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Abstract

Within the plant cell are three distinct genetic compartments: the nucleus, the

plastid and the mitochondrion. DNA sequences that are common to more than one of

these organelle genomes, termed promiscuous DNA sequences (Ellis, 1982), are

believed to be the result of transfer of genetic information from one organelle and

subsequent integration into the genome of another. These sequences have been

identified in both the nuclea¡ and mitochondrial genome but never satisfactorily in the

plastid genome. The mechanism of transfer of these sequences is yet to be elucidated.

The aim of this study was to further characterize plastid DNA sequence homologies

within higher plant nuclear genomes.

Southern blot analysis identified plastid DNA sequence homologies in the

nuclear genomes of all plant species examined, except for Arabidopsis thaliana. Ãs

assessed by restriction fragment variability, in some plant species a homogeneous

arrangement of these sequences is observed while other species show different amounts

of inüaspecific variation. This sequence variability may be attributable to the different

reproductive mechanisms employed by each species or alternatively reflect the diversity

of the gene pool from which each cultivar was derived. Plastid DNA sequence

homologies in the nuclear genome of Beta vulgaris were the most heterogeneous being

potentially somatically unstable. Southern hybridization suggested the presence of very

large, contiguous tracts of plastid DNA in the Nicotiana tabacum nuclear genome, in a

high copy number (57 copies per lc nucleus) when compared with other species (Steele

Scott and Timmis, 1984; Pichersky et al,I99l: Pichersky and Tanksley, 1988).

Isolated from a tobacco nuclear genomic library were 300 lambda clones that

showed homology to three plastid DNA probes. Six of these clones were examined in

varying amounts of detail and five were shown to be greater thangg%o homologous in

their entirety to the plastid genome. These clones were not of bonafide plastid origin as

they did not contain functional open reading frames in essential photosynthetic genes. It

was therefore concluded that inte$ated within the tobacco nuclear genome are multiple

copies of large (ie. in excess of 18 kbp), contiguous ffacts of plastid DNA.
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These five clones encompassed307o of the entire tobacco plastid genome and

thus encoded nuclear equivalents of many plastid genes. Quantitative PCR analysis of

one of these sequences gave an estimate of 15 + 5 copies per 1c tobacco nuclear

genome. As all 15 copies of this sequence contained the same 41 bp deletion they are

presumed to have arisen from duplications that occurred after a single transposition

event. The apparent multiplication of these promiscuous sequences within the nuclear

genome may account for the absence of any unifying sequence motifs at the integration

sites of promiscuous nuclear sequences identified to date.

The remaining lambda clone contained both truly nuclear and plastid derived

DNA sequences. These nuclea¡ sequences showed homology to a moderately repetitive

dispersed repeat present within the tobacco nuclear genome. The region of plastid DNA

homology of this clone showed greatü sequence divergence when compared with the

rue plastid genome than the five other lambda clones, suggesting that it represented a

more ancient transposition of plastid DNA to the nucleus. Associated with nucleotide

deletions and insertions in these lambda clones were sequence motifs suggesting that

processes such as DNA replication slippage and palindrome mediated DNA excision

were involved in the formation of these mutations. As the lambda clones encompass

many regions of the plastid genome that are not transcribed, transfer of these sequences

to the plant nucleus would not appeil to have been mediated via an RNA intermediate,

as has been suggested for other species (Schuster and Brennicke, 1987: Nugent and

Palmer, 1991).

The presence of large tracts of plastid DNA in the tobacco nuclear genome

contrasts the arrangement of such sequences in the nuclear genomes of other studied

plant species (Steele Scott and Timmis, 1984; Pichersky et al,I99l; Pichersky and

Tanksley, 1988).
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CHAPTER 1

Introduction

The eucaryotic cell is divided into a variety of subcellular structures distinct

from the cytoplasm termed organelles. Each organelle possess a specific function in

cellular metabolism. Of the array of cellular organelles only three contain genetic

information in the form of deoxyribonucleic acid (DNA); these being the nucleus, the

mitochondrion and the plastid, although it has been proposed that basal body filaments

of eucaryotic flagella and cilia may also contain DNA (}JaIl et al,1989; Goodenough er

al,1989).

1.1: The Nucleus

Under the light microscope the most conspicuous organelle within the

eucaryotic cell is the nucleus. The nucleus contains the vast majority of DNA and

ultimately controls all aspects of cellular function and biogenesis. Within the nucleus

DNA macromolecules are complexed with proteins to form the chromosome. The

amount of DNA in the nucleus and the presence or absence of the nucleus itself, is

dependant upon the stage of the cell cycle. Associated with the chromosomes is a

suborganelle termed the nucleolus, which results from the processing of ribosomal

ribonucleic acid (rRNA). Surrounding the nucleus are two membranes which fuse to

form nuclear pores that regulate the movement of material between the cytoplasm and

nucleus.

1.2: The Mitochondrion

The mitochondrion is an almost ubiquitous organelle amongst eucaryotic

organisms and is responsible for cellular energy production via oxidation of

tricarboxyclic acids (ie. the Krebs cycle). Specifically pyruvate generated by glycolysis

is completely oxidized to form carbon dioxide. This reaction is coupled to the reduction
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of molecular oxygen to form water with the net production of chemical energy in the

form of adenosine triphosphate.

The mitochondrion is bound by two membranes with the inner membrane

forming complex invaginations called cristae. Residing in the mitochondrial matrix is

the mitochondrial DNA and all the necessary transcription and tanslation apparatus

required for expression of mitochondrial encoded genes. Each mitochondrion contains

multiple copies of the mitochondrial genome and most cells contain multþle

mitochondria.

Although the mitochondrion is common to most eucaryotes, the mitochondrial

genome is highly heterogeneous showing little conservation between different taxa.

This genomic variation is reflected predominantly in size and structural variation rather

than extreme differences in coding content, although some variation in gene content is

evident (for review see Gray, 1989a).

Animal mitochondrial genomes are amongst the smallest and most conserved,

representing an extreme example of genetic economy. The sequenced human

mitochondrial genome consists of 16569 bp in which are encoded 13 protein genes, 22

IRNA molecules and two rRNA genes. Genes encoded in the human mitochondrial

genome contain no introns. A pair of overlapping genes are also present (Fearnely and

Walker, 1986).

Rearrangements in animal mitochondria are rare as would be expected from the

high density coding capacity of the genomo. However animal mitochondrial genomes

often show very rapid rates of DNA sequence evolution, although different genes within

the genome diverge at different rates. For example primate mitochondrial IRNA genes

are thought to diverge 100 times faster than their nuclear encoded countelparts, even

though these mitochondrial tRNA genes are diverging at only half the rate of some

mitochondrial protein genes. This rapid sequence change is attributable to a high

proportion of silent base substitutions, a high nucleotide transition to transversion ratio

(10 to 1) and a strong bias for C and T interchange in the L strand (Gray, 1989a).

Fungal mitochondrial genomes, unlike their animal counterparts, show a large
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variation in size (17.6 kbp to 115 kbp)(Gray et al, t989a). This size variation is due

predominantly to the amount of noncoding DNA contained in each genome; including

the presence or absence of introns, variation in intergenic spacer lengths, the number of

repeated sequences present and to sequence duplications.

As many fungi are capable of anaerobic metabolism, some fungal mitochondrial

genomes can undergo extensive rearrangement as a functional mitochondrion is not

essential. The most studied examples of this phenomenon occur in yeast where loss of

wild type mitochondrial sequences can reduce the entire genome to a subgenome of

only 35 bp (Fangman et aL,1989). The excision of this wild type mitochondrial DNA is

vla homologous rccombination between intergenic spacers. Yeast mitochondrial DNA

intergenic spacers are very A and T rich and are punctuated by short regions (10 to 60

bp) of G+C rich sequence. These short G+C rich elements appeü to act as hotspots for

intragenic homologous recombination resulting in loss of portions of the genome

(Dieckmann et aI, 1987). Rearrangement is further facilitated by the circularity of the

mitochondrial genome and a high rate of recombination.

The largest and most complex of any mitochondrial genomes occur in higher

plants, which show a size range from 208 kb in Brøssica hirta (Palmer and Herbon,

1987) to 2400 kb in Cucumís melo (Ward et al, I98l). Plant mitochondrial genomes

often show a lot of physical heterogeneity and the genome is thought to exist as a

circular "master" chromosome which is frequently converted to smaller subgenomic

circular and linear molecules, by recombination between repeated sequences (Lonsdale,

1984; Palmer, 1984). The stoichiometry of these subgenomic complexes is often quite

complex (Small, 1989).

Plant mitochond¡ial genomes are estimated to encode approximately 20

polypeptide products in addition to tRNA's and rRNA's (Iævings and Brown, 1989;

Breiman and Galun, 1990) and their actual coding content is very simila¡ to that of the

much smaller animal mitochondrial genomes. The bulk of the genome is therefore

noncoding DNA, including introns and repeated DNA soquences, with usually solitary

genes being scattered throughout the genome. To date gene maps for different plant
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mitochondrial genomes Írre very different (Palmer and Herbon,1987; Gray, 1989a).

Unlike animal mitochondrial genomes, plant genomes evolve rapidly in

structure but show slo'ù/ rates of sequence divergence. Palmer and Herbon (1988)

examined the mitochondrial genomes from six species of crucifers and found that each

genome was structurally different but all had very similar primary sequence. Sequence

divergence of I - 8 changes per 1000 nucleotide pairs was observed between the

mitochondrial genomes of different species, which represents a point mutation rate 100

times slower than that of animal mitochondrial DNA. This slow rate of sequence

divergence was evident in both coding and noncoding genomic locations.

The most poorly studied group in terms of mitochondrial genome structure and

diversity a-re the protists (Gray, 1989a). Protozoan mitochondrial genomes are often

linear with a size range of 15.8 kbp in Chlamydomonas renhardtíi (Boer et a|,1.985) up

to approximately 60 kbp.

In addition to the complex variation amongst mitochondrial genomes, often

associated with the mitochondria' ¿ìre extra autonomous nucleic acids, usually termed

plasmids. These plasmids are found most commonly in plant and fungal mitochondria

and consist of either DNA (Meinhardt et al, 1990; Kemble et al, 7980; Shikanai er ø/,

1987) or double or single stranded RNA (Levings and Brown, 1989; Kims et al,1989).

The size range of these molecules is quite large with some reported in excess of 10 kbp

(Meinhardt et aL,1990) and structurally these molecules can be either circular or linear.

No clear biological function has been attributed to these plasmids but they have been

implicated in a variety of processes including plant cytoplasmic male sterility,

senescence inNeurospora and in the basis of the killer phenotype in yeast (Meinhardt er

al,1990). The evolutionary origin of these molecules is also unknown and they have

been compared with viruses, retrotransposons and introns (Kupier et al,1988) and could

possibly represent some form of horiziontal gene transfer to the mitochondrion (Gray er

al,1989b).
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1.3: The Plastid

Photosynthetic eucaryotes are distinguished from heterotrophic eucaryotes by

possessing an additional organelle the plastid. The term plastid encompasses a variety

of forms of the same organelle, with each plastid type possessing a different function.

For example the chloroplast is an actively photosynthetic form of plastid, the

amyloplast is a plastid involved in starch synthesis and storage and the chromoplast is a

carotenoid containing plastid responsible for some fruit and flower colours. These

different plastid types are considered the same organelle as each is derived from the

same progenitor, the proplastid. In addition plastids are generally interconverti:ble; that

is some plastid types can be shown to derive from or form another plastid type. In

general all the plastids in a single plant cell are of the same type and the form taken by

the plastids of a cell is determined by the cell type. All the genetic material utilized in

this study was obtained from green leaf tissue of which the chloroplast is by far the

most abundant plastid.

The chloroplast is the site of photosynthesis, where light energy is utilized in the

production of organic carbon from ca¡bon dioxide. The chloroplast consists of a double

membrane envelope surrounding a fluid filled cavity (the stroma) in which reside

vesicles of photosynthetic membranes called thylakoids. Within the thylakoid

membrane are photosynthetic pigments (chlorophylls) which absorb light energy and

drive intermolecular fansfer of electrons to produce ATP and NADPH (the so called

light reactions of photosynthesis). This chemical energy is subsequently utilized in the

synthesis ofcarbohydrates from carbon dioxide (the dark reactions ofphotosynthesis)

within the chloroplast stroma.

Residing within the chloroplast stroma is the chloroplast genome and all the

necessary ranscription and ffanslation apparatus for expression of genes encoded by

this DNA molecule. Like the mitochondrion each plastid possesses multiple copies of

the plastid genome. These numerous plastid genomes are not distributed uniformly

throughout the stroma, but are organized into multicopy goups called nuclt¡oCs.
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As is the case with the mitochondrion each plant cell possesses multiple

chloroplasts and each chloroplast possesses multiple chloroplast genomes. The number

of chloroplasts per cell and the number of genomes per chloroplast is dependant upon

the age of the tissue. In spinach, mature leaf cells contain up to 200 chloroplasts per cell

and 5000 copies of the chloroplast gonome while very young leaf cells contain

approximately 10 chloroplasts each containing 70-100 copies of the plastid genome.

(Scott and Possingham, 1980).

Unlike the mitochondrial genome the plastid genome is highly conserved in size

and structure. The plastid genomos of most land plants and green algae are circular

molecules with a size range of I20-2I7 kbp and consist of two large inverted repeats

separated by a large and small single copy region (Palmer, 1985b). Exceptions to this

rule include a legume group in the family Fabaceae (Palmer and Thompson, 1982)

which lack the inverted repeat and the plastid genomes of some brown algae which are

bimolecular (de Goer et al,1988; Markowicz et al,1988). Recently pulse-field gel

electrophoresis has suggested that plastid DNA may also exist in linea¡ multimeric

forms (Deng et aI,1989; Bendich et al,1990).

To date the plastid genomes of three plant species have been sequenced in their

entirety. These being the 155,844 bp plastid genome of tobacco (Shinozaki et aI,1986),

the 134,525 bp rice plastid genome (Fliratsuka et al,1989) and the 121,024 bp plastid

genome of the liverwort Marchantia polymorpha (Ohyama et al, 1988a). Comparisons

between the three gonomes show that they are very similar in gene content, gene order

and gene sequence (Sugiura, 1989). Size difference between these genomes is largely

accounted for by differences in the size of the inverted repeat and intergenic spacer

regions. Little sequence homology exists between the intergenic spacer regions of rice

and tobacco when compared with the liverwort Marchantia polymorpåa (Shimada and

Sugiura, 1991).

