodinated for hybridization studies. Figure 4.2 shows a U.V.
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Figure 4.1 Polyacrylamide Gel Electrophoresis of Total RNA 
Extracts of Pepper Fruit.

RNA extracts (5-lO^g) were electrophoresed on 2.2% (w/v) 
polyacrylamide gels for yOmin and scanned at 260nm using Unicam 
SP l800 ultraviolet - spectrometer in quartz tubes.
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Figure 4.2 Comparison of UV Scans and Ethidium Bromide Staining of 

Leaf RNA 2.2^ (w/v) Polyacrylamide gels.
RNA extracts (_$-10^g) were electrophoresed on 2.2%

(w/v) polyacrylamide gels for ?Omin and scanned at 260nm using 
Unicam SP l800 Ultraviolet spectrometer in quartz tubes. The 
gel was stained with ethidium bromide and the bands visualized 
using a transilluminator.
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gel scan, in which the banding pattern was revealed by staining 

with ethidium bromide. Four distinct bands were evident. The 

first corresponded with the DNA peak, and was relatively more 

intensely stained. The second peak was wide and indistinct, being 

the 28s and 2]s rRNA peaks not completely resolved. Further down 

the gel the two bands of l8s and l6s rRNA were observed (see Figure 4.2)

4.3.2 RADIOIODINATION OF RNA

16s rRNA and RNA from pepper fruit of different stages of
12 5ripeness were labelled using in order to investigate gene

expression.

Following the RNA iodination reaction the reaction mix- 

-ture was applied to a Sephadex G-30 column to separate the higher 
molecular weight RNA from the unreacted iodine. Two radioactive 

peaks eluted from the column (see Figure 4.3). The first peak was 

eluted in the void volume and was acid (TGA) insoluble, showing that 

it was high molecular weight material. The second peak, which 

eluted in the total volume typically was more diffuse, of higher 

activity, and was acid-soluble. The first peak was assumed to 

contain the nucleic acid. It's specific activity could be cal- 

-culated, since a known quantity of RNA was radioiodinated.
7Routinely, the specific activities attained ranged from 3 x 10 - 

o
1 X  10 cpmy^ RNA.

4.3.3 HYBRIDIZATION

The RNA fractions taken for radioiodinations for the purpose 

of hybridization studies included l6s rRNA (see Section 4.3.1) and 

three other fractions that were total RNA extracts from green, 

orange and red pepper fruit. The pepper fruit was ripened using
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Figure .̂3 Elution Profile of I-labelled RNA from a Sephadex Column
12 5RNA was iodinated with Na I and 2yg applied to a column

(0.8 X 20cm) of Sephadex G-30. Fractions of 30Qpl were collected 
125and I counts determined. An aliquot (3)̂ 1) from each fraction was 

assayed for TGA insolubility.

□ TCa insoluble counts 

-O—  Total counts
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the vitro ripening technique described in Section 2.2.6, and 

the stage of ripeness determined using the ripeness index (absorb

ance ratio 470/430 nm).
Nitrocellulose filters wee spotted with DNA using the 

dot blot method described by Thomas (1980). The binding of DNA

to nitrocellulose was reported to be quantitative (95-99^)(Kafatos 

et , 1979).
In contrast with the ^^P-nicktranslated DNA hybridization

125procedure, the optimum time for I-RNA hybridizations was 3hrs 

as opposed to overnight (see Section 3*2.10).

In all the hybridization experiments described below, 

DNA was spotted, in duplicate, at 100 ng or 200ng quantities per 

filter. The average counts obtained, shown in the results (Tables
4.1 -4) are expressed per lOOng DNA per filter. A background 

value of lOOng X l47 DNA per filter has been subtracted in each 

instance.

Hybridization of ribosomal RNA was to both A cap and 

chloroplast DNA was investigated. The results are expressed in 

cpm, and represent the RNA bound to lOOng DNA immobilized on 

each filter (see Table 4.1). The results shown, are those which 

were more than double the background value, any below that figure 

were not considered significant. Despite the shortened hybrid

ization time, the backgrounds of the first hybridization were 

unacceptably high. Therefore the recommendation of washing 

filters for Pall membranes was adopted, (see Section 4.2.6)as 

opposed to that used by Maniatis ^  al., (I982).
The latter method had proved satisfactory for hybridi

zation to DNA labelled by nick translation. The results shown 

in Table 4.1, are those from a second hybridization, for which the



Table 4.1 HYBRIDIZATION OF l6s rRNA TO XCAP CLONE DNA*

X  CLONE DNA counts per kbcap minute
1 800 0.38

14 1010 0.73

15 930 0.67
16 1030 0.76
18 1080 0.78
20 1210 0.88

^Hybridization of ^^^I-labelled l6s rRNA (specific activity

2.07 X lO^cpm/^g) to A  cap clone DNA immobilized on nitro

cellulose filters. The results are the mean of duplicate filters 

containing 100 or 200 ng DNA (see Section 4.2.6). The kb values 

were calculated using the specific activity of RNA, known amounts 

of DNA on the filters, and assuming the plastome to be l^Okb.
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new washing procedure was adopted. This method was adopted for 

subsequent experiments.