Although plastid genomes of different plant species are apparently very similar

in gene content, the organization of genes upon the circular chromosome does show

variability (Palmer, 1985 and 1985b). The presence of short ropeated sequences in some
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plastid genomes suggests that genomic rearrangements may occur by duplication,

deletion and recombination (Steele Scott ¿r al, 1991).

The plastid genome of land plants encode four different rRNA genes (localized

on the inverted repeat), 30 different IRNA molecules and over 62 polypeptide genes

(including putative genes) (Shimada et al,l99l Sugiura, 1989) Included amongst these

polypeptide encoding genes are genes for ribosomal proteins, RNA polymerase

subunits, photosystem components and polypeptides with homology to the

mitochondrial NADH dehydrogenase complex. However many open reading frames

still remain to be characterised and the potential number of genes encoded in plastid

DNA is estimared between 120-125 as identified by ranslational ORF (Ohywna et al,

1988b).

Genomes of intenelated plastid types are considered identical in sequence and

the plastid genomes within an individual plant are usually also considered homogeneous

(Steele Scott ¿r al,I99l).

1.4: Nuclear Dependence Of Cytoplasmic Organelles

Although the plastid and mitochondrion are "semi-autonomous" in that they are

capable of replication independent from that of the nucleus, both organelles are reliant

upon nuclear expression for function and biogenesis. This nuclear dependence is due to

the nucleus encoding the vast majority of the genes that organelles require for effective

function and biogenesis (Breiman and Galun, 1990). A large proportion (957o) of

mitochondrial polypeptides are encoded within the nuclear genome by approximately

400 genes (Lestienne, 1989), in addition to IRNA molecules in some organisms (Gray,

1989a; Marachal-Drouard et aI,1990), while 80-90 7o of plastid proteins are nucleus

encoded (Palmer, 1990).

These nucleus encoded mitochondrial and plastid genes are transcribed within

the nucleus, translated in the cytoplasn'ì, and the polypeptide or RNA product imported

into the relevant organelle. Protein import into both the mitochondrion and plastid is

generally facilitated by the presence of a transit peptide sequence on the NH2 terminus
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of the precursor polypeptide, which targets the molecule to a particular location in the

specific organelle. Upon entry into the organelle this transit peptide sequence is cleaved

to form the mature peptide (Flugge, 1990).

Frequently cytoplasmic organellar proteins consist of multimeric complexes of

both nuclear and organelle encoded polypeptides. After entry into the relevant organelle

the nuclear encoded polypeptides are complexed with native organellar peptides,

occasionally with the assistance of an additional nuclea¡ protein termed a "chaperonin"

(Hemmingsen ef ¿/, 1988; Ellis, 1987) to assemble the final organelle protein.

Therefore very complex gene regulatory processes exist to maintain the

functional relationships between the nucleus and these two cytoplasmic organelles

(Nagley, I99I; Burgess and Taylor, 1988; Gruissen, 1989).

1.5: Origin of the mitochondrion and plastid: the Endosymbiont Theory

The most widely accepted theory for the evolutionary origin of the

mitochondrion and plastid is the endosymbiont theory (or serial endosymbiont theory).

This proposes that both the mitochondrion and the plastid evolved from an ancient

symbiotic relationship between procaryotic organisms which together constituted the

primitive eucaryotic cell. Specifically the plastid is thought to have evolved from a

cyanobacterium and prior to this event the mitochondrion from a purple photosynthetic

bacterium (Gray, 1989b). Subsequently during endosymbiosis these procaryotic

organisms evolved to become an integral part of the host cell in the form of organelles.

Given that eucaryotic cells are now completely reliant upon nuclear expression for the

vast majority of their protein (and some RNA) products, a massive transfer of genetic

information from these procaryote cells to the host cell nucleus most probably

accompanied endosymbiosis. Presumably this transfer occurred in the early stage of

endosymbiosis as all eucaryotic plastid and mitochondrial genomes possess very similar

gene contents (Palmer, 1990).

A symbiotic origin for organelles was proposed as early as 1883 (Schimper), but

a formal proposal of the endosymbiont hypothesis was put forward by Margulis in 1970
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(Taylor, 1988). Subsequently a large amount of ecological, morphological, biochemical

and genetical evidence has been collected which supports the endosymbiont theory

(Weeden, 1981; Delihas and Fox, 1988; Gray, 1989b; Tanaka et aI,1986: Shih et al,

1986; Jolley et al,I98O; Schenk et aI,1988; Taylor, 1988). Although this hypothesis is

now essentialty biological dogma, controversy still arises as to whether either the

plastid or mitochond¡ion result from a monophyletic or polyphyletic evolutionary event.

A polyphyletic origin of the mitochondrion is suggested by the structural diversity and

rRNA sequence comparisons between animal and plant mitochondrial genomes. In

contrast the similar gene content of all mitochondrial genomes suggests a monophyletic

origin (Gray, 1989a). Simitarly the existence of three different photosynthetic pigments

in plant and algal plastid has been suggested to be due to a polyphyletic plastid origin

(Gray, 1989b; Turner et aI,1989; Morden et al,1989; Penny, 1989; Taylor, 1988). For

organisms whose plastids are surrounded by more than two membranes it has been

proposed that the initial endosymbiont precursor of these plastids was a eucaryotic algae

rather than a photosynthetic procilyote (Douglas et al,199l; Penny and O'Kelly, 1991).

Therefore underlying the endosymbiont theory is the assumption that genetic

information from both the plastid and mitochondrion procaryotic progenitors has been

transferred to the nuclear genome. This genetic information has then become an integral

part of the nuclear genome and subsequently evolved to form nuclear-encoded plastid

and mitochondrial genes. The net result was the formation of modern eucaryotic

cytoplasmic organelles which are heavily dependant upon the nucleus for biogenesis

and function.

1.6: Transfer of Genetic Information Between Organelles

Two lines of evidence demonstrate that genetic information has been, or still is

being, transferred between organelle genomes. The first is the observation that some

plastid and mitochondrial genes are nucleus encoded in some species, but encoded

within the cytoplasmic organelle genomes of others. The second line of evidence is the
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occu¡'ence of DNA sequences common to more than one organelle genome, or so

called promiscuous DNA sequences which afe the subject of this thesis.

Several examples of genes with different organelle locations have been

observed. In yeast the gene encoding the mitochondrial ATP synthase subunit 9 protein

(atpg) is located in the mitochondrial genome, whereas in humans, mouse and the

fungus Podospora anserina this gene is located in the nuclear genome (Brown et aI,

1984; Ridder et al ,1991). Thus during evolution, atp9 presumably has been

transfered from the mitochondrial genome to the nucleus in some species and lost from

the mitochondrial genome upon expression of the nuclear gene. In the mitochondrial

genomes of both Neurospora crassa (van den Boogaart et aI, 1982) and Aspergillus

nidulans (Brown et aI,1984) a copy of the atp9 gene still exists, inspite of the fact that

this polypeptide is coded by a nuclear gene in both these species. The later fungal

species may represent an intermedia. ^ry state of this gene transfer process, although the

high amino acid sequence homology shared by these mitochondrial genes suggest they

may still be biologically active (Brown et al,1984).

V/ithin leguminous plants two examples of recent gene transfer from both the

plastid and mitochondrial genome to the nucleus have been reported. The plastid

ribosomal protein gene CL22 (rpl22) is present in the plastid genomes of all plants

examined except legumes, and a functional copy of this gene is present within the pea

nuclear genome (Gantt et al,I99l). Similarly the mitochondrial coxll gene has

transferred from the mitochondrion to the nucleus during the evolution of flowering

plants between 60-200 million years ago (Nugent and Palmer, 1991). Most legumes

have a copy of the coxLI gene in both organelle genomes, but the expression of these

genes is not simultaneous. As the nuclear version of the cox\I gene more closely

resembles the edited coxll mRNA of the mitochondria it would appear that transfer of

this gene to the nucleus has been via aprocessed RNA intermediate. Since transfer of

the coxII and rpl22 gene to the nuclear genome both genes have gained an additional

exon encoding a putative transit peptide, which is separated from the mature protein

coding region by an intron.
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Several other examples of evolutionary transfer of plastid genes to the nuclear

genome have been identified. The plastid protein synthesis elongation factor Tu (rt¿fA)

is located within the plastid genome of green algae, but in the nuclear genome of land

plants (Bauldauf and Palmer, 1990). This plastid gene is believed to have transferred to

the nucleus early in the evolution of the Charophyceae, but with chloroplast copies of

this gene still being retained in some of the subsequent diverging lineages (Baldauf er

at,1990). The small subunit of the enzyme ribulose-1,3-bisphosphate carboxylase and

the plastid ferredoxin gene are located on the cyanelle genome of the protozoan

Cyanophora paradoxa, but in the nuclear genome of all land plants and gteen algae

examined (Heinhorst and Shively, 1983; Bayer and Schenk, 1989). Associated with the

plastid encoded rbcS gene of the chromophytic marine diatom Cylindrotheca is a short

open reading frame encoding 'an acyl carrier protein that is highly homologous to the

nuclea¡ encoded acyl carrier proteins from plants (Hwang and Tabita, 1991). Similarly

the rpl35 gene has been identified on the cyanelle genome of Cyanophora paradoxa,

but is apparently encoded in the nuclear genome of spinach (Smooker et al,I990a).

Located in the plastid genome of Acetabularia mediterranea is a DNA sequence

homologous to the Drosophilia W1locus. In contrast higher plants show homology to

this sequence only in the nuclear genome (Li-V/eber et al,1989).The plastid

glyceraldehyde-3-phosphate dehydrogenase is composed of two subunits encoded in the

plant nuclear genome. As the amino acid sequence of these two polypeptides is more

closely related to that of thermophilic eubacteria than to an analogous cytoplasmic

glyceraldehyde-3- phosphate dehydrogenase, these nuclear genes may be the result of

an ancient endosymbiotic gene transfer event(s) (Martin and Cerff, 1986; Brinkman ¿r

al,1987; Liaud et al, 1990; Shih et al ,1986). Less clear in origin is the plastid ribosmal

protein L2I gene (rpl2l) which is localized on the plastid genome of Marchantia

polymorpha and in the nuclear genomes of higher plants, as it has been suggested that

this nuclear gene is of mitochondrial rather than plastid origin (Martin et aI, 1990;

Smooker et al,1990b).
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The variation in gene content of both the plastid (Shimada and Sugiura,I99I)

and mitochondrial genomes (Nugent and Palmer, 1991) of different species therefore

suggests gene transfer from organellar genomes to the nucleus. However some

variability in gene content could be the result of either complete loss of a gene within a

species or the acquisition of a nuclear gene in the organellar genome, rather than

represent the evolution of a nuclear encoded homologue. Alternatively nuclear encoded

organelle genes may have evolved from duplicated pre-existing nuclear genes.

1.7: Promiscuous DNA Sequences: Plastid Sequences Present Within The

Mitochondrial Genome

Present within the mitochondrial genome of many (if not all) higher plants is a

range of DNA sequences with signihcant homology to DNA sequences that are actively

transcribed and translated within the plastid genome. These "plastid-like" DNA

sequences found in the mitochondrial genome are thought to be the result of transfer of

DNA from the plastid genome and subsequent integration into the mitochondrial

genome. Sequences common to more than one organelle genome have been named

"promiscuous DNA" sequences (Ellis, 1982).

A 12 kbp DNA sequence present within the maize mitochondrial genome was

the first and has remained the largest reported of these promiscuous DNA sequences

(Stern and Lonsdale, 1982). This fragment was shown by hybridization and restriction

mapping to be homologous to a region of the maize plastid genome encoding a variety

of genes including the 16s rRNA and two tRNA molecules. Subsequently DNA

hybridization studies identified plastid DNA homologies in the mitochondrial genomes

of a wide variety of plant species including corn, mungbean, spinach, pea, watermelon,

squash, cucumber, muskmelon and Chenopodium album (Stern and Palmer, 1984;

Lonsdale et aI,1983; Bettini et al, L988; Whisson and Steele Scott, 1985). Therefore

these promiscuous DNA sequences are a phenomenon generally observed in

mitochondrial genomes throughout the higher plant kingdom and involve diverse

regions of the plastid genome.
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More detailed hybridization studies have shown that these plastid DNA

sequences are dispersed throughout the plant mitochondrial genome and closely related

species may possess different complements of these sequences. Within the 327 kbp

spinach mitochondrial genome at least 12 separate regions of the genome have been

identified as having homology to plastid DNA (Stern and Palmer, 1986), while eight

sepÍìrate plastid DNA homologies are dispersed throughout the sunflower (Helianthus

annuus) mitochondrial genome (Siculella and Palmer, 1988). A similar dispersed

pattern of plastid DNA sequence homologies has also been identified in the

mitochondrial genome of crucifer species (Nugent and Palmer, 1988). Examination of

the mitochondrial genomes of six crucifer species revealed that four closely related

Brassica species all possessed the same 12-14 kbp of plastid DNA dispersed throughout

the same 11 mitochondrial genomic locations. However one of these species possessed

an additional major region of plastid homology within its mitochondrial genome.

Conversely two more distantly related crucifer species contained only 5-7 kbp of plastid

DNA within their mitochondrial genomes. It was concluded that2-6 Vo of the crucifer

mitochond¡ial genome is of plastid origin, and that the plastid DNA sequences common

to all six species represent a sequence transfer event that took place over 30 million

years ago (Nugent and Palmer, 1988).

Although different plant mitochondrial genomes contain different amounts of

plastid derived sequences there does not appear to be a corelation between genome size

and amount of integrated plastid DNA (Pring and Lonsdale, 1985).

Several of these mitochondrial DNA sequences with plastid DNA homology

have been cloned and sequenced in their entirety. Moon et al (1988) identified a 6.9 kbp

fragment within the rice mitochondrial genome that encodes for a cluster of plastid

genes; these being rbcL, atpB, atpE, trnM, trnY andrpl2. However within the rice

plastid genome the rpl2 gene is not located near the other plastid genes identified within

this mitochondrial sequence. As both the rpl2 gene and rbcL gene are flanked by 151 bp

repeats in the plastid genome , the authors propose that this rearranged plastid gene

cluster present in the mitochondrial genome is the result of homologous recombination
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between direct repeats. V/hether this recombination event occurred during or after

transposition of these plastid genes to the mitochondrial genome is unknown.

In the mitochondrial genome of Oenotherc, Schuster and Brennicke (1987a)

identified a 2081 nucleotide fragment showing 94 Vo seQuence homology to the plastid

4.5s rRNA gene, the 3' half of the 23s rRNA gene and the intergenic region between

these genes. This sequence is believed to have been involved in an intramitochondrial

rsanangement with the gene encoding for the putative mitochondrial small ribosomal

protein S13. Also identified within the mitochondrial genome of Oenothera is aregion

that contains . 758 nucleotides of high sequence homology to a portion of the plastid

rps4 gene, the entire plastid tRNAser gene and the intergenic region separating these

two plastid genes. Seven hundred and sixty two nucleotides beyond the border of plastid

homology lie 528 nucleotides showing 9LTohomology with the maize nuclear encoded

18s rRNA sequence and separating these plastid and nuclear sequences is an ORF

encoding a polypeptide of 142 amino acids with significant homology to a reverse

transcriptase (S chuster and Brennicke, I 9 87b).

Similarly an internal part of the plastid atp{ gene has been identified in the

wheat (Tritícum aestivum) mitochondrial genome (Jubier et al,1990). This 1106 bp

insert showed 967o homology to the corresponding wheat plastid atp{ gene differing

only by 29 nucleotide changes and two small deletions of 6 bp and 4 bp from the plastid

sequence. Bordering this plastid insert were two 9 bp direct repeats

TTAGC(AII)TCAAI. This plastid DNA insert is present in the mitochondrial genomes

of several other Tritícun species, but not within the maize mitochondrial genome.

Therefore this transfer of DNA from the plastid genome to the mitochondrial genome

probably occurred subsequent to the divergence of wheat and maize, but prior to the

appearence of a common ancestor of Triticum species.

In addition to the 12 kbp plastid DNA fragment located within the maize

mitochondrial genome (Stern and LonsdaLe,1982), a1270 bp fragment encoding the 3'

end of the plastid 23s rRNA gene, all of the plastid 4.5s and 5s rRNA genes and an

almost complete copy of the plastid tRNA-arg gene, has been identified (Braun and
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Lævings, 1986). When compared with the appropriate region of the maize plastid

genome, this mitochondrial fragment shows 99.2Vo sequence homology Qejes et al,

1988).

Episomal nucleic acids of unknown origin within the plant mitochondria also

have regions of DNA sequence homology to the plastid genome, although these

episomes have never been identified within higher plant plastids. Present within the

maize mitochondrial linear S 1 plasmid is a segment of 420 nucleotides homologous to

the 3' end of the plastidpsåA gene (Sederoff et al,1986). Scattered amongst this plastid

sequence are several 9-I2bp insertions that appear to have arisen by a duplication of

immediate surrounding sequences and are therefore reminiscent of plant fansposable

element fooçrints. However as this region of plastid DNA homology was not compared

with the maize plastid genome the exact nature of these insertions could not be defined.

A linear plasmid found in the mitochondria of Brassicahas been shown to possess

homology to the plastid genomo by hybridization studies (Turpen et al,1987).

Plant mitochondrial genomes encods numerous IRNA genes, all presumably

essential for translation of mitochondrial polypeptide genes. However these IRNA

genes appear to consist of two distinct populations; those showing 65-757o homology to

plastid tRNA genes and those showing 95Vo and greater homology to their plastid

counterparts. As the intergenic regions of this lûer population of IRNA genes often also

show significant sequence homology to the plastid genome and a conserved gene order,

these mitochondrial tRNA genes are believed to be of plastid origin. These genes

represent one of the few examples of expression of a promiscuous DNA sequence.

The first example of a transcribed promiscuous plastid IRNA gene was a

IRNATP gene localizedinthe wheat mitochondrial genome (Marechal et a\,1987). This

mitochondrial gene showed 977o homology with its plastid counterpart and 136 bp

upstream of this gene wec 23 nucleotides that \vore completely homologous to the 3' end

of the plastid tRNApto gene. Within the plastid genome of all higher plants analysed

the tRNAPro and tRNAtrp genes occur in tandem. Therefore it was concluded that this

mitochondrial encoded tRNAtfp gene is of plastid origin but it is present and
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transcribed in wheat, bean and maize mitochondria. Within maize mitochondria this

gene anangement is identical to that observed in wheat, except that the tRNAtrp gene is

located on a2.3 kbp linear plasmid.

Also within the maize mitochondrial genome a tRNAcys gene is transcribed that

shows 997o seeuence homology to the wheat plastid analogue (\ilintz et al,1988b).

Upstream of the gene very little sequence homology with the wheat plastid genome is

observed, whereas 737o homology to the plastid genome is present downstream.

Subsequently it has been shown that the maize mitochondrial genome encodes six

functional IRNA genes of plastid origin (Sangare et al, 1990).

Extensive analysis of IRNA molecules found in the potato mitochondrion

suggest that five out of 31 identif,red IRNA molecules are transcribed from promiscuous

plastid genes inserted into the mitochondrial genome (Marechal et al,1990). "Plastid-

like" IRNA molecules or tRNA genes have been described in various plant

mitochondria specific for asparagine, cysteine, histidine, methionine (elongator),

phenylalanine, serine (GGA) and tryptophan (Iams et al,1985; V/intz et al,1988a,

1988b; Joyce and Gray, 1989; Sangare et al,1990). However different plant species

apparently possess different complements of IRNA molecules encoded by genes of

plastid origin (Marechal-Drouard et al, L99O)

As may be expected the plant mitochondrial genome also contains plastid

derived sequences that encode for IRNA genes that are either nonfunctional or tnrncated

within the mitochondria @ron et al,1985; Moon et al,1988; Stern and Lonsdale,1982;

Sangare et al,I99O).

1.8: Nuclear DNA Sequence Homologies In The Mitochondrial Genome

Very few nuclear DNA sequences have been identified within mitochondrial

genomes. Some of the smaller animal and insects mitochondrial genomes have been

sequenced in their entirety and lack promiscuous sequences of either plastid or nuclear

origin. However no systomatic search of the larger plant mitochondrial genomes for

DNA sequences of nuclear origin has been undertaken. Such a systematic search will be
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complicated by the presence of mitochondrial and plastid sequences in the nuclear

genome and the presence of plastid sequences in the mitochondrial genome. It has been

predicted that much of the plant mitochondrial genome will eventually be shown to be

of nuclear origin (Palmer, 1990).

The only clear example of a nuclear DNA sequence within a mitochondrial

genome is the identification of 620 nucleotides of the nuclear 18s rRNA gene within

the mitochond¡ial genome of Oenothera (Schuster and Brennicke, 1987b). Incorporated

into this sequence is arexpansion segment of 160 nucleotides which is unique to nuclear

rRNAs. This sequence lies adjacent to an ORF encoding for a putative reverse

transcriptase that is also postulated to be of nuclear origin (Schuster and Brennicke,

19S7b). Beyond this reverse transcriptase-like ORF is a region of homology to the

plastid rps4 andtRNAser genes.

Senescence of kalilo variants of Neurospora íntermedia involves the integration

of a 9 kbp transposable element (kalDNA) into the mitochondrial chromosome

(Bertrand et al,1985). As this element has no sequence homology to the mitochondrial

genome it is presumed to be of nuclear origin.

If a DNA sequence is identified within two or more organelle genomes it is

usually presumed to have originated from the genome in which it is known to be

functional. However as the vast majority of the nuclear genome, particular in plants,

has no obvious function it will be difficult to identify the origin of these sequences if

they are identified as promiscuous. For example Bernatsky et al (7989) have identified a

56 bp DNA sequence in both the nuclear and mitochondrial genomes of Nicotiana

alata. As this sequence has an indeterminate function in both genomes its genomic

origin remains an enigma.

1.9: Mitochondrial DNA Sequence Homologies In The Nuclear Genome

In comparison with both the mitochondrial and plastid genomes the nuclear

genomo is enormous. Of the vast array of genes and sequences within this organelle

some are of mitochondrial and plastid origin. Promiscuous mitochondrial DNA
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sequences have been identified within the nuclear genomes of a wide range of

organisms.

\ù/ithin the yeast nuclear genome, Farrelly and Butow (1983) identified a 289 bp

fragment of mitochondrial origin. 115 bp of this sequence showed gleater than 85 7o

homology to the middle of a ribosomal associated protein gene (varl), while a further

123 bp is more than 80 Vo homologous to the 3' end of the mitochondrial cytochrome b

apoprotein (cob/box) gene. Immediately adjacent to the 5' end of the nuclear homology

to the cob/box gene was a short 266 bp stretch of homology to a portion of intron 5 of

the cob/box gene, juxtaposed to a region homologous to the mitochondrial origin of

replication. This affangement does not represent a contiguous wild type mitochondrial

DNA fragment and was proposed to be the result of integration of a petite mitochondrial

genome into the yeast nucleus. That is, rearrangement of these mitochondrial genes took

place prior to their transposition to the nucleus. In some yeast strains, closely linked to

this sequence of mitochondrial origin is a tandem pair of transposable Ty elements.

Hybridization studies have further identified homologies between the yeast

nuclear genome and at least eight portions of the yeast mitochond¡ial genome, including

both exons and introns (Hudson et al,I985). Some of these homologies are also found in

association with one or more Ty elements.

Unique evidence of sequence transfer from one organelle genome to another

comes from the fungus Podospora anserina. This sequence transfer event is surprising

in that it does not occur on an evolutionary time scale, but rather during the limited life-

span of this organism. Associated with senescence of Podospor¿ is the excision of a

specific DNA segment from the mitochondrial genome (termed senDNA) and the

subsequent amplification of these molecules (Vierny et al, 1982; Wright, 1982; Jamet-

Vierny et al,1980). At the final stage of senescence these plasmids constitute virtually

all the DNA present within the senescent mitochondria and are also transposed and

integrated into the nuclear genome (Wright and Cummings, 1983). In some cases this

nuclear integration is as a highly repeated tandem aray. However the observations of

Wright and Cummings could not be reproduced by Koll (1986).
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Within the locust, sea urchin and human nuclear genomes high sequence

homology to mitochondrial rRNA genes has been observed. Isolated from the sea

urchin nuclear genome (Strongylocetotus purpuratus) was a sequence containing 342

bp of the 3' end of the mitochondrial 16s rRNA gene adjacent to the complete coding

region of the cytochrome oxidase subunit I gene (coxl) (Jacobs et a\,1983; Jacobs and

Grimer, 1986). Approximately 500 nucleotides upstream of this gene was a duplication

ofthe coxlgene.

Similarly isolated from the locust nuclear genome was the 3' end of the

mitochondrial large rRNA gene which showed 9O Vo homology to the true

mitochondrial gene (Gellisen et al,1983; Gellisen and Michaelis, 1988). It was

estimated, from the number of positive clones in a genomic library, that several

hundred copies of the mitochondrial rRNA gene occur within the Locusta migratoria

nuclea¡ genome.

Extensive analysis of mitochondrial DNA fragments inserted into the human

nuclear genome has suggested that at least several hundred copies may be present

within a haploid genome (Fukuda et al,1985). These sequencos involve various regions

of the mitochondrial genome and appear to be dispersed throughout the nuclear

genome, rather than representing a tandem aÍay. Sequence analysis of four nuclear

fragments with homology to a region of the mitochondrial genome encompassing

unidentified ORF 4 and 5, and three IRNA genes suggests that three of these

mitochondrial sequences were transfened to the nuclear genome approximately 40

million years ago. The remaining sequence is believed to have transferred to the nucleus

subsequent to the divergence of chimpanzees and humans. Similarly two DNA

fragments isolated from the human nuclear genome showed homology to the

mitochondrial 16s rRNA gene and are believed to be the result of transposition events

occurring 12 and 15 million years ago (Nomiyama et a\,1985; Tsuzuki et a|,7983).

One of these sequences was a 0.4 kbp fragment showing 84 Vo homology to the 5' end

of the 16s rRNA gene, while the other was a 1.6 kbp insert with 80 7o homology to the

entire mitochondrial 16s rRNA gene and the 3'end of the 12s rRNA gene.
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After integration of these mitochondrial sequences into the nuclear genome, thoy

are subject to the processes of nuclear genomic re¿urangement. For example two

mitochondrial-like fragments have been isolated from the human genome and both

contained an insertion of a Kpnl-like mobile genetic element. As these KpnI elements

have not been identified in the mitochondrial genome, presumably insertion of these

elements occurred after transposition of the sequences to the nucleus. one of these

sequences which is believed to be the result of a transposition event from the

mitochondria to the nucleus occurring over 40 million years ago, showedT3 Vo

homology to the human mitochondrial 16s rRNA gene and URF2, and contained a 1.8

KpnI element integrated into this mitochondrial sequence homology (Nomiyama et aI,

1934). The other fragment contained a 5.5 kbp KpnI element inserted into 7.5 kbp of

nuclear DNA that showedT1 Vo homology to the mitochondrial URF4 and 5 and the

coxl and coxll genes (Wakasugi et al,1985).

A continual process of DNA transposition from the mitochondria to the nucleus

has therefore occurred throughout evolution. Analysis of the sites of integration of these

mitochondrial sequences in the human nuclear genome suggests that this process is

essentially random and involves neither a specif,rc nuclear target site nor any obvious

recombinogenic sequences such as repeats.

Hybridization studies have also identified mitochond¡ial DNA sequence

homologies within the nuclear genomes of a variety of organisms. Hadler et aI (1983)

demonstrated nuclear DNA sequence homologies to the mitochondrial D-loop and

rRNA genes in rat, while Corral et aI (1989) identified sequence homology within the

rat nuclear genome to NADH dehydrogenase subunít 6 (nd6) and coxl-III. Similarly the

maize mitochondrial episomal S1 plasmid has been shown to have homology to the

maize nuclear genome (Kemble et al,1983). However it should be noted that homology

between the maize S1 plasmid and the maize plastidpsåA gene has also been observed

(Sederoff et aI,1986). Thus some of the homology between the S1 plasmid and the

maize nuclear gonome could be the result of homology between a promiscuous plastid
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sequence in the nucleus and the promiscuous plastid sequence present in the S1

plasmid. Therefore care should be taken when interpreting hybridization data.

Several other episomal plasmid molecules found in mitochondria have been

shown to hybridize to plant nuclear genomic DNA (Smith and Pring, 1987; Sakamoto ¿r

al, !991; Crouzillat et aI, 1989; Kanazawa et al, l99I). As some of these mitochondrial

plasmids showed no homology to the mitochondrial genome, it has been postulated that

these sequences may be of nuclear origin. Homology between these molecules and the

nuclea¡ genome could therefore be due to a nuclear origin of these episomes, rather than

a transposition event from the mitochondria to the nuclear genome.