The RNA extracts from pepper fruits of different stages 

of ripeness were hybridized to X  cap clone DNA, chloroplast DNA, 

and DNA of known chloroplast genes. These were the oL , ^  and 

111 subunits of ATPase genes from pea, cloned into the filamentous 

phage, MI3.
The large subunit RuBPGase gene was cloned into the RSF 

1030 plasmid (Huttly and Gray, 1984; Willey et ^ . , 1983; Link and 

Bogorad, I98O).
The amount of DNA homologous to the RNA in kb, was cal- 

-culated using the specific activity of the RNA, and the known 

quantity of DNA bound to each filter. The amount of RNA present 

was always sufficient for complete hybridization to the quantity 

of DNA on each filter since green pepper fruit RNA also hybridized 

to known chloroplast genes, the amount of homologous DNA was cal- 

-culated using the gene length foryp subunit of ATPase as a standard, 

(see Tables 4.2-4)

In addition to these hybridizations, a series of competitive 

hybridizations were carried out. DNA filters were incubated under 

hybridization conditions with unlabelled RNA to saturate the sites 

complementary to it. The filters were then washed, to remove any 

excess RNA, and hybridized with labelled RNA. The hybridization 

values obtained were low, only the clones which gave twice the 

background values are reported in Table 4.3.



Table 4.2 HYBRIDIZATION OF GREEN FRUIT RNA TO X GAP GLONE
DNA AND KNOWN GHLOROPLAST* GENES

GLONE counts per calculated value Actual
minute value

bp^ kb® kb®

1 3710 76 0.18

22 26830 552 0.77

26 7110 146 0.20

ATPASE p 19930 410 0.37 410®"
subunit ATPASE H I 13110 269 0.38 200^

subunit GYTOGHROME f 43430 893 1.2 930°

LS RUBPGASE 31630 1062 1.48 1423̂
^Hybridization of ^^-^I-labelled RNA (specific activity 3*22 x 10^ 
cpm/^g ; ripeness index 0.73) to DNA immobilized on nitrocellulose

filters. The results are the mean of duplicate filters containing

100 or 200 ng DNA.*
a The value used as standard (Deno , I982).

b Huttly and Gray, (1984).
c Willey et ^ . , (I983).

d Zurawski et al., (I981).

a (see Section 4.2.6). The kb values (e) were calculated 

using the specific activity of RNA, known amounts of DNA on the 

filters, and assuming the plastome to be 130kb.

The gene lengths calculated in bp (f) were arrived at 

using p> ATPase subunit as an internal standard, and relating all 

the other values to that.



Table 4.3 HYBRIDIZATION OF ORANGE FRUIT RNA TO X GAP GLONE DNA*

GLONES Gounts per 
minute

kb

4 11630 0.16

5 19320 0.27

11 11860 0.16

19 11630 0.16

26 31060 0.43

** Hybridization of ^^^I-labelled RNA (specific activity 1.09 x 10^ 
cpm/pg ; ripeness index O.963) to A  cap clone DNA immobilized on 
nitrocellulose filters. The results are the mean of duplicate 

filters containing 100 or 200 ng DNA. (see Section 4.2.6). The 

kb values were calculated using the specific of RNA, known amounts 

of DNA on the filters, and assuming the plastome to be l^Okb.



Table 4.4 HYBRIDIZATION OF RED FRUIT RNA TO X GAP GLONE DNA*

GLONES counts per 
minute

kb

5 18250 0.26

19 19580 0.27

20 14620 0.21

22 17460 0.25

23 23410 0.33

25 15750 0.22
26 22220 0.31

* Hybridization of ^^-^I-labelled RNA (specific activity I .07 x 
10® c p m / ^  ; ripeness index 1.17) to A  cap clone DNA immobilized 

on nitrocellulose filters. The results are the mean of duplicate 

filters containing 100 or 200 ng DNA, (see Section 4.2.6). The 

kb values were calculated using the specific activity of RNA, 

known amounts of DNA on the filters, and assuming the plastome 

is 130kb.



Table 4,3 Competitive Hybridization Experiment

Radioactive
Probe

Green pepper 
RNA

Unlabelled Probe:

Green pepper 
RNA

Orange pepper 
RNA

Red pepper 
RNA

A  cap 22 
X cap 26 
7) subunit
111 subunit
cytochrome f
LS RuBPCase

X cap 22 
X cap 1

p> subunit
111 subunit
cytochrome f
LS RuBPCase

Orange pepper X cap 4 X cap 4
RNA A cap 5 X cap 5

X cap 19 X cap 11
X cap 26 X cap 26

Red pepper X can 3 X cap 3
RNA A cap 19 X cap 20

X cap 22 X cap 22
A  cap 23 X cap 23
A cap 23 A cap  

X c a p
2326

Filters containing clone DNA prehybridized with the unlabelled 
probe, washed and hybridized withthe labelled probe.
The clones shown, gave counts twice background or greater.
A L4 7 DNA served as the control.
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4.4 DISCUSSION

It has been demonstrated that chloroplasts contain all 

the mechanisms for protein synthesis (see Section 2.2.2) and 

there is no vigorous evidence that RNA crossed the chloroplast 

envelope in either direction (Ellis, 1981a). In view of the 

observation that 4-5^ of plastid DNA is expressed in the ripe 

red chromoplast (Pryke and Nickson, I981), the mechanisms for 

protein synthesis would have to be present in the chromoplast. RNA 

scans of 2.2% polyacrylamide gels of pepper fruit of varying ripe
ness showed the presence of 23s and l6s rRNA giving support to the 
view.

A crticism of the methodology used will be considered 

first before discussing the results. The RNA extracts of chromo- 

plasts were fractionated by electrophoresis on 2.2% polyacrylamide 
gels. Owing to the soft consistency of the gels, direct staining 

of the rRNA bands proved to be essential in order to accurately 

pinpoint the bands revealed by U.V. scanning. This procedure 

reduced the possibility of contamination by adjacent material 

when harvesting the RNA bands.

Two important points need to be considered when using RNA 

in hybridization experiments isolated by polyacrylamide gel electro

phoresis: (i) possible contamination of the rRNA band with other RNAs, 

and (ii) contamination of l6s rRNA and mRNA.
Regarding the first point, possible contamination of l6s 

rRNA of nuclear or mitochondrial origin should not present a 

problem for RNA-DNA hybridizations, since both the A  ̂ ap and 
chloroplast DNA are thought to be free of any nuclear or mitochon

drial DNA contamination (see Section 3.4). Therefore the presence 

of any contaminating nuclear or mitochondrial DNA would not specifi
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cally hybridize to these DNA species. The second point concerns 

possible contamination of l6s rRNA with mRNA. Loening (1967) 
observed that mRNA was present in the gels only in trace amounts. 