1.10: Plastid DNA Sequence Homologies In The Nuclear Genome

Plastid DNA sequence homologies were first identified within the spinach

nuclear genome by DNA hybridization studies (Timmis and Steele Scott, 1983). These

homologies were identified as several distinct nuclear DNA restriction fragments with

homology to a single plastid DNA probe, thereby demonstrating multiple integration

sites of a plastid sequence within the nuclear genome. Subsequently it was estimated

that between 5-10 copies of potentially the entire plastid genome waæintegrated within

a haploid spinach nuclear genome (Steele Scott and Timmis, 1984). These plastid

sequence homologies appeared to be less than2-3 kbp in length and generally located in

heavily methylated regions of the genome. Some of the promiscuous plastid sequences

found in the spinach nuclear genome are also present in the mitochondrial genome,

demonstrating that certain sequences are common to all three genetic compartments

(\Vhisson and Steele Scott, 1985).

The occurrence of plastid DNA sequence homologies within the plant nuclear

genome was subsequently extended to five other members of the Chenopodiaceae,

demonstrating that this is a widespread phenomenon (Ayliffe et ø/, 1988). However the

number and types of nuclear homology were variable within a single plant family. In

both Chenopodium album and Atriplex cinerea a nuclear EcoRI restriction fragment

with plastid DNA sequence homology was identifred that was identical in size to the
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bonafide plastid EcoRI restriction fragment; suggesting the existence of large (in

excess of 6 kbp) tracts of plastid DNA within these nucleal genomes.

Hybridization studies have further identified sequence homologies between the

potato nucleu genome and at least a quarter of the potato plastid genome (du Jardin,

1990). These nuclear homologies were again identified in heavily methylated regions of

the genome, and some were estimated to be in excess of 13 kbp. Substantial homology

was also observed between the potato plastid and mitochondrial genomes.

Cloning and sequencing of the nuclear encoded plastid Cab-7 gene of tomato

(Lycopersicon esculentum) fortuitously identified a promiscuous plastid sequence

within this gene (Pichersky and Tanksley, 1988). Residing in the third intron of this

nuclear gene are two fragments that showed high sequence homology to the plastid

encodedpsbG gene. The first fragment of 133 bp was flanked by 11 bp direct repeats,

while the later 107 bp fragment was flanked by 6 bp direct repeats. In both cases the

repeat unit at the 3' end was a part of the plastid DNA insert, while the 5' repeat was of

nuclear origin. These two sequences were greater than 80 7o homologous and the

smaller fragment was believed to have derived by a duplication of the larger. The initial

transposition, from the plastid genome to the nuclear genome of this sequence, was

estimated to have occurred subsequent to the divergence of the genus Lycopersicon

from other genera of the Solanaceae but before radiation of species within the

Lycopersícol? genus.

Screening of two tomato genomic libraries covering 95Vo of the genome, with

58 kbp of DNA from the large single copy region of the plastid genome identified only

a further two promiscuous plastid sequences within the nuclear genome (Pichersky er

al,l99I). One of these sequences mapped to chromosome 9 and was a 202bp fragment

with high sequence homology to a region of the plastid rpslS gene. The other fragment

of only 141 bp mapped to chromosome 5 and was homologous to a region of the plastid

petD gene. Both inserts were again flanked by short direct repeats.

As in tomato, the spinach nuclear genome contains short tracts of homology to

the plastid genome. Three segments with high sequence homology to the rbcL gene
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have been isolated from the spinach nuclear genome, that are 63, 150 and 214 bp in

length (Cheung and Steele Scott, unpublished results). Flanking these sequences were

short degenerate repeats ranging in size from 7-18 bp. Unlike the repeat motifs flanking

the tomato promiscuous plastid sequences described by Pichersky et aI (1991) none of

these repeats wra¡, part of the plastid insert. Located further away from each of these

sequences of plastid origin were juxtaposed short direct repeats reminiscent of the target

site duplication caused by excision of transposable elements.

The spinach nuclear genome also contains a chimeric promiscuous plastid

sequence consisting of three separate regions of the spinach plastid genome (Cheung

and Steele Scott, 1989). This 3.4 kbp sequence showed greater than 99 7o homology to

the plastid rps2, psbDlC and psaA genes. Analysis of the plastid/plastid and

nuclear/plastid junctions revealed no obvious structure elucidating the mechanism of

transfer of this plastid soquence.

The rice nuclear genome contains a 1.4 kbp fragment with homology to the 3'

end of the tobacco plastid rpsl2 gene and the entire rpsT gene (Kikuchi et aI, 1987).

This sequence was apparently highly variable in copy number in tissue culture and

during plant development, ranging from 100,000 copies per haploid nuclear genome in

rice embryo tissue to only 5-10 copies per genome in callus culture. This observation

parallels two sequonces present in both the mitochondrial and nuclear genomes of

Cucumis melo that also showed variable copy numbers during callus formation

(Grisvard et aI,1990).

1.11: Promiscuous Sequences Present Within The Plastid Genome ?

DNA sequences of either nuclear or mitochondrial origin have never been

conclusively identif,red within a plant plastid genome; despite three plastid genomes

having been sequenced in their entirety (Shinozaki et a|,1986; Hiratsuka et aL,7989;

Ohyama et al,1986). However some sequences have been suggested to be potentially of

mitochondrial or nuclear origin.
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The tobacco plastid genome contains six ORFs whose deduced amino acid

sequences resembles components of the mitochondrial NADH dehydrogenase complex

(nd¡,2,3,4,4L,5) (Shinozaki et ø1,1986\. Similar sequences have been identifred

within the plastid genomes of other plants (Sugiura, 1989) and such sequences may

have originated in the mitochondria. However the widespread occurrence of these

sequences in plant species, their sequence divergence compared with their

mitochondrial counterparts and their known active expression in chloroplasts (Vera ef

al,1990) argues against a mitochondrial origin. These two sets of organellar genes are

definitely related, but they have long separate evolutionary histories, probably predating

endosymbiosis (Nugent and Palmer, 1988; Schuster and Brennicke, 1988).

The origin of introns has long been debated with two main schools of thought.

The "intron early" hypothesis suggests that introns were common early in evolution but

were subsequently lost from eubacteria, remaining only in eucaryotes and a few

archebacterial and bacteriophage genes. The "intron late" argument proposss that

introns evolved after the divergence of eubacteria and eucaryotes and subsequontly

spread by lateral transfer to many different eucaryotic genes. This later hypothesis is

supported by several examples of intron mobility (reviewed by Scazzocchio, 1989;

Lambowitz, 1989; Rogers, 1989).

If the "intron late" hypothesis is correct plastid and mitochondrial genomes,

which evolved from supposedly intron-less eubacteria, must have acquired introns

presumably from the eucaryotic nucleus. Thus introns present in plastid encoded genes

would actually represent promiscuous nuclear sequences. Recent evidence strongly

contradicts this scenario, at least for group I introns.

Group I introns were discovered in the ,B¡Aleu gene of eight cyanobacterial

species and these introns are very similar in sequence and identical in location to the

intron present in the plant plastid tRNAleu gene (Xu et aI,1990: Kuhsel, 1990). This

finding strongly supports the "intron early" hypothesis suggesting that introns present in

cytoplasmic organelles were acquired from their procaryote ancestors (Belfort, 1991).
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Given that a massive transfer of genetic information from the procaryotic

endosymbiont to the host cell nucleus occurred during the evolution of cytoplasmic

organelles and the recent observation of eubacterial group I introns, Belfort (1991) has

speculated that nuclear group I inffons may have been acquired from cytoplasmic

organellar genomes, although the author stressed that other potential routes of nuclear

intron acquisition exist. Additionally group two introns which are found in both plastid

and mitochondrial genomes have not yet been identified within the nuclear genome

(Rogers, 1989).

More detailed examination of other plant and algal plastid genomes may also

reveal sequencos of potential nuclear or mitochondrial origin. The plastid genome of

Triþlíum subterraneumhas been demonstrated as unusual when compared with other

plant plastid genomes because it is a highly reorganized genome containing repeated

and single copy DNA sequences which have not been identified in other plastid

genomes (Milligan et aI,1989). These previously unidentified sequences are potentially

of mitochondrial or nuclear origin. Given the extreme complexity of both plant nuclear

and mitochondrial genomes and our limited knowledge of their sequence composition,

the potential for some plastid sequences to be of promiscuous origin can not be

discounted.

However promiscuous sequences have never been conclusively identified within

a plastid genome and possibly do not exist in plastid genomes. The plastid genome is a

highly conserved molecule and therefore very evolutionar,l¡ stable. A high proportion of

the genome is either coding or functional so has limited potential sites for insertion of

foreign DNA. This observation parallels the absence of promiscuous sequences in the

extremely compact animal mitochondrial genomes. In addition the rapid loss of

photosynthetic genes from the plastid genomes of parasitic plants (De Pamphilis and

Palmer, 1990; V/impee et al, l99t) suggests that the plastid genome is under strong

selection for an overall reduction in genome size and is therefore not amenable for

expansion by the introduction of foreign DNA sequences.
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1.12: Mechanisms Of Promiscuous DNA Sequence Transfer

The mechanism(s) of transfer of genetic information from one organelle genome

to another is essentially unknown and could involve more than a single mechanism. For

example transfer of DNA sequences from either the plastid or mitochondria to the

nucleus could be envisaged by degradation of either organelle and release of multiple

organelle genomes into the cytoplasm (Stern and Palmer, 1984; Pring and Lonsdale;

1985). As an individual cell contains multiple plastids and mitochondria, the

degradation of a single organelle would have little effect. The nuclear membrane is

porous and appears to provide no significant barrier to transfer of a variety of RNA,

DNA and protein molecules. Fragments or entire copies of these organelle genomes

could integrate into the nucleus by either homologous or heterologous recombination"

The observation of entire organelles within the nucleus supports this hypothesis

(Brandes et al,1965: Bloom, 1967).

The same process could obviously not account for the presence of nuclear and

plastid sequences within the mitochondrial genome as the double membrane of the

mitochondrial envelope would prove a significant barier to passive uptake of either

DNA or RNA. A number of reports have demonstrated that both RNA and protein-

DNA complexes are imported into the mitochondrial matrix (Vestweber and Schatz,

1989: Hancock and Hajduk, 1990; Nagley, 1989; Suyama, 1986). Presumably these

processes involve either some specific receptors or an active process analogous to

bacterial transformation. Direct contact or fusion between the mitochondria and plastid

may also facilitate nucleic acid transfer (Stern and Palmer, 1984; Pring and Lonsdale;

1985).

The multicopy status of the mitochondrial genome is significant in discussion of

the fate of organelles with altered genomes. Presumably each promiscuous sequence

rcpresonts a single insertion event within a single mitochondrial genome which then

becomes fixed within the entire mitochondria population. There may be many

transpositions only a few of which become fixed by fortuitously inserting into a

mitochondrial genome destined for replication (Pring and Lonsdale, 1985; Lonsdale,
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1985). Although in culture all the tobacco cell mitochondrial genomes apparently

undergo replication (Infante and Weissbach, 1990).

The generally high sequence homology between promiscuous sequences and the

genome from which they were derived suggests that, on an evolutionary scale, this

sequence transfer between organelles is a frequent process. However only a single

experiment has ever been able to estimate the frequency of transfer of a DNA molecule

between organelles. An invívo experiment in yeast demonstratos that transfer of a

plasmid present within the mitochond¡ia to the nucleus occuned at a frequency of 2 x

10-5 transfers per cell per generation (Thorsness and Fox, 1990). Conversely the

reciprocal transfer from the nucleus to the mitochondria was at least 100,000 times less

frequent. Significantly the nuclea¡ genotype affected DNA transfer from the

mitochondria to the nucleus by up to fourfold (Thorsness and Fox, 1990).

The movement of genetic material between organelles has been also suggested

to occur viø some type of vector sequence (Stern and Palmer, 1984: Pring and Lonsdale,

1935). Mitochondrial plasmids have been shown to have regions of DNA sequence

homology to both plastid (Sederoff et al,1986: Turpon et al,1987) and nuclear

genomes (Smith and Pring, 1987; Kemble et aI,1983). These molecules may be acting

as vector sequences transferring genetic information from one ofganelle genome to

another. The association of mitochondrial DNA inserts in the yeast nuclear genome

with yeast transposable elements (Farrelly and Butow, 1983, Hudson et aI,1985; Pring

and Lonsdale, 1985) also suggests some form of vector sequence. Viruses could transfer

genetic information between organelles vi¿ a transduction-like process (Stern and

Palmer, 1934). However of the numerous promiscuous sequences identified to date, few

show any evidence of association with potential vector sequences.

Identification of 528 nucleotides of the nuclear small rRNA gene and the plastid

rps4 and tI{NAser genes in the mitochondrial genome of Oenotherd, separated by an

ORF with homology to a reverse transcriptase, lead Schuster and Brennicke (1987b) to

suggest that genetic information may be transferred between organelles viø an RNA

intermediate. Recent evidence firmly supporting this theory is the identification of the
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mitochondrial coxllgene encoded within the legume nuclear genome (Nugent and

Palmer, 1991). This nuclear gene more closely resembles the edited coxll mRNA than

the mitochondrial encoded coxV. gene, suggesting that it was derived from a processed

RNA intermediate.

Upon reaching the organelle genome a promiscuous sequence has several

potential methods of inserting into the genome. Homologous recombination could occur

by fortuitous homology between the target site and integrating sequence eg. tRNA or

rRNA genes. (Fejes et al,1988; Curtis and Rawson, 1982). If transfer has been via an

RNA intermediate, a process of reverse transcription must have preceded genomic

integration (Schuster and Brennicke, 1987b, 1988; Nugent and Palmer, 1991). The

mechanism involved can probably only ever be elucidated by analysis of the sites of

integration of these sequences ie. the border region of the promiscuous sequence and the

host genome. However junction analysis has two main limitations. Generally the

original sequence of the target site into which the promiscuous sequence integrated is

unknown, unless the target site can be unambiguously identified in a closely related

species or strain lacking the insertion. Integration of foreign DNA into the nuclear

genome can involve reÍurangement of the target site in addition to up to several hundred

base pairs of so called "filler DNA" being added (Gheysen et al,1987; Sainsard-Chanet

and Egel, 1990; Roth ¿r aI,1989). Secondly, upon integration into either a

mitochondrial or nuclear genome, a promiscuous sequence may be amplified and

integrated into other regions of the host genome by a process unrelated to the initial

nansposition evont. Therefore the border region of a promiscuous sequence may not

represent the initial tatget site but rather be the result of a subsequent host genome

duplication or re¿urangement.