In order to negate this critcism, rRNA was purified by separating 

rRNA and mRNA using the methods of Gray and Cashmore, (1976) and 
Brawerman (1974).

However, the yields of rRNA obtained were too low for 

unequivocal experimentation. It was evident that mRNA was

present in only very small quantities relative to the

rRNA fraction.

Radioiodinated RNA was separated from the reaction mixture 

by passage down a Sephadex column. Two peaks were eluted from the 

column. The second peak, which was much larger than the first, 

was retarded on the column, onci was expected to contain the un- 

-reacted (Commerford, I971). The RNA which eluted in a small

volume at the void volume, coincided precisely with TCA-insoluble 

material (see Figure 4.2).

The original method included a second column of GF. 11 

(Whatman Gellulose Powder) which was intended to further concentrate 

the RNA fraction. However since the RNA was eluted in a tight 

peak from the G-30 column, this step was found to be unnecessary 
and had the disadvantage of reducing yield.

Radioiodination of RNA proved to be consistently reliable,
Q

with specific activities up to 1 x 10 cpm/pgRNA being achieved.

In addition to the l6s rRNA fraction, total RNA extracts 

from pepper fruit at different stages of ripeness were iodinated.

It was possible to use total RNA extracts since the DNA bound to
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nitrocellulose filters was purified, and only the RNA complementary 

to the plastid genome would hybridize. Therefore any further 

purification of the RNA extracts would be superfluous. (For a 

discussion of the vitro ripening technique and the ripeness 

index (470/430 ratio) ( see Section 2.4).

The nitrocellulose filters were spotted with DNA using the
12 5dot blot method and hybridized for three hrs. Using I-labelled 

nucleic acid in hybridizations can result in high backgrounds, so 

the hybridization incubation time was reduced to a minimum 

(Maniatis et , I982).
DNA was immobilized on filters in quantities of 100 and 

200ng. This procedure was chosen in preference to two separate 

hybridizations of duplicate filters with the same amount of DNA.

In addition to assessing the quality of the result by the duplication 

between filters, an additional check on whether or not the counts 

doubled was incorporated by this strategy. The background counts 

for each hybridization was those in filters with an equal amount 

of immobilized Al47 DNA. This proved perfectly satisfactory, 

and eliminated the counts resulting from non-specific binding to 

non-complementary DNA, and nonspecific binding to the nitrocellulose 

filter. An additional control was a filter spotted with water, 

but since this was always lower than the Al47 DNA value, it was 
not incorporated into the results.

The quantity of DNA homologous to RNA was calculated from 

the specific activity of the RNA and the known amount of DNA on the 

filter. The green pepper RNA hybridized to known chloroplast genes, 

and the figures obtained from this, using subunit of ATPase as 

the standard, are compared with those obtained using the former 

method (see Table 4.2). As can be seen, the figures using the 

latter method were lower, and closer to the published sizes for
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the genes. Therefore the calculated figures in Tables 4.3 and

4.4 could be slightly high, but are within 25% of the reported 

value. So, whereas small differences in hybridization results 

cannot be regarded as significant, the technique does seem to be 

accurate enough to indicate whether a clone contains twice the 

amount of a gene compared to another, as for instance in the case 

of l6s rRNA.
Unfortunately hybridization of l6s rRNA fraction to 

chloroplast DNA did not produce the expected value of two l6s 
rRNA sequences (should an inverted repeat be present). In fact 

the counts were below background. Previous experiments had indic

ated that chloroplast DNA would not hybridize to Xcap clone DNA 

or itself (see Section 3.4), therefore RNA not hybridizing to 

chloroplast DNA was not an exception. Nevertheless, Xcap 

clones did hybridize to the ribosomal RNA fraction (see Table 4.1). 

The technique should be sufficiently accurate to ascertain 

whether two copies of the l6s rRNA are coded for on the X cap clones, 

but none of the clones show this. The calculated size of the 

l6s rRNA gene hybridizing to the Xcap clones was 0.88-0.58kb.

This is smaller than 1.49kb reported for tobacco (Tohdoh and Suguira, 

1982) and maize (Schwarz and Kossel, 1979).
There are two possible explanations for this. Firstly, 

the hybridization may not be complete. This is unlikely since in 

other RNA-DNA hybridizations using the same conditions hybrid

ization was found to be complete, as shown by the values obtained 

when compared with genes of known length (see Table 4.2). Another 

possibility is that the Xcap clones only code for that proportion 
of the 16s rRNA gene. Although none of the RNA extracts from 

fruit of varying ripeness hybridized to chloroplast DNA either,



- Iü6 -

the green pepper fruit RNA hybridized to the known chloroplast 

gene in this system. This was likely, since the green fruit 

plastid can be regarded as a chloroplast, and these genes are known 

to be expressed in the chloroplast (Whitfeld and Bottomley, I983). 
Although it was included in all the hybridizations, the cloned gene 

for subunit of ATPase did not hybridize to the RNA extracts.

Since these extracts included both plastid and nuclear RNA it 

cannot be surmised that the pCsubunit is not coded for on the 

plastid genome. There is a possibility that the gene is not

sufficiently homologous between wheat and pepper to produce signif

icant hybridization. This may be due to the presence of introns 

in the gene, or evolutionary divergence of gene sequences.

(Heterologous hybridization has been found to be prob

lematic in some systems (A. Smith, Personal communication).
The Xcap clone was calculated to contain a gene of 76bp. 