Analysis by Pichersky and Tanksley (1988) and Pichersky et al (1991) of the

junction sites of four plastid DNA insertions within the tomato nuclear genome revealed

a common motif in each insert. Flanking each insert a¡e direct repeats ranging in size

from 5-11 bp. Plant transposable element insertions result in the formation of direct

ropoats flanking the integrated element by a duplication of the target site of integration
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(Flavell, 1988). However the repeat located at the 3' end of these plastid inserts is a

contiguous part of the plastid sequence, while the repeat at the 5' end is not part of the

plastid insert and is presumably nuclear in origin. Pichersky (1990) subsequently

describes a model for insertion of these sequences involving homologous base pairing

between a short single-stranded region of the inserting sequence and a short single-

stranded region of the chromosome resulting from a staggered break. The other end of

this staggered break is endfilled and ligated to the unpaired end of the inserting

sequence.

1.13: Expression Of Promiscuous Sequences

After integrating into a nerw organelle genome a promiscuous sequence has

several baniers preventing its expression. Firstly each organelle genome has its own

unique transcription initiation systems. For example the promoter sequences of plastid

genes are more closely related to procaryotic promoters than nuclear gene promoters

(Kung and Lin, 1985; Hanely-Bowdoin et al, L985). Even if transcription of a

promiscuous sequence occurred it would still probably lack the necessary translation

initiation sequences and therefore would not form a polypeptide. A mRNA transcribed

from a promiscuous sequence may also be unstable within its new location. Futhermore

as mitochondrial genes may not adhere to the universal genetic code and both

mitochondrial and plastid transcripts require post-transcriptional editing by RNA

processing the effective expression of "foreign" genes becomes even more unlikely

(Covello and Gray, 1989; Gualberto et aI,1989; Hoch et al,l99l; Cattaneo, 1992).

Coupled with these expression difficulties is the problem of sequence divergence. As

promiscuous sequences are not essential for cell function fewer selective forces

maintain their sequence integrity. Consequently the sequence of a promiscuous insert

may rapidly drift, ultimately resulting in the destruction of any potential coding

sequence. It has been estimated that such a sequence could exist for perhaps 10-20

million years before being rendered inactive by mutation (Gann et al,l99l).
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Inspite of these difficulties a few examples of either expression or potential

expression of promiscuous sequences occur. The most definitive example is the

identification of functional mitochondrial IRNA genes that are of plastid origin

(Marechal-Drouard et aI,1990; Wintz et aI,1988; Joyce and Gray, 1989). In addition

approximately 270 bp of the plastidpsbA gene is thought to be expressed as part of a

800 bp mitochondrial transcript in atrazine resistant Chenopodium album plants (Bettini

et al,1988). Identified within the maize mitochondrial genome is a transcribed ORF

that is formed from multiple intramitochondrial recombination events involving a

promiscuous plastid sequence (Dewey et al, 1986). Transcription of the tomato Cab-7

gene (PiechaLha et al,l99I) would also involve the transcription of two small plastid

sequences located in the third intron of this gene (Pichersky and Tanksley, 1988).

However subsequent RNA processing would presumably result in the removal of these

foreign sequences from the transcript. PCR analysis has shown that the rplL gene

contained on rhe 12 kbp plastid DNA insert in the maize mitochondrial genome (Stern

and Lonsdale, 1982) is also transcribed (Hoch et al,l99l).

More chcumstantial is the apparent localization of the small subunit protein of

the enzyme ribulose bisphosphate carboxylase within the mitochondria of Ochromonas

dnnicai suggesting that this protein may be synthesized from a promiscuous sequence

present within the mitochondrial genome (Lacoste-Royal and Gibbs, 1985). Homology

between transcripts from the mitochondrial genome of Brassica napus and plastid DNA

suggests the expression of promiscuous plastid sequences localized in the mitochondrial

genome (Carlson et al,1986). However plastid sequences in the mitochond¡ial genome

of Brassíca campestris do not appear to be transcribed (Makaroff and Palmer, 1987).

Of the variety of promiscuous sequences identified, very few show any evidence

of expression. For a promiscuous sequence to evolve into a functional gene it must

rapidly acquire the correct ranscription and translation initiation sequences and often

sequences to direct the product back to the specific organelle. Following the

construction of this "new" gene its homologous counterpart, in the organelle genome
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from which it was derived, must be inactivated to preserve the integrity of the new gene

by selection.

1.14: Summary

Promiscuous sgquences are sequences common to more than one organelle

genome. They have been identified in the nuclea¡ and mitochond¡ial genomes of a wide

variety of species but never satisfactorily in plastid genomes or in the highly compact

animal mitochondrial genomes. Sequences from all three genetic compartments have

been identified as promiscuous. Promiscuous sequences are generally highly

homologous to the organelle genome from which they were derived and vary in size

from approximately 50 bp up to 12 kbp. The mechanism of transfer of these sequences

is yet to be elucidated, although several potential mechanisms have been postulated- In

a few rare instances some of the genes encoded by these sequences are capable of at

least being transcribed within their new genomic location.
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CHAPTER 2

2.1: Materials

General reagents

General laboratory chemicals were purchased from a variety of manufacturers

including; Aldrich Chemical Co., BDH Pty. Ltd., Ox.dd Pty. Ltd., Sigma Chemical

Company andUnited States Biochemicat Corp. Ampicillin, nuclease free BSA,

deoxyribonucleotides, IPTG and X-Gal were purchased from Boehringer-Mannheim.

Acrylamide, methylenebisacrylamide and caesium chloride were purchased from BDH.

Agarose (type I) was purchased from the Sigma Chemical Co.

Radioactive isotopes

Alpha labelled 32P 3' deoxycytidine triphosphate and alpha labelled 32P 3'

deoxyadenosine triphosphate (3000 pCVmmol) were purchased from Bresatec Pty. Ltd.

35S lub"lt.d thiourea was purchased from Amersham Pty. Ltd.

Nucleic acids

Dephosphorylated, EcoRI restricted bacteriophage lambda gt10 DNA arms and EcoRl

adaptors were purchased from Promega corporation and used to construct a cDNA

library. Wild type bacteriophage lambda genomic DNA was purchased from Bresatec

Pty. Ltd. and restricted with HindIII for use as a molecular weight marker. A number of

ptasmid clones were also used in this study and are presented in table 2.1.

Enzymes

Restriction endonucleases, proteinase K and pronase were purchased from Boehringer-

Mannheim. Ribonuclease A and lysozyme were purchased from Sigma Chemical Co.

Taq DNA polymerase was purchased from Bresatec Pty. Ltd. while bacteriophage T4

DNA ligase was purchased from New England Biolabs.



Tabte 2.1 : Plasmid clones

Plasmid Insert Vector Reference

pSocE4S

pSoc7.7

pNHl

FB7-12

FB7-t3

pCU18

pTBal

pTBa2
pTBa5
pTBT
pTB13
pTB18
pTB19
pTB20
pTB22
pTB25
pTB28
pTB29

spinach chloroplast 7.7 kbp pBR322
PstI DNA fragment

Spinach nuclear DNA
fragment containing a 0.6
kbp Bam-EcoRI fragment
with 99Vo homology to the
spinach ctpsaA gene

pBPt322

Tobacco chitinase cDNA
clone

Spinach chloroplast large
subunit of ribulose 1, 5-
bisphosphate carboxylase

Tobacco chitinase cDNA
clone

25s, 18s and transcribed
spacer of the cucumber
IRNA genes

pBR325 Zurawskier
aI(1981)

Palmer et al
(1e81)

Cheung and Scott
(unpublished
result)

pUC118 Neale et aI (1990)

pGEM3z Neale et al (7990)

pACYC184 Kavanagh and
Timmis(1986)

pBR322 Sugiura er a/
(1e86)

ll

il

lt

il

19.6 kbp of the tobacco
chloroplast genome
18.1 kbp rr

7.1kbp rr

10.9 kbp rr

10.4 kbp rr

9.9 kbp 'r

12.3 kbp rr

17.3 kbp rr

4.8 kbp rr

16.0 kbp rr

7.3 kbp rr

3.4 kbp rr

I

I

il

I

I

I

I

I

il

il

il

il

il

tl

il

ilTBX6 9.6



Plant Material Utilized In This Study

specles location

Arabidopsis thaliana
Beta vulgaris var. silverbeet

var. crimson globe
Chenopodiurn quinoa
Gossypíum hirsuturn var. deltapine 90

var. sicala
var. siokra

Hordeum vulgare var. Swift
var. Cleremont-France
var. Hiproly
var. India 115

Ntcotiana tabacurn var. W3 8
Piswn sativum
Tulbaphíaviolacea

chapter 3

chapter 3 and 7
chapter 3
chapter 3
chapter 3

chapter 3
chapter 3

chapter 3

chapter 3

chapter 3
chapter 3

chapters 3-7
chapter 3

chapter 3
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1x reaction buffers

Restriction endonuclease buffers were supplied with the enzymes when purchased

from the manufacturer.

T4 DNA ligase ligation buffer: 10mM MgCl2, 10mM DTl, lmM spermidine, 1mM

ATP, 50mM Tris-HCl (pH 7.5).

Taq DNA polymerase buffer: 67mM Tris-HCl (pH 8.8), 16.6mM (NHfSOa,0.457o

Triton X-100,200 pglml gelatin.

2.2: Stock solutions

1 x Denhardts Reagent:0.02Vo (w/v) Ficoll,O.027o (Øv) gelatin,0.O2Vo (wlv)

polyvinylpyrrolidone.

1 x load buffer for agarose gels: 0.0427o bromophenol blue, 6.67Vo (w/v) sucrose.

1 x load buffer for denaturing polyacrylamide gels:957o formamide, 20mM EDTA,

0.05Vo bromophenol blue, O.057o xylene cyanol.

SM buffer: 0.1M NaCl, 50mM Tris-HCl (pH 7.5), 8mM MgSO4, 0.I7o gelatin

Phenol/chloroform/isoamyl alcohol: consisted of 507o (v/v) phenol extracted with 1M

Tris (pH 8),27o B-mercaptoethanol, 0.17o hydroxyquinoline;487o (v/v) chloroform;ZVo

(v/v) isoamyl alcohol.

1 x SSC: 0.15M NaCl, 0.15M Na3C6H507.2}J2O,pÍn.2.

1 x SSPE: 0.1M NaCl, 10mM NaH2PO4, lmM EDT 4., p}J7 .4.
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1 x TAE: 40mM Tris, 20mM NaCH3COO, 2mM EDTA, pH 7'8

1 x TBE: 100mM Tris, 89mM boric acid, 2mM EDTA, pH 8'3

1 x TE: 10mM Tris-HCl (PH 8), 1mM EDTA.

2.3: Bacterial growth media

Luria broth: t%o (wlv) NaCl, l7o (wlv) tryptone, 0.5Vo (w/v) yeast extract,p}l7.2.

Luria agar/agarose plates: l.5flo (wlv) agar or agafose in Luria broth.

Ampicillin plates: l.S%oLuna agar plates with 50 ltglml of ampicillin.

X-Gal plates: Ampicillin plates with a 3 ml Luria broth overlay containing0.STo agar,

0.037o (w/v) X-gal, 0.3mM IPTG and 50 pglml of ampicillin.

2.4: Escheríchiø colí and,lambda bacteriophage strains

Strains of E.coli and lambda that were used are presented in table 2.2.

Methods

2.5: Isotation of plasmid and bacteriophage DNA

Large scale plasmid DNA isolation

E. coli cells were grown at37oc in 500 mls of Luria broth containing an appropriate

antibiotic, until an O.D.OOO of 0.6 was achieved. Chloramphenicol (170 pglml) was

then added to the culture and incubation was continued for another 14 to 16 hours.

Bacterial cells were harvested by centrifugation (5000 x g, for 10 minutes) and

resuspended in 10 mls of 50mM glucose, 10mM EDTA, 25mM Tris-HCl (pH 8.0), 2

mg/ml of lysozyme and placed on ice. 20 mls of 0.2M NaOH, 1% SDS was gently

mixed into the bacterial suspension which was then stood on ice for 5 minutes. 15 mls



Table 2.2 z E. colí and lambda strains

mcrA mcrB Use ReferenceStrain

E. coli

NW2

NM538

NM539

JM1O1

c600

c600 Hfl

Lambda

EMBL4

+

+

Host for propagation of
lambda EMBL4 tobacco
genomic library

Assay and propagation of
lambda EMBL4

,Spi selection of lambda
EMBL4

Titering and propagation
of lambda gt10

Selection of recombinant
lambda gt10 and cDNA
Iibrary amplification

'Woodcock er ¿/
(1e88)

Raleigh er ø/
(1e88)

Frischauff er a/
(1e83)

Huynh et al
(1985)

Hunyh et aI
(1e8s)

+

?

?

+

Host for pUC19 cloning Messing (1979)

?

Construction of a tobacco
nuclear genomic librarY

Frischauff ¿r a/
(1e83)

gr10 Construction of a tobacco Huynh et al 1985)

cDNA library
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of 3M NaOAc (pH 4.8) was added and the suspension left on ice for another 60

minutes. The bacterial lysate was centrifuged at 17000 x g for 15 minutes and nucleic

acids remaining in the supematant, ethanol precipitated and dfutolved in TE. Plasmid

DNA was finally purified on a caesium chloride/ethidium bromide gradient (Maniatis er

aI,1982).

Small scale plasmid DNA isolation

Small amounts of plasmid DNA were extracted from 10 ml overnight E. coli cultures by

the alkaline lysis method of Sambrook et aI (1989).

Isolation of lambda bacteriophage DNA

Lambda DNA was prepared by a modification of the plate lysate method of Maniatis ¿r

al (1982). Lambda bacteriophage were plated with an appropriate E. coli host onto

agarose plates such that confluent lysis was achieved. SM buffer (3 ml) was washed

across the surface of the plate for 3 hours at room temperature and the buffer then

recollected. An equal volume of Whatman DEAE cellulose suspended in 50mM Tris-

HCI (pH 7.2), 10mM MgCl2 was added and the mixture shaken vigorously for ten

minutes at room temperature. Bacterial debris and DEAE cellulose were removed by

centrifugation (4000 x g for 10 minutes) and the supernatant incubated with 1 mg/ml of

DNase I and RNase A for 30 minutes at37oc. Bacteriophage were precipitated by the

addition of an equal volume of 207o (w/v) polyethlyene glycol, 2M NaCI in SM buffer

and centrifugation at 8000 x g for 20 minutes at 4oC. The pellet was resuspended in 0.5

mls of SM buffer and the phage particles disrupted by the addition of 5 pl of 107o SDS

and 5 pl of 0.5M EDTA (pH 8.0). Following a phenol/chloroform/isoamyl alcohol

exraction the bacteriophage DNA was precipitated with an equal volume of

isopropanol.
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2.6: Isolation of plant nucleic acids

Large scale isolation of total leaf DNA

Total DNA was isolated from plant leaf tissue as described by Scott and Possingham

(1930). Fresh leaf tissue (5-10g) was frozen in liquid nitrogen, ground to fine powder in

a mortar and pestle and thawed in several volumes of 2 x SSC, 50mM EDTA, IVo

sarkosyl. This extract was incubated with RNase A and pronase for t hour at 37oC and

the supernatant collected after centrifugation at 12000 x g for 15 minutes. Nucleic acids

were then spun out of solution by centrifugation at 60000 r.p.m. for three hours in a

Beckman type 70Ti rotor. The resultant pellet was dissolved in TE and further purified

by caesium chloride gradient centrifugation.

Small scale isolation of total leaf DNA

'When leaf tissue was in limited supply 200 mg of leaf tissue was frozen in liquid

nitrogen, ground to a fine powder and thawed in 1 ml of 0.1M Tris-HCl (pH1 .2),

10mM EDTA, 27o sarkosyl. This suspension was incubated at 65oC for 15 minutes

followed by a single phenol/chloroform/isoamyl alcohol extraction. The aqueous phase

was then made up to 1.5M NaCl and 200 pl loaded onto a 1 ml Sepharose CL-4B

column (Sigma Chemical Company) equilabrated with 1.5M NaCl, 0.lM Tris-HCl (pH

7.2), 10mM EDTA. The first 500 pl of eluate was discarded and DNA collected in the

next 700 pl fraction. Nucleic acids were then precipitated with isopropanol and

resuspended in TE.

Isolation of tobacco nuclear DNA

Tobacco nuclear DNA was isolated from leaf tissue by the method of van lnon et al

(1975). I.eaf tissue was homogenized in six volumes of ice cold 0.5M Tris-HCl (pH

7.6), 0.3M sucrose, 5mM MgCl2 ,0.5Vo B-mercaptoethanol and the homogenate filtered

twice through miracloth. The filtrate was made up toZVo Triton X-100 and nuclei

pelleted by centrifugation (270 x g for 10 minutes at 4oC). Upon resuspension in

homogenization buffer plus Triton X-100 nuclei were again pelleted by centrifugation
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and resuspended in 10 mls of homogenization buffer. This suspension was centrifuged

at 4000 x g for 30 minutes at 4oC through a 15 ml cushion of 0.01M Tris-HCl (pH 7.6),

1.78M sucrose, 5mM MgC12, 5mM p-mercaptoethanol. The nuclei pellet was then

lysed in 2 x SSC, 50mM EDTA, 17o sarkosyl and the lysate phenoVchloroform/isoamyl

alcohol extracted followed by precipitation of nucleic acids with ethanol.

Isolation of tobacco mitochondrial DNA

Fresh tobacco leaf tissue was chilled on ice prior to homogenization in 0.3M sucrose,

25mM tetrasodium pyrophosphate, 20mM ascorbic acid, 10mM KH2PO4, 2mM EDTA,

17o polyvinylpynolidone,l7o BSA, pH 7.5. The crude lysate was filtered through

miracloth and then centrifuged at 700 x g for 5 minutes at 4oC. The supernatant was

retained and centrifuged at 11000 x g for 20 minutes at 4oC to pellet mitochondria. The

mitochondria were resuspended in homogenization buffer and pelleted by centrifugation

several times before being spun through a Percoll gradient. The purihed mitochondria

were then ffeated with DNAse grade I to remove any contaminating genomic or plastid

DNA. Mitochondria were lysed in2x SSC, 50mM EDTA, 17o sarkosyl and the lysate

phenoVchloroform/isoamyl alcohol extracted before precipitation of nucleic acids with

ethanol.

Isolation of plant RNA

Total RNA was isolated from leaf tissue by a modification of the phenol/SDS method of

Ausubel et aI (1987). Leaf tissue (159) was frozen in liquid nitrogen, ground to a fine

powder in a modar and pestle and homogenized in 150 mls of 0.18M Tris-HCl(pH 8.2),

0.09M NaCl, 4.5mM EDTA, 17o SDS with 50 mls of phenol equil.ibrated in 0.2M Tris-

HCI (pH 8.2), 0.1M NaCl, 5mM EDTA. Chloroform (50mls) was added and the extract

homogenized briefly. The resultant slurry was heated for 20 minutes at 50oC and then

centrifuged at 11000 x g for 20 minutes at 4oC. The aqueous phase was re-extracted

several times with equal volumes of phenol and chloroform, followed by ethanol

precipitation of nucleic acids.
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The nucleic acids were dissolved in 2 mls of dFI2O and RNA differentially precipitated

from DNA by the addition of 6 mls of ice cold 4M NaAc, 10mM EDTA, (pH 6) and

centrifugation at 17000 x g for 20 minutes at OoC. The RNA pellet was resuspended in

dHzo and the RNA reprecipitated with two volumes of ethanol.

Isolation of potyadenYtated mRNA

Polyadenylated mRNA was purified from total plant RNA using Hybond-mAP

(messenger affinity paper) as per manufacturers instructions (Amersham).

2.7: Recombinant DNA techniques

General recombinant DNA techniques such as restriction enzyme digestions, DNA

subcloning etc. were done according to standard protocols (Sambrook et aI,1989) or as

recommended by biochemical manufacturers.

2.8: Electrophoresis

DNA agarose gel electrophoresis

Agarose gel electrophoresis of DNA was performed in submarine gel tanks with 1 x

TAE running buffer and gels made of 1 x TAE and an appropriate concentration of

agarose. DNA samples were loadedin0.047o bromophenol blue, 6.77o (w/v) sucrose

and bacteriophage lambda DNA restricted with HindIII used as a molecular weight

marker. DNA was recovered from agarose gels by the freeze squeeze method of

Thuring et aI(1975).

RNA denaturing agarose gel electrophoresis

RNA was electrophores, :d in gels consisting of 7.5Vo (w/v) agarose, 10mM sodium

orthophosphate (pH 7.0),87o formaldehyde with 10mM sodium orthophosphate (pH

7.0) used as a running buffer. RNA samples were denatured prior to electrophoresis by

heating at 65oC for 10 minutes in507o (v/v) formamide, I2Vo (vlv) formaldehyde,

10mM sodium orthophosphate (pH 7.0).
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Denaturing polyacrylamide gel electrophoresis

DNA sequencing reactions were electrophores ed at 1500 volts in a gel consisting of

5Vo acrylamide, 7M urea, 1 x TBE using a BRL Sequencing Gel Electrophoresis

System, Model 52 (BRL).

2.9: Nucteic acid membrane transfer and hybridization conditions

Southern blotting

Following electrophoresis, agarose gels were denatured for 30 minutes in 0.8M NaCl,

0.4M NaOH and neutralized for 45 minutes in 1.5M NaCl, 0.5M Tris-HCl (pH/.2).

DNA was then transferred to a nitrocellulose membrane (Schleicher and Schuell) by the

method of Southern et al (1975).

Dot blotting

Dot blotting of DNA samples was done using a Minifold II Micro-Sample Filtration

Manifold (Schteicher and Schuell). DNA samples were denatured with an equal volume

of NaOH for 10 minutes at room temperature, then cooled on ice and neutralized with 1

volume of ice cold 0.25M HCl, 0.25M Tris (pH 8.0), 1.5M NaCl prior to dot blotting

onto a nitrocellulose membrane.

Plaque lifts

Plaque lifting to nitrocellulose was done as described by Maniatis et al (1982).

Bacteriophage were plated onto agil plates with an appropriate E. coli host in an

agarose overlay. Bacteriophage DNA was transferred to a nitrocellulose filter where it

was denatured in 1.5M NaCl, 0.5M NaOH for 30 seconds and then neutralized in 1.5M

NaCl, 0.5M Tris-HCl (pH 8.0) for 5 minutes. Plaque lifts were duplicated for each

plate.

Following either dot blotting, plaque lifting or Southern transfer, DNA was fixed to the

nitrocellulose membrane by baking at 80oC in vacuo for 3 hours.
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Southern blot, dot blot and plaque lift membrane hybridization conditions

Membranes were hybridized wittr 32p labelled DNA probes in a hybridization solution

of 4 x SSC, 5 x Denhardts reagent, 0.17o SDS and with 100 pg of denatured, sonicated

salmon testes DNA per ml of hybridization solution. Hybridization was conducted at

65oC for 14 to 16 hours. Membranes were then washed 3 times in2x SSC,0.17o SDS

at 65oC for 30 minutes. Autoradiography was carried out using intensifying screens

except when autoradiographs were used for quantitative analysis.

Northern blotting

Denaturing formamide agarose gels were soaked for two hours in a large volume of

dHZO after electrophoresis of RNA samples. The RNA was then blotted overnight onto

a niuocellulose membrane using 20 x SSC as a transfer solvent. The membrane was

subsequently baked at 80oC invacuo for 3 hours.

Northern blot hybridization conditions

Northern blot membranes were hybridized at 42oC for 14 to 16 hours in a hybridization

solution of 50Vo formamide, 2 x Denhardts reagent,O.IVo SDS, 5 x SSPE and 100 pg of

denatured, sonicated salmon testes DNA per ml of hybridization solution. Following

hybridization membranes were sequentially washed for 15 minutes at room temperature

in2x SSC,0.17o SDS; 0.5 x SSC,0.17o SDS and 0.1 x SSC,0.17o SDS. Non specific

binding of the probe onto the membrane was further reduced by washing in 2 x SSC,

0.17o SDS at 65oC for 15 minutes if required. Autoradiography was ca¡ried out using

intensifying screens.

Radioactive labelling of DNA probes for hybridization

Routinely 50 ng of DNA was labelled using a Bresatec Oligo-labelling kit with 25 pCi

of alpha labelled.32P d"o*yadenosine 5'triphosphate (Bresatec). Unincorporated

nucleotides were separated from labelled DNA by passage through a column of Bio-Gel

P-60 polyacrylamide beads (Bio-Rad). DNA probes were denatured in 0.2M NaOH for

10 minutes at room temperature and neutralized with 0.2M HCI just prior to addition to
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the hybridization solution. Cloned DNA fragments used as hybridization probes were

always separated from vector sequences by agarose gel electrophoresis. This process

was rcpeated twice for DNA fragments used as probes for dot blot quantitation.

2.10: Double stranded plasmid DNA sequencing

Preparation of template DNA

DNA fragments to be sequenced were subcloned into pUC19 and plasmid DNA suitable

for sequencing prepared by the alkaline lysis miniprep method of Sambrook et aI

(1939). DNA template (3 pg) was RNase treated before being denatured in 0.2M

NaOH, 0.2mM EDTA at37oc for 15 minutes and then spun through a Sepharose CL-

68 column (Sigma Chemical Co.). 1 Lrg of this denatured template was then used per

sequencing reaction.

DNA sequencing reactions

DNA templates were sequenced by the dideoxy chain termination method of Sanger er

aI (1977) using alpha labelled 32P d"o*yadenosine 5'-triphosphate and a Sequenase

Version 2.0 kit (United States Biochemical Corp.) which contains a modified T7 DNA

polymerase. Sequencing reactions were electrophores ed on denaturing polyacrylamide

gels (see Methods Electrophoresis). Gels were fixed in 207o (vlv) methanol, l07o (v/v)

acetic acid for 30 minutes, dried for 2 hours at 65oC and exposed to X-ray film

overnight. DNA sequencing was done using either an overlapping set of subclones of

the DNA fragment to be sequenced or specifically synthesized oligonucleotide primers,

or a combination of both. AIl DNA sequence data presented has been bidirectionally

sequenced from overlapping sets of subclones. Sequence data was analysed using

Staden, NIH programs and the Genetics Computer Group Sequence Analysis Software

Package Version 6.1 (Deveretx et al1984).
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2. 1 1: Oligonucleotide primer synthesis

Oligonucleotides were synthesized on 0.2 mmol CPG columns using a PCR-MATE

DNA synthesizer (Applied Biosystems). Nucleotide deprotection by removal of

dimethoxynityl was monitored by determining the O.D.+9S of the TCA and acetonitrile

elrnte from the column. Following synthesis, oligonucleotides were eluted from the CPG

column by treating with fresh, concentrated ammonium hydroxide for t hour. Benzoyl

and isobutyrylbase protecting groups weÍe removed by incubating the solution at 55oC

for 8 to 15 hours. By-products and failure sequences were removed by applying the

ammonia solution to an OPC cartridge. Purifred oligonucleotides were eluted from the

cartridge with I ml of 20Vo acetonitrile, desiccated and resuspended in lxTE.

Some oligonucleotides were also purchased from the Department of Microbiology and

Immunology, University of Adelaide.

2.12: P olymerase chain reactions

Polymerase chain reactions were carried out as described by Sambrook et al (1989).

Genomic DNA (1 pg) underwent PCR in 1 x Taq DNA polymerase buffer, 1.5mM

MgCl2, lpmol of each primer, 1.25mM of each deoxynucleoside triphosphate and2.5

units of Taq DNA polymerase. Reaction mixtures were overlaid with paraffrn oil to

prevent sample evaporation. Thermal cycling was carried out for 30 cycles under the

temperatures recommended by Sambrook et al (1989).
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CHAPTER 3

Plastid DNA Sequence Homologies \{ithin Higher Plant Nuclear Genomes

PlastidDNA sequence homologies were first identified within the spinach

nuclear genome by Southern blot analysis (Timmis and Steele Scott, 1983). The nuclear

genome of many higher plants is extensively methylated at cytosine residues (Doerfler,

1990; Grenbaum et al,l98L) whereas the chloroplast DNA of these species generally

appears to be unmethylated (Smillie and Scott, L969; Scott and Possingham, 1980).