This is approximately the right length for a tRNA gene.

Further evidence

would be needed to support that possibility.

Tables 4.3 and 4.4 show the results of hybridization with the

orange and red fruit RNA. This RNA did not hybridize to the

known genes, so the calculation was made using the specific activity 

of the RNA.

The aim of the competitive hybridization experiments was to dis

cover whether the genes in a clone expressed at one stage of the

development of the plastid were being expressed at another, or 

whether the positive result was from another gene in the same clone. 

The unlabelled RNA was denatured thoroughly, to reduce any blocking 

effect by large fragments.
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From these results it can be deduced that the same genes 

would be hybridized to by each RNA fraction, and protected from 

being labelled by reincubation with either RNA fraction.

Two genes are in this category. Xcap 26 hybridized to 

green and red fruit RNA, suggesting that the same gene is being 

expressed, (see Table below). Also the gene on Xcap 19 was the 

same in red and orange fruit RNA.

The opposite situation is where the clone hybridizes 

to both RNAs, but is not protected by preincubation with the other 

RNA. In this case the genes are different, but there may be other 

genes on the clone which are the same. However, this situation 

would not be evident in this experiment, (see Table below).

COMPETITIVE HYBRIDIZATION SUMMARY 

GREEN AND RED FRUIT RNA X  cap 26

GREEN AND ORANGE FRUIT RNA A  cap 26

RED AND ORANGE FRUIT RNA Xcap 26

Xcap 3 

A cap 19

SAME GENE 
DIFFERENT GENE 

DIFFERENT GENE 

DIFFERENT GENE 

SAME GENE
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CHAPTER 3

GENERAL DISCUSSION
The uniqueness of the plastid lies in its ability to 

change so dramatically from one form to another. This makes it 

a particularly exciting subject to study, apart from the chloro- 

-plast, very little is known about other plastids.

More than 20 years ago it was confirmed unambiguously 

that chloroplasts from both higher plants and unicellular algae 

contain DNA (Ris and Plaut, I962). The genome size is very
Q

similar in all chloroplasts so fax examined, approximately 1 x 10 

daltons. A double-stranded DNA of unique base sequence of such 

a length could theoretically code for 120 proteins, each of an 

average molecular weight of 30»000* '
However, only a small proportion of the chloroplast 

genome is accounted for by known genes (see Table 3«l)* It was 

proposed that most of the excess chloroplast DNA was not inform

ationally irrelevant, but the DNA could code for many more proteins 

that have a regulatory role in chloroplast and nuclear gene 

activities (Ciferri, 1978).

The investigations into this subject have been done 

predominantly on chloroplasts. The proteins that are encoded 

on the plastid genome are of primary importance in the functions 

of the plant. The large subunit of RuBPCase enzyme and subunits 

of the coupling factor axe essential for photosynthesis. There 

is no reason to believe that other plastid forms should not be 

entirely supplied by the nucleus; the only example known, the 

chloroplast, is not. Therefore a study of the chromoplast genome 

may reveal other plastid genes expressed in another plastid form. 

Although the chloroplast was initially thought to be a



Table 5*1 Identified Products of In Vitro Chloroplast Protein 

Synthesis®"

Large subunit of RuBPCase 

Four subunits of CFj

Elongation factors T and C of chloroplast protein

synthesis

Cytochrome f

Cytochrome b559
32 kD Thylakoid Protein
Apoprotein of chlorophyll-protein complex 1 

Ribosomal Protein CS I9

amodified from Ellis (1981a)
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senescent form, this is now refuted. Chromoplasts can redifferent- 

iate into other plastids and do not lose their plastid DNA (see 

Section 1.10.3).
The first experimental section of this thesis deals with 

in vitro ripening of pepper fruit, and cytological aspects of the 

chloroplast-chromoplast development, preliminary to a study of 

expression of the chloroplast genome during fruit ripening. It 

was therefore envisaged that a reliable supply of fruit at diff

erent stages of ripening would be required. This could be best 

met by an ix vitro ripening system, which had the added advantage 

of producing uniformly ripened fruit tissue. A ripeness index 

based on a total pigment extract provided a means of standardizing 

tissue age (development). Both of these techniques have been 
fully discussed in Section 2.4.

Chapter 2 also describes ultrastructural changes during 

the chloroplast-chromoplast transition. This revealed a dramatic 

reorganization of the membrane system, as previously described by 

Spurr and Harris (I968).
It was already known that red chromoplasts contained DNA 

(Pryke and Nickson, Personal communication). Therefore it was of 

interest to investigate changes in plastid DNA content throughout 

the development process. Their data had indicated a reduction 

in the DNA content of the chromoplast of ripe pepper fruit compared 

with the chloroplast. A recently introduced rapid technique which 
enables a direct estimate of DNA content of a cell was therefore 

investigated. This technique makes use of a microphotometer 

(Leitz MPV3 System) which measures the amount of light emitted by 
a single cell. DAP I was chosen as a DNA stain for its high

specificity and quantitative binding characteristic. Nevertheless
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the method can only be as good as the standard used. An addit- 

-ional difficulty was encountered, which hampered a relative as 

well as absolute estimate of DNA. Red chromoplasts, in particular, 

proved to contain a relatively large amount of U.V. absorbing 

material, probably a carotenoid or related pigment, which gave 

artificially low DNA estimates. Although this technique was unsatr 

-isfactory in the present context, clearly it could prove useful 

for other plastids. The technique as applied to pepper fruit 

chromoplasts has been fully discusssed in Section 2.4. The 

conclusion drawn was that plastid DNA decreases from leaf (4y6 

plastomes/plastid) to green pepper plastids (331 plastomes/plastid) 
and possibly decreases in the chromoplast (orange 338 plastomes / 
plastid).

This contrasts with studies on DNA content of potato 

tissues, also a member of the Solanaceae, which revealed high 

amounts of plastid DNA in potato tubers. It was proposed that 

the high amounts was simply a consequence of their tissue origins 

as stems, since stems have values intermediate between those 

of roots and leaves (Scott et ^ . , 1984).

The only plastid differentiating system studied is the 

development of wheat leaves. This showed very high ploidy amounts 

per plastid in the initial stages (Boffrey and Leech, I981).
No studies have been done on ploidy amounts in a system 

of chloroplasts differentiating to another type of plastid.

The main section of this thesis deals with the creation 

and study of A  cap clones. Chapter 3 describes characterizations 

of A  cap clones by restriction enzyme digestion, and identity of 
clone fragments by hybridization studies using chloroplast DNA.

The aim of Chapter 4 was to investigate plastid genome expression
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during chromoplast development. This was achieved by studying 

hybridization of Xcap clones to RNA isolated from plastids of 

different stages of ripeness.
Similarity between the chloroplast and chromoplast genome 

was examined by comparison of Bam HI digestion patterns. Although 

the numerous larger fragments were not adequately resolved.to 

show any firm conclusion, the six smallest detectable fragments 

were identical.
All studies done on other systems found that DNA from 

different types of plastids in the same plant was the same (see 

Section 1.3-1). In particular the chromoplasts of Narcissus 

gave the same restriction patterns as chloroplasts from the same 

plant (Falk et , 1974).

It is interesting to note that no differences

in fragment patterns have been found for mitochondrial

DNA isolated from different tissues of the same plant at different 

developmental stages (Quetier and Vedel, 1977).

Hybridization of Xcap clones and chloroplast DNA was 

disappointingly low despite repeated attempts using different 

experimental conditions. X L47 DNA was taken as the background 

value therefore the residual hybridization represents homologous 

sequences. The conclusion drawn was that chloroplast DNA 

contains some impurity, possibly grana (to which it is closely 

associated in vivo)or carbohydrate, vdiich interferes with 

hybridization.

Throughout this study a number of chloroplast DNA maps 

were formulated incorporating the clones so as to fit the evidence 

known at that time. Precise maps were not obtained, and is still 

not possible based on current evidence. Therefore several
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possibilities will be discussed and related to all the available 

facts.
The first piece of evidence to be considered is the agar- 

-ose gel separation of DNA digested fragments. This is undoubtedly 

the most accurate information available on the clone sizes,, and 

their possible relationship by the possession of fragments of the 

same size.

An unexpected aspect throughout the project was the large 

size of the genome of all the clones. The cloning capacity of 

/\l47 was reported to be 4.7-19.6kb, calculated assuming a minimum 

size of A  units, and a maximum size of 109% X (Bellet et al., 
1971 ; Weil e_t ^ . , 1972). Although it was stated that limits may 

vary somewhat with the constitution of phage DNA, and physiology 

of the host, it was not considered likely to vary by 100%. There
fore it was eventullly concluded that the higher molecular weight 

bands must all be either undigested fragments or the phage arms.

A summary of the chloroplast DNA fragments in Acap DNA 

is shown in Table 5*2. Summation of fragment sizes for each clone 

puts the size of the foreign DNA fragment in the clones at approx- 

-imately 20kb. Two clones in particular, A  cap 13 and 17 had 

sizes (32.3kb) well outside this range. The assumption was made 

that an agarose gel band showing greater fluorescence contained a 

repeated sequence. This assumption, which is generally accepted, 

also put the foreign fragment size at Acap 3 and 27 at greater than 
20kb. However, Acap I6 and I8 have an insert greater than 20kb 

and do not contain repeated fragments. An explanation for this 

is not known. As discussed in Section 3*4, because Acap l4 was 

undigested,fragment size was estimated by subtracting the sum of 

A L47 left and right arm molecular weights.



Table 3*2 Proposed Size of Foreign DNA Bam HI Fragments in 
Xcap DNA

\cap clones;
26 22 - 20 12 11 1 6 21

8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3
6.8 6.8 6 6.8 6.8 6 6.8 6.8
4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8

Total 19.9 19.0 19.1 19.9 19.9 19.1 19.9 19.S

A cap clones:
16 18 13 17 13 27 4 14 5

8.3 8.3 6.8 8.3 8.3 8.3 4.8 38.2 8.3
6.8 6.8 6 6.8 6.8 6 3.9 6
6 6 4.8 4.8 4.8 4.8 4.8
4.8 4.8 3.9 3.9 3.9 3.9

Total 23.9 23.9 17.6 32.3 32.3 26.9 8.7 4.8 26.s

10 23

8.3 6.8 
6 6
4.8 4.8
3.9 3.9

Total 21.3 21.3

The molecular weights of Bam HI fragments were calculated 
using a calibration curve based on the Bam HI digest of \  wildtype 
(Figure 3.10).
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Based on this revision of clone foreign fragment size the 

number of unique foreign DNA fragments is much reduced. This fact 

precluded the preassumption that the clone bank contained most 

or all of the chloroplast genome. Therefore a large number of 

clones were identical or closely related, and the remainder contained 

some of the same fragments. As the larger paxt of the study was 

carried out on the assumption that the clones contained all or 

most of the chloroplast genome, it was impractical to generate 

additional clones in the hope of extending the gene bank. The 

clones cover quite a small portion of the genome, in fact a 

small single copy region and a proportion of the inverted repeat 

on either side of this region. Despite the low probability 

that these clones were formed from a total chloroplast digest, 
the proposal fits the evidence presently avilable. In addition 

it explains results obtained using clones of known chloroplast 

genes which included LS of RuBPGase, and oC ATPase subunits, 

and cytochrome f genes (described in Chapter 4). These clones, 

labelled using nick translation, did not hybridize to either Xcap 

DNA or chloroplast DNA. The hybridizations were those used for 

all DNA-DNA hybridization studies. Therefore, based on the 

current proposal for Xcap clones, their lack of hybridization 

to the known clones is explained by the fact that Xcap clones 

do not contain the appropriate DNA sequence, that is genes for 

LS RuBPGase, ft and oc subunits of ATPase and cytochrome f.