These distinct methylation states have been exploited to allow the separation of plant

nuclear DNA from plastid DNA by differential digestion with methylation sensitive

restriction enzymes. Of the few reports of plastid DNA methylation in higher plants all

have shown that where methylation occurs it involves very few sites within the plastid

genome (Ngernprasirtsiri, 1988a, 1988b, 1989). Consequently a majority of the genome

remains susceptible to cleavage by methylation sensitive restriction enzymes.

Restriction of total spinach DNA with HpaII results in cleavage of the

unmethylatedplastid genome while the extensively methylated nuclear genome remains

essentially intact. HpaII is a methylation sensitive restriction enzyme that recognizes the

sequence CCGG but will not restrict when the internal cytosine is methylated.

Hybridization of NH1, a 0.6 kbp BamHI-EcoRI DNA fragment with99%o homology to

the spinach plastidpsaA gene and 5'flanking regions (Cheung and Steele Scott,

unpublished results), to HpaII restricted total spinach DNA is shown in figure 3.1, nack

1.. Four distinct low molecular weight bands are evident in addition to a high molecular

weight smear of DNA with probe homology. These four distinct bands are clearly of

plastid origin (figure 3.1, tack 2) while the high molecula¡ weight smear represents

apparently unrestricted nuclear DNA with homology to the plastid probe. A majority of

the homology of the spinach plastid genome to this probe is present as a L.2 kbp HpaII

fragment, which presumably contains part of the spinach psa{ gene. The remaining less

prominent bands of 1.7 kbp, 2.5 kbp and 3 kbp that are clearly plastid in origin (figure
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3.1, track 2) most likely represent other smaller regions of homology between the

plastid genome and this probe.

Upon digestion of total spinach leaf DNA with HpaII plus EcoRI the high

molecular weight nuclear smear present in figure 3.1, track 1 is reduced to at least seven

discrete EcoRI fragments (figure 3.L, track 4). The origin of these fragments is

undoubtly nuclear or mitochondrial as they are not present in the same restriction of

plastid DNA (f,rgure 3.1, track 3). These results obtained with total leaf DNA extracts

exactly parallel those obtained using purified nuclear and chloroplast DNA preparations

(Steele Scott and Timmis, 1984; Timmis and Steele Scott, 1983).

Southern hybridization has identified sequence homologies between virtu{y the

entte plastome and the spinach nuclear genome (Timmis and Steele Scott, 1983; Steele

Scott and Timmis, 1934). These homologies within the spinach nuclear genome appear

to be less than2-3 kbp in length and it was estimated that five copies of the plastome

were present within a haploid spinach nuclear genome (Steele Scott and Timmis, 1984),

However this estimate was based on hybridization of plastid sequences to nuclear

integrants with potentially variable homology to these probes. Consequently the

absolute copy number of plastid homologies may have been underestimated.

It would appear that plastid DNA sequence homologies are a common

phenomenon in higher plant nuclear genomes and may involve the entire plastid

genome. However little is known about the conservation or stablity of these sequences

within a plant species. As plastid sequences within the nuclear genomo are presumed to

be predominantly nonfunctional they may be frequently rearranged or deleted from the

genome, thereby showing a high level of hypervariability within or between plant

species. The following chapter describes an examination of the nature and stability of

promiscuous plastid sequences present within the nuclear genomes of individuals from

a number of different plant species.
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3.1: Species With A Constant Nuclear Hybridization Pattern To Plastid DNA

Probes

For a number of plant species, individual members within the species showed

identical hybridization patterns to plastid DNA probes. Hybridization of the spinach

plastid 7.7 kbpPstl DNA fragment to cotton (Gossypium hírsutum) total leaf DNA

restricted with HpaII + EcoRI produced a spectrum of higher molecular weight nuclear

fragments with homology to this probe. Approximately a dozen homologies were

visible, superimposed on a heterogeneous background of less homologous fragments

(figure 3.2, tracks 1-6). These latter homologies represent either smaller plastid

sequences integrated into the nuclear genome or indicate the presence of sequences with

reduced homology to this probe. An additional series of strongly hybridizing low'

molecular weight fragments (ie. < 2kbp) are visible which represent HpaII restriction

products of the plastid genome. The greater intensity of hybridization of these small

fragments is due to the high multþlicity of the plastid genome within an individual

plant cell.

No variation in hybridization pattern is observed between individual plants of

either the same or a different cotton variety (figure 3.2). An identical hybridization

pattern was also obtained for plant members of a third cotton variety, siokra (result not

shown), suggesting apparent homogeneity of these sequences within this species.

Chenopodium quinoa displayed similar homogeneity of nuclear sequences with

homology to NH1, (figure 3.3). In this species a dozen bands representing nuclear

sequences with homology to this probe were identifiable in addition to a series of

smaller, more intense bands representin g bona fide plastid DNA homology. These

nuclear and plastid sequences were identical in three individual plant DNAs examined.

Isolated DNA from four individual Nicotiana labacum plants also showed

identical spectra of nuclear EcoRI restriction fragments with homology to the spinach

rbcL gene (f,rgure 3.4a) and to the spinach plastid 7.7kbp PstI DNA probe (figure 3.4b).

In addition to a series of minor nuclear homologies, both plastid probes identifed a

methylated EcoRI restriction fragment that was identical in size to the bonaft.de plastid
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EcoRI restriction fragment observed in an EcoRI digestion of total DNA (figure 3.4a

and 4b, track 5). The apparent conservation of restriction sites shown by these relatively

strongly hybridizing nuclear sequences suggests that large tracts of plastid DNA may be

integrated into the tobacco nuclear genome. This result parallels observations in

Chenopod,ium album, Atriplex cinerea (Ayliffe et al ,1987) and potato (du Jardin,

1990). The nature of these tobacco nuclear sequences was examined in more detail and

is described in chaPter four.

All individuals from these three plant species show a species specific

hybridization pattern to plastid DNA probes. However the number of individual plants

examined for each species was relatively small and a more extensive analysis may

identify some intraspecies variability.

3.2: Species \{hich Show Variation In Nuclear Hybridization Patterns To Plastid

DNA Probes

In contrast to the uniformity of promiscuous plastid sequence homologies

observed for three different cotton varieties, several other agriculn.al species showed a

cultivar specific spectrum of plastid DNA homologies in the nuclear genome.

Hybridization of NH1 to HpaII + EcoRI restricted total leaf DNA from pea (Pisum

sativum) revealed relatively few nuclear sequences homologous to this probe (figure

3.5). However the arrangement of these nuclear sequences was unique for all nine lines

of pea that were examined (figure 3.5).

Four cultivars of barley that were examined each contained a unique and

distinguishing spectrum of high molecular weight (>2 kbp) fragments of presumed

nuclear origin that were homologous to the spinach plastid 7.7 kbp PstI DNA fragment

(figure 3.6). Hybridization of the same probe to DNA isolated from several individual

plants of three barley varieties showed no evidence of variation in the spectrum of

nuclear homologies within a cultiva¡ (figure 3.7). Nuclear DNA from cultivars of wheat

also possessed a unique hybridization pattern when restricted and probed with plastid
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DNA and again no variation in this pattern was observed between individual members

of the same cultivar (results not shown).

It appears that these plastid DNA probes may therefore be used to distinguish

varieties of certain commercial crops that can not be easily indentified morphologically.

The major criterion for a useful plant DNA fingerprinting probe is that it must be

capable of distinguishing between different plant species in addition to different

varieties of the same species. The DNA hybridization pattern of any individual within a

plant variety should be identical, as should the hybridization pattern of DNA extracted

from different tissues of the same plant. A universal probe capable of DNA

fingerprinting a wide range of species would be advantageous. For some plant species

such as barley, wheat and pea, plastid sequence homologies within the nuclear genome

may act as suitable ta.rget sequences for DNA fingerprint analysis. The almost

ubiquitous nature of these sequences within higher plants suggests that other plant

cultivars may also possess unique spectrums of these homologies.

However, as target sequences for fingerprinting probes, nuclea¡ sequences with

plastid DNA homology have several disadvantages. Techniqually it is difficult to show

these nucle¿r sequence homologies by Southern hybridization as they generally appear

low in copy number and are maintained in large plant genomes. Double restriction

enzyme digestion and large agarose gels are required to separate bonafide plastid

sequences from these nuclear homologies, which is both time consuming, expensive

and increases the likelihood of partial restriction products. Finally plastid sequence

homologies are also found in mitochond¡ial DNA, potentially confusing fingerprint

patterns due to uniparental inheritance of this organellar genome.

3.3: Individual Plant Variation In Nuclear Hybridization Patterns To Plastid DNA

Probes

Hybridization of NHl to HpaII + EcoR[ restricted DNA from six spinach plants

(figure 3.8) identifres three major homologies of bonafide plastid origin (compare with

figure 3.1, track 3) in addition to a series of discrete EcoRI restriction fragments
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tepresenting nuclear homologies to this plastid probe. Four of these samples show an

identical spectrum of nuclear homologies (figure 3.8, tracks 2,3,4,6) while the

remaining two DNAs each possess a unique arrangement. A 5.5 kbp band is absent in

one of these individuals (figure 3.8, track 1) while an additional 9 kbp band is present in

the other (figure 3.8, track 5). A series of faint nuclear homologies are present in these

six plant DNAs rhat were not previously identified (figure 3.1, track 4) reflecting the

higher sensitivity of this particular experiment.

Therefore a deglee of variation in these soquences is observed amongst

individual plants of this variety. These differences could be accounted for by numerous

events including heterozygo -sity and allelic variation, deletion, duplication,

endopolyploidy, differential methylation, base substitutions creating or destroying

restriction sites, mitochondrial polymorphisms or a new insertion of a plastid soquence

within the nuclear genome.

3.4: Hypervariability Of Plastid DNA Sequence Homologies In The Nuclear

Genome Of Betu vùgarts

Initial characterization of plastid DNA sequence homologies in the nuclear

genome of Beta vulgaris revealed heterogenity of these sequences amongst different

cultivars of the species. Hybridization of NHI to HpaII + EcoRI restricted DNA from

two B. vulgaris cultivars (crimson globe and silverbeet) identified many nuclear

homologies to this plastid DNA probe in both varieties (figure 3.9). These nuclear

homologies were often to bands of common molecular weight in both cultivars,

although clear differences in the hybridization pattern of both varieties was evident.

There were also some discrete bands produced by HpaII digestion which were different

for each variety. This is consistent with earlier observations of a small number of

homologies to plastid DNA in regions of the spinach nuclear genome with reduced

DNA methylation (Steele Scott and Timmis, 1984).

Analysis of a number of DNAs extracted from individual plants of both of these

cultivars revealed a suprisingly large amount of heterogenity. A unique spectrum of
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homologies was observed for each plant when NHl was hybridized to Hpatr + EcoRI

restricted DNAs isolated from seven individual B. vulgaris var. silverbeet plants (figure

3.10a). Many hybridizing fragments were common to more than one plant, but each

plant possessed additional bands that distinguished it from every other plant.

In addition to this variation in hybridization pattern, quantitative differences

may exist between plants. It is likely that bands common to two plant DNAs represent

the same plastid DNA insertion within the nuclear genome as the sequences comigrate

and are homologous to the same probe. DNAs in figure 3.10a, track 3 and 4 show

nuclear homologies to 12.8 kbp and 8.5 kbp bands, both of which are marked with a

cross. Laser densitometery showed that the 12.8 kbp fragment in track 4 has a

hybridization intensity three times that of the equivalent band in track 3, while both

DNAs contain approximately equivalent ratios of the 8.5 kbp homology. This difference

can not therefore be ascribed to DNA loading differences and thus is likely to represent

a quantitative difference between one of the sequences common to these two individual

plant DNAs. Several other analogous differences are also evident between other plant

DNAs. These apparent quantifiable differences could be the result of either deletion or

amplification of pre-existing nuclear homologies or a copy number difference arising

from heterozygo. sity at specific promiscuous loci.

Hybridization of the same Southern blot with the spinach rbcL gene produced a

similiar result. Each plant again possessed a unique spectrum of higher molecular

weight nuclear sequences with homology to this plastid probe (figure 3.10b) of which

many were again common to more than one plant.

Likewise DNAs from eight individual B. vulgaris var. crimson globe plants each

contained a unique restriction pattern of nuclear sequences that were homologous to

either NHl (figure 3.1la) or to the spinach rbcL gene (figure 3.11b). To ensure that the

variation observed between DNAs of individual plants of both B. vulgaris varieties was

not the result of partial restriction, digestions were incubated for excess time with high

concentrations of restriction enzyme. In addition the same Southern filters were

rehybridized with a probe (pCU18) encoding a complete cucumber rRNA gene repeat
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unit (Kavanagh and Timmis, 1986). Plant rRNA genes are tandemly repeated

throughout the plant genome (Kavanagh and Timmis, 1986). Any evidence of partial

restriction should therefore be readily observed with this probe. Each plant DNA

produced an identical hybridization pattern to this probe (figure 3.10c and 3.1lc)

suggesting that partial restriction was not present.

3.5: Breeding Systems

It therefore appears that within the higher plant kingdom promiscuous plastid

sequences are homogenoous within the nuclear genomes of some plant species but

remarkably heterogeneous in others. In B. vulgaris as gteat or gteater variation in these

sequences is observed between individual plants of the same variety when compared to

plants from a different cultivar. Conversely morphologically diverse varieties of cotton

show apparent genetic uniformity of these promiscuous sequences.

Only two plant species demonstrated variability of these nuclear sequences of

plastid origin at an individual plant level, these being S. oleracea and B. vulgaris.

Spinach is an obligate outbreeder and is dioecious (Allard, 1960; Richards, 1986;

Simmonds , I976) while outcrossing normally occurs for beet which has a genetic

incompatability system (Lunquist et al, 1973). Conversely the other plant species

examined are all self pollinating crop plants (Allard, 1960; Simmonds, 1976, 1971). The

sequence variability observed in spinach and beet may therefore reflect the diversity of

the gene pool from which these species were derived and this diversity is maintained by

continual outbreeding. The remaining plants, most of which are crop plants, have

therefore tended towards genetic homogeneity by continual self-fertilization.