The proposed map based on the clone bank is shown in 

Figure j.l. The evidence from clones 17, 13, 27, 3 and 10 

prompted the theory that fragments 6, 4.8 and 3»9kb were part of 
the inverted repeat. But any map which includes the majority 

of the clones cannot incorporate these.
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Figure j.l Proposed map of Xcap clones.
Xcap clones were mapped according to their Bam HI 

digest fragments, quoted in kb. The shaded region indicates the 
proposed inverted repeat.
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Although only a few unmapped clones indicate that an 

inverted repeat is present, the probability is high that one is 

present in the Capsicum annuum genome.
Only members of the tribe Viceaceae lack the inverted 

repeat. Capsicum annuum is a member of the family Solanaceae, 

as is tobacco, which has well documented evidence for the presence 

of a repeat (Takaiwa and Suguira, 1982).

The map proposed for 11 of the Xcap clones appears to 

agree with the facts known about higher plant chloroplast DNA.

The small single copy region is of typical size, approximately 

15kb (Whitfeld and Bottomley, I983). Study of the l6s rRNA 

hybridization compared with the map shows that the l6s rRNA gene 

is probably located in the 6kb fragment,, and Xcap l4 contains 

the gene. No other clone hybridized significantly to the RNA, 

and therefore cannot be positioned on the genome.

All of the clones which contain the 3-9kb fragment do 

not appear to fit on the map, and in addition do not fit with each 

other. One explanation is that these clones cover another part 
of the genome not linked to the present map. There are two 

reasons why this is unlikely. The clones contain some fragments 

in common with these in the clones assigned to the map. To 

postulate that the clones are located elsewhere would be also to 

postulate the duplication of these fragments, for instance, the 

8.3kb and 4.8kb fragments. This would result in at least three

4.8 and 6kb which is not only unlikely, but also is not indicated 

by the chloroplast DNA digests. The digests would have shown a 

triplicated fragment even in such a dilute preparation. In 

addition the extra fragments would increase the size of the genome 

to beyond the usual size for higher plant plastomes (Whitfeld and
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Bottomley, 1983» see Section 3-4 and.Table 3*3 )• The clones that do 
not fit the map, appear to lack the fragments for the small 

single copy region. Only Xcap 13 and 1? contain the 6.8kb 
fragment and without the 6kb fragment, which the other clones show 

as part of the repeat and close to the central region. Other clones

contain the 6kb fragment, but not 6.8kb, which seems to be in the 

copy region. If any of the fragments thought to be in the small 

single copy region are omitted the small single copy region 

would be much smaller than any found so far in the higher plant 

plastome (Whitfeld aJid Bottomley, I983)
The clones that do not fit on the map hybridized to the 

mapped Xcap clones in the DNA-DNA hybridizations (see Table 3,3). 

Therefore some degreepof homology exists between them. Due to this 
conflicting evidence, the unmapped clones cannot be positioned 

until more detailed mapping is done using other restiction 

endonucleases. The use of partial digests may help to elucidate 

this situation.

As previously mentioned, the DNA-DNA hybridizations of 

the Xcap DNA showed that 17 of the 22 clones are interrelated.

The unrelated clones areXcap 4, 9, 11, I9 and 23. Since the 

current proposal is that most of the clones contain a proportion 

of the inverted repeat this is to be expected.

Table 3-2 summarizes the hybridization results, tabulated 
fully in Tables 3.5-6. The smallest clone, Xcap l4 hybridized 
to Xcap 13, 16, 18, 1 and 20, all of which are thought to contain 

part of the l6s rRNA gene, including Xcap l4 (see below). In
addition, Xcap 14 hybridized to 6, 21, 22, I3 and 17. The
first three clones are positioned on the map in the region next 
to that coded for by Xcap l4 (4.9kb fragment). Xcap 13 and 17



Table 5.3 Summary of DNA-DNA Hybridizations between Xcap Clones*
Hybridization of X  cap clone to probe :

X cap l8 X cap 23 X cap 11 X  cap 3

5 1 6 1
6 6 12 6
13 13 13 10
15 15 15 13
l6 16 16 15
21 20 18 18
23 21 21 21
26 22 22 23
27 23 26 26

27 27

Xcap l4 X  cap l6 Xcap 22 Xcap 1
1 1 1 6
6 6 6 13
13 13 7 15
15 15 13 l6
16 16 14 18
17 18 15 21
18 20 16 22
20 21 18
21 22 23
22 27

*These data are detailed in Tables 3*5 and 3*6
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are not positioned on the map. This is the case for most of the 

DNA-DNA hybridizations, since they hybridized with some of the 

expected clones and some thought to be located elsewhere on the map.

Hybridizations of labelled Xcap clones to Southern blots 

of A cap Bam HI digest patterns may help to elucidate the situation,
Xcap 13 seems to be a large clone, since it is hybridized to by 

all of the probes tested. Since Xcap I3 contains the 3*9kb 
fragment, this indicates that the fragment occurs in this region.
It is thought to be part of the inverted repeat. Based on the 

current scheme, the obvious position would be next to the 6kb 

fragments flanking the mapped region.

X  cap 27 hybridized to Xcap 3, 11, 22, I8. It is 
thought to have identical fragments to Xcap 3, and so was likely 
to hybridize to it. Xcap 3 hybridized to the same fragments
as X  capl4, with the addition of Xcap 10, which also contains 
the 3'9kb fragment.

This evidence seems to support the presence of Xcap 13,
3, 10, 23 in a region overlapping the proposed map, and therefore 

the presence of the 3*9kb fragment. Xcap l4 is the only clone 

with an extra small molecular weight fragment, although it also 

contains fragments of 3*9kb and 4.8kb. None of the clones 

hybridized to it. This may be due to its small quantity of DNA 

homologous to the labelled clones. The fragments from Bam HI 

digests of X  cap 4 cannot be positioned on the map as the 4.8kb 

fragment is next to the 6kb fragment on the small single copy 

region side. Xcap 4 does not contain the latter fragment.

The RNA-DNA hybridizations gave fewer positive results, 

probably,in part due to the more stringent hybridization procedures 

instituted for these hybridizations because of the high backgrounds
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obtained (see Section 4.2.6).
The l6s rRNA fraction hybridized to six Xcap clones,

1, l4, 15, l6, 18 and 20 (see Table 4.1). The calculated length of 

homologous DNA is approximately 0.7kb for all of the clones, 

which is small, compared to sizes reported so far. For instance, 

the sizes for tobacco and maize l6s rRNA genes were i486 and 14^1bp 
respectively (Tohdoh and Suguira, 1982; Schwarz and Kdssel, 1979)» 

This may be due to high levels of hybridization or that the l6s 
rRNA is located across the Bam HI recognition site bounding the 6kb 
fragment. The hybridization results position the l6s rRNA gene 
in the 6kb fragment of the proposed map (Figure 5,1) , and X capl4 

in the same area.

Despite the fact that it is now thought that the X  cap 

clones only contain the small single copy sequence and part 

of the inverted repeat, it can be concluded from this study that 

the chloroplast genes LS RuBPCase, cytochrome f and and 111 

subunits of ATPase are transcribed in the green pepper. This 

transcription ceases in the orange and red pepper. The study 

on tomato ripening also concluded that photosynthetic enzymes 

are no longer produced (Grierson et , 1984a)

The green pepper fruit RNA hybridized to X cap 1, 22, 
and 26. A cap 1 was calculated to be 76bp long; which suggests a 

tRNA gene. Xcap 20, gave a value of 42bp, but this was excluded 

from the results because the value was very low. However, 

this may indicate that a tRNA gene is expressed in the 6kb fragment, 
All three RNA fractions from pepper fruit of varying 

ripeness hybridized to X cap 26. The orange pepper fraction also 
hybridized to X  cap 11 which is postulated to be in the same 
position on the map as \cap26. The other three clones it
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hybridized to have not been positioned on the map. A  cap 19 

does not have a Bam HI band pattern; the digests of that clone 

were always indistinct. The other two clones, X  cap4 and 5, 
have been provisionally positioned beyond the 6kb fragment, 
possibly overlapping it.

The red pepper hybridized to A c a p  5 and 19 as well, and 

A c a p  22 which is postulated to be in the same position on the 

map as A c a p  26. The clone, A  cap 23, has not been positioned 

on the map as it did not appear to be digested by Bam HI enzyme.

In the DNA-DNA hybridizations it hybridized to the clones thought 

to cover the inverted repeat region (see Table 5.2). A cap 20 
also hybridized to red pepper RNA, it is positioned in the 

inverted repeat region, and hybridized to clone 23. The last 

A c a p  clone red pepper RNA hybridized to was X c a p  25, an 

intriguing clone, since it contains all the fragments found in 

other clones and yet does not hybridize to any of them (see Table 5 3 ) 

The competitive hybridization experiment was an attempt 

to determine whether genes on clones that were expressed at 

different stages of development, were in fact the same gene or 

different genes.

Clone 26 was the only one common to all the hybridization 

patterns, and was shown to be the same gene in green and red pepper 

RNA and the orange pepper was on a different gene.

A c a p  26 is thought to be centred on the small single 

copy region according to the current map. The unmapped clones 

are thought to be located in the inverted repeat region beyond the 

6kb fragment towards the large single copy region. A cap 26 seems 
to contain several genes which switch on and off, and that would 

therefore be a sensible choice to begin further studies on expression,
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One aspect difficult to explain of these total RNA, and 

competitive hybridizations, is the lack of clones associated with 

the l6s rRNA fraction. There are no genes expressed that appear 

to code for Z^s/js rRNA genes either. They should have shown 

up in these experiments, since the conditions used were identical 

to those used in the l6s rRNA hybridization. It may be possible 

to resolve this siuation by hybridizing the clones to purified 

chloroplast rRNA from fruit of different stages of ripeness.

The current evidence for known information on the inverted 

repeat and small single copy region is covered in Section 1.3.2, 

and is summarized in Figure 5.2. An interesting fact about the 

area of the plastome thought to be mapped by the Xcap clones is 

the lack of knowledge about it. The small single copy region is 

thought not to contain tRNA genes from mapping studies done on 

spinach (Driesel et ^ . , 1979; Driesel £t ^ . , 1980a)
Sequencing of the area bordering the inverted repeat 

region revealed a promotor sequence similar to the one in front 

of the 16s rRNA gene (Sugita at al., 1984).
A fragment was sequenced in the small single copy 

region of tobacco plastid DNA revealing ars (autonomously 

replicating sequences) activity in Saccharomyces cerevisiae. 

(Ohtani et aT., 1984)

This is the only evidence collected on the genes present 

in the small single copy region. Since its average size is 15kb 
(whitfeld and Bottomley, I983), it is surprising that a large 

area representing 10%  of the plastid genome has no known coding 

capacity. Based on available evidence the plastid genome does 

appear to be quite tightly packed.

The tRNA^^^ overlaps by 3-9 nucleotides with the 32kD
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gene transcribed on the complementary DNA strand (Bogorad et al.,

1980; Bogorad et al., I98I and Sugita et al., 1984). Also in 

tobacco, it was found that the 3' end of the coding region 

overlaps by one nucleotide with the 5' end of the £. coding region 

of ATPase subunits (Shinozaki ejt , I983). This evidence of 

crowding of genes does not support the notion that a Ijkb region 

is left with no functional genes. One exciting possibility is 

regulatory proteins being coded for in that region. They are 

less likely to be discovered and mapped due to the low concen

t r a t i o n  p r e s e n t ,  e x c e p t  w h e n  p r o b e d  w i t h  s p e c i f i c  c l o n e s  

o f  s t r u c t u r a l  p r o t e i n s  d i s c o v e r e d  so f a r .

The red and orange pepper RNA fractions hybridized to 

clones which have not been mapped, and are thought to be located 

in the inverted repeat region beyond the l6s rRNA gene. These 

contain some tRNA genes as shown in the map of Figure 5.2. There 

are no reports of genes encoding proteins in this region.
Phytochrome, p r o t o c h l orophyHide and maybe a third substance

mediates the switching on of certain genes in the chloroplast

( s e e  S e c t i o n  1 . 5 ) ,  b u t  o t h e r  r e p o r t s  o f  c o n t r o l  o f  g e n e s  a r e  l i m i t e d ,

T r i t i c u m  a e s t i v u m  h a s  b e e n  s t u d i e d  u s i n g  a n e u p l o i d s  

( s e e  S e c t i o n  1 . 4 ) ,  a n d  t h e  l o c a t i o n  o f  R u B P C a s e  l e v e l s  

by t h e  n u c l e u s  wa s  l o c a t e d  on c h r o m o s o m e  4 ( J e l l i n g s  

e t  a l , ,  1 9 8 3 ) ,  T h e  p l a s t i d  g e n o m e  r e s p o n d e d  t o  i n c r e a s e d  

LSD s y n t h e s i s  t o  e q u a l  i t  ( D e a n  a n d  L e e c h ,  1 9 8 2 ) ,  U n l i k e  

a l l  o t h e r s  s t u d i e d ,  i n  t h e  s o y b e a n  p l a s t o m e  t h e  R u B P C a s e  

a n d  3 2  k d  g e n e s  a r e  o n l y  a f e w  kb  a p a r t  a s  o p p o s e d  t o  t h e  

u s u a l  5 0  kb ( S p i e l m a n  e t  a l , ,  1 9 8 3 ) ,  An i n t e r e s t i n g  

r e s u l t  o f  t h i s  r e a r r a n g e m e n t  i s  t h a t  t h e  t w o  g e n e s  a r e  

e q u a l l y  h e a v i l y  t r a n s c r i b e d  w h e r e a s  u s u a l l y  t h e  3 2  kd  

p r o t e i n  i s  p r e s e n t  i n  much s m a l l e r  q u a n t i t i e s .  T h i s  

s e e m s  t o  i n d i c a t e  some f o r m  o f  s p a t i a l  c o n t r o l .

T h e r e  a r e  no k n o w n  e x a m p l e s  o f  RNA c r o s s i n g  t h e  c h l o r o -
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plast membrane and, although proteins have been studied that move 

into the plastid, none have been studied that move out of the 

plastid.(Ellis, 198la). Owing to the different nature of mito

chondrial genomes only the higher plant mitochondria will be 

considered.

The precise nature of the nucleus in controlling and 

integrating the expression of nuclear and mitochondrial genomes 

during mitochondrial genesis is unknown (Leaver and Gray, I982). 
In studies on induced mitochondrial biogenesis in aging tissue 

slices of Jerusalem artichoke tubers (Barratt and Flavell, 1975)» 

the isolated mitochondria showed no marked qualitative effects 

on the range of polypeptides synthesized. However, there was a 

significant change in relative rates of synthesis of three of 

the major polypeptides.

In conclusion, the results obtained from the hybridiz

ations of RNA isolated from pepper fruit of varying ripeness 

indicates that some change in expression does take place during 

chromoplast development. The geneé discovered so far in the 

area cloned are not expected to be switched on or off, so the 

possibility exists that other undiscovered genes are coded for 

in this region. These may possess a regulatory or structural 

function.

Although the size of the inserts made the hybridization 

results in particular very difficult to interpret, the AIA7 vector 
must be a wise choice for this study. The aim of this project 

was to incorporate the whole plastid genome into clones and 

study the changing expression in them.

Although small fragments would be easier to experiment 

with, many more clones would need to be isolated to cover the
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whole genome. With the limited facilities available propagation 

and extraction of DNA of more than 20-25 clones would take up a 

disproportionate amount of time compared to the time spent 

experimenting with them.

However, now that some preliminary studies have been done, 

smaller fragments can be cloned to study a particular part of the 

genome in detail.

Any scheme of further investigation of X^cap clones must 

include initial detailed mapping using several endonucleases.

The Xcap digests could also be blotted, and a labelled Xcap 
clone hybridized to the blot, to find which bands are covered by 
both clones.

The smaller fragments from the Bam HI digest could then 

be cloned into a vector.

Studies on Capsicum annuum plastid protein synthesis 

during chloroplast-chromoplast transition are being carried 

out in this laboratory at present. It is intended to use

the Xcap clones for hybrid release translation to find which

proteins axe coded for by the clones.

Recombinant DNA techniques are very powerful tools 

to use on the chloroplast-chromoplast system. The low yields 

of chloroplast DNA made an amplifying system essential.

Moreover, the advantage of studying sections of the genome as
opposed to all of it, is obvious.

The problems with recombinant DNA technology in this 

study was that it created additional problems to be solved. These 

concerned investigating the nature of the clones, before the 
fundamental question regarding chloroplast DNA could be tackled.
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