Cultivar variation of these nuclear homologies is observed in barley but absent

in three lines of cotton examined although both of these species employ inbreeding

reproductive mechanisms. This contrasting result probably reflects the age of

divergence of the different plant lines in each of these species and the diversity of the

gene pool from which they were selected.
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Given the widespread occurence of plastid sequence homologies in higher plant

genomes, these sequences may serve as a useful index of genomic diversity within a

plant population or species. Traditionally genetic diversity within a plant population is

measured by determining the number of disease resistance genes, Mendelian

morphological markers and isoenzyme va¡iants within the population in addition to

examing other economic and metric traits (Brown, 1978; Marshall and Allard, L970;

Hvids and Nielsen,1977). These approaches consider only a very small portion of the

entire genome and these regions are under functional constraints. In contrast

promiscuous plastid sequences are probably dispersed throughout the entire plant

genome [plastid homologies have been identified on chromosome 5, 9 and 10 in tomato

(Pichersky and Tanksley, 1988; Pichersky et al,l99l)l and integrated into regions

which appear to be in a more dynamic state of genomic flux. Analysis of these

sequences could therefore assist in giving a more general estimation of genomic and

genetic variability within a plant population.

3.6: Somatic Variation Of Nuclear Sequences With Plastid DNA Homology

Analysis of promiscuous plastid sequences in DNA extracted from different

tissues of the same B. vulgaris plant, in some cases revealed heterogeneity of these

sequences. Hybridization of NHl to DNA extracted from leaf and petiole tissue of two

silverbeet plants showed clear heterogeneity in the banding pattern observed for DNA

extracted from different tissues of the same plant (figure 3.12a tracks 5, 7). As would be

expected a majority of the nuclear homologies were common to all DNAs of the same

plant, however four bands of 3.4,3, 1.8 and 1.6 kbp were unique to leaf DNA (figure

3.12a, track 5) while two bands of 2.95 kbp and 2.76kbp were found only in petiole

tissue (figure 3.12a, track 7). Conversley no differences in hybridization pattern could

be detected between DNAs isolated from the leaf and petiole tissue of a second plant

(figure 3.12a, tracks 1 and 3).

Hybridization of the spinach rbcL gene to the same Southern filter again

identified heterogeneity between the hybridization pattern of the same two DNAs. Two
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bands of approximately 6.6 kbp were present in DNA extracted from petiole tissue

(figure 3.Izb, track 7) while only a single fragment of 6.6 kbp was hybridized in DNA

extracted from leaf tissue (figure 3.t2b, track 5). Hybridization of the ribosomal repeat

(pCU18) to this filter did not identify any differences in banding patterns between

rDNAs extacted from the same plant (f,rgure 3.I2c) suggesting that partial restriction

was not the cause of the observed heterogeneity.

No differentiat hybridization patterns were observed in HpaII digestions of these

DNAs (figure 3.I}aand 3.12b, tracks 6 andS) and these unique bands must therefore

represent EcoRI restriction fragments. It is unlikely that the observed variation is the

result of differing amounts of mitochondrial DNA being present in each tissue DNA

preparation as both DNAs contain bands that are unique. A mitochondrial DNA

polymorphism existing between different plant tissues could offer an expla nation for

these results, however this is unlikely given the number of bands involved and their

HpaII resistant nature. The number of different bands involved also suggests that base

substitutions creating or desroying restriction sites are not the cause of these

observations.

This heterogeneity could be the result of genomic reanangement within somatic

cells. These sequences are likely to be dispersed throughout the plant genome and their

somatic variation suggests that they have integrated into hypervariable regions of the

genome. Transfected sequences that integrate into mammalian genomes commonly

show temporary instability and occasionally this instability is continuous (for review

see Murnane, 1990). These continuously unstable locations undergo DNA amplification

of both the integrated sequence and surrounding cell DNA. Prior to the integration event

these genomic locations appear stable; that is the process of sequence integration can

cause localized genomic instability. No evidence for sequence specificity has been

observed (Murnane and Young, 1989). This instability may be a widespread

phenomenon because large deletions in bacterial genomes can lead to subsequent

genome instability resulting in gene amplification (Murnane, 1990).
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At least one promiscuous plastid sequence has been shown to be amplified and

deleted 10,000 fold during rice cell differentiation and dedifferentiation (Kikuchi er ø/,

1987) and flanking sequences were apparently involved. Two sequences present as

dispersed repeats within both the nuclear and mitochondrial genomes of Cucumis melo

are dramatically reduced in copy number during tissue culture. This copy number being

only l07o in long term callus cultures as compared with the original plant material

(Grisvard et al,1990).

It is interesting to speculate that the difference in hybridization pattern of these

DNAs may be the result of ongoing transposition of plastid sequences to the nucleus. If

this is the case these results suggest that plastid sequences are being transposed to the

nucleus at a very high frequency. In yeast it has been demonstrated that DNA can

"escape" from the mitochondria to the nucleus at a frequen cy of 2 x 10-5 per cell per

generation (Thorness andFox, 1990). The nuclear background also offected therate of

mitochondrial DNA transfer to the yeast nuclear genome and by analogy could explain

the observed heterogeneity of these sequences in some plants but not in others.

The somatic variability of these nuclear sequences with plastid DNA homology

is not confined to B. vulgarls and has also been observed in some citrus species

(flughes, 1990).

3.7: Relationship between genome size and presence of plastid DNA homologies

Of the 15 plant species examined for nuclear homologies to plastid DNA

sequences all contained some of these nuclear sequences with the exception of

Arabidopsis thaliana. A. thalian¿ has a very small nuclear genome when compared with

otherplant species [Ic=0.2pg (Bennett and Smith, 1976)]. No sequence homology to

the spinach plastid 7.7 kbp PstI DNA fragment could be detected in the nuclear genome

of this species (figure 3.13, tracks 1-3), while nuclear homologies could be readily

detected in an equivalent amount of DNA from Tulbaghiaviolacea, on the same

Southern blot (figure 3.13, track 4). As the A. thaliana genome is 100 times smaller

than that of r.violaceafrc:19.8pg (Bennett and Smith, 1916)1, approximately 100
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times more nuclear genomes of A. thalianawere present on the filter and yet no nuclear

homologies were detected to this plastid probe. This result suggests that promiscuous

plastid sequences are located predominantly in nonessential regions of the nuclear

genome, that are present in most plant species. In this respect it is notable that A.

thaliana has far less repetitive nuclear DNA than most plants (Meyerowitz and Pruitt,

198s).

3.8: Summary

Plastid DNA sequence homologies are found within the nuclear genomes of a

wide variety of higher plant species, including monocotyledonous and dicotyledonous

species. In some species these sequences show apparent uniformity (eg. cotton, tobacco

and C. quínoa) while in other species variability is observed. This variability ranges

from differences detected between cultivars (eg. pea and barley) to the hypervariability

observed in B. vulgaris. Somatic variation of these homologies in.B. vulgaris suggests

that these sequences either integrate into regions of the nuclear genome which re¿urange

at a high frequency or that a continual process of plastid sequence transposition to the

plant nuclear genome is occ,r,ring. The abscence of promiscuous plastid sequences in the

nuclear genome of A. thalíar?a suggests that a majority of these sequences are located

in nonessential, repetitive regions of the plant genome. These plastid homologies may

be suitable target sequences for DNA fingerprint analysis in some species, while for

other plant species the variability of these sequences could serve as a measure of

genomic heterogeneity within . a population or species.



Figure 3.1: Plastid DNA sequence homologies within the spinach (Spínaceø
ole rac e a) nuclear genome.

Hybridization of NH1 to 0.5 pg of spinach plastid DNA (lanes 2,3 and 5) and 5 pg of
total leaf DNA (lanes 1 and 4). DNAs were restricted with: 1) and 2) Hpatr, 3) and a)
Hpatr + EcoR[ and 5) EcoRI.

Arrows indicate molecular weights o19.4, 6.6, 4.4,2.3 and 2.0 kbp.
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Figure 3.2: Ptastid DNA sequence homologies-within the nuclear genome of cotton
(G"o s sy píum hír s utum') show a constan t hybridizati on pattern.

Hybridization of the spinachplastid 7J_FUp pqU 
PNA fragment to cotton total leaf

nÑn. Each track contained f pg of DNA that had been isolatedfrom a single plant and

restricted with HpaII + EcoRI, except for lane 7 which contained-f .l'!g o.f PNA
restricted with EôoRI. Lanes 1-3 coñtain Dl As isolated from individual plants of the

cotton variety deltapine 90 while lanes 4-6 contained DNAs isolated from individual
plants of the cotton variety sicala.

Plant members of a thfud cotton variety, siokra, produced a hybridization pattern
identical to that of deltapine 90 and sicala (not shown).

Arrows indicate molecular weights of 9.4,6.6,4-4,2.3 and 2.0 kbp.
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Figure 3.3: Homogeneity of nuclear sequences with plastid DNA homology
amon gst individual C henop o dium quíno a plants.

Hybridization of NHI to total leaf DNA of C. quinoa. Each track cj¡ntained! t g of
DNA that was isolated from a single plant and restricted with HpaII + EcoR[.

Arrows indicate molecular weights of 9 .4, 6.6, 4.4, 2.3, 2.0 kbp.
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Figure 3.4: A constant hybridization pattern amongst tobacco (Nilcotiana tabøcum)
plãnts, of nuclear sequences with plastid DNA homology.

A) Hybridization of the spinach rbcL gene to tobacco
contained 5 pg of DNA that was isolated from a sÞgl
Hpatr + EcoR[, except for lane 5 which contained 0.5

B) Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to the same
Southern blot membrane used in A.

Arows indicate molecular weights of 23,9.4,6.6, 4.4,2.3 and 2.0 kbp.
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Figure 3.5: A variable hybridization pattern of¡uclear sequences with plastid
DÑÃ homology is obseried amongst äifferent lines of pea (Písum satívum\.

Hvbridization of NHl to HpaII + EcoRI restricted total leaf DNA of.pea. Each track
contains 5 pg of DNA isolated from multþle plants of a single pea line.

Arrows indicate molecular weights 9.4,6.6 and 4.4 kbp.
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Figure 3.6: A unique spectrum of nuclear sequences with plastid DNA homology is
po-ssessed by diffeient varieties of barley (Hordeum vulgøre\.

Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to 5 pg of Hpatr +
EóoRI restricted total DNA isolated from multiple plants of barley varieties;

1) Swift
2) Cleremont-France
3) Hiproly
4) India 115

Arows indicate molecula¡ weights of 9.4,6.6,4.4, and 2.3 kbp.
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Figure 3.7: Homogeneity within barley varieties of nuclear sequences with plastid

DNA homologY.

respectivelY.

No difference in hybridization pattem
the barley variety Arivat (not shown).

was observed amongst three individual plants of

Arows indicate molecular weights of 23, 9'4, 6'6 and 4'4 kbp
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Figure 3.8: Variation amongst
nutlear sequences with Plastid

spinach plants of the hybridization pattern of
DNA homology.

spinach total leaf DNA. Each track
spinach plant. Tracks 2,3,4 and 6

, while a 5.5 kbp band is absent in
ent in track 5.

Arows indicate molecular weights of 9.4,6.6,4.4,2.3, and 2.0 kbp.
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Figure 3.9: Variation amongst pgtgyy.lgarís v_arieties of the hybridization patterns
ofiuclear sequences with plastid DNA homology.

Hybri lated from B. vulgar.is.va¡. silverbeet (tracks

1 ând tracks 3 and 4). Each lane contains 5 pg of
totat I tracks 2 and4) or Hpatr + EcoRI (tracks 1

and 3).

A third variety of B. vulgaris, crimson globe, also showed a unique hybridization
pattern (not shown).

Arows represent molecular weights of 9.4,6.6,4.4,2-3 and 2.0 kbp.
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Fisure 3.10: A unique spectrum of nuclear sequences with plastid DNA homology
is õbserved for individuãt plants of B. vul¿ ris var. silverbeet.

to total leaf DNA of B. vulgaris var. silverbeet. Each track
solated from a single plant and restricted with Hpatr + EcoR[.
identify bands discussed in the text.

B) Hybridizattonof the spinach rbcL gene to the same Southern blot membrane used in
A.

C) Hybridization of pCU18 to the same Southern blot membrane used in A and B.

Arows indicate molecular weights of 9.4,6.6,4.4,2.3 and2.0 kbp.
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Figure 3.11: A unique spectrum of nuclear sequenceswith plastid DNA homology
is õbserved for individuãl plants of B. vuli ris var. crimson globe.

A) Hybridi zation of NH1 to total leaf DNA of. B. uulgarís var. crimson globe. Fach
tráck contained 5 pg of DNA isolated from a single plant and restricted with HpaII +
EcoRI.

B) Hybridizationof the spinach rbcL gene to the same Southern blot membrane used in
A.

C) Hybridization of pCU18 to the same Southern blot membrane used in A and B.

Arrows indicate molecular weights of 9.4,6.6,4.4,2.3 and 2.0 kbp.



cBA

I

1 2 3 4 5 6 7I 1 2 3 4 5 6 7 I
12345678

.c ,,

a

.D -

-+'
a

¡
a

a,a'
Ò

a

ÇL

I
o

I
rl

ì

tIJ



Figure 3.12: Intraplant variation of nuclear sequences with plastid DNA homology
inB. vulgøns var. silverbeet.

of B. vulgaris var. silverbeet. Each rack
HpaII (tracks 2, 4,6 and 8) or HPaII +
ontain DNA isolated from the leaf tissue

d 4 contain DNA isolated from petiole
contain DNA isolated from the leaf and

lant. A different spectrum of nuclear
d for both the leaf and petiole tissue

of this second plant.

the same Southern membrane used
6.6 kbp in lane 7 while only a

B) Hybridizatlon of the spinach plastid rbcL .gene to
in A.-Asterixes identify tu o bands of approximately
single 6.6 kbp band is observed in lane 5.

the same Southern blot membrane used in A and B. The
and found in Hpatr + EcoR[ restrictions and the 2 kbp
ns represent remnants of the rbcLhybndization that could

not be removed prior to hybridization of pCU18.

Arrows indicate molecula¡ weights of 23,9.4 , 6.6, 4.4,2.3 and 2.0 kbp'
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Figure 3.13: Plastid DNA sequence homology can be identified in the nuclear
genome of Tubaghía víolacea but not in the nuclear genome of Arabídopsis
thølianø.

Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to total leaf DNA
isolatedfromA. thalina (tracks 1-3) andT.violacea (uack4).Eachtrackcontained5
pg of DNA isolated from a single plant and restricted with HpaII + EcoR[.

Arrows indicate molecular weights of.9.4,6.6,4.4,2.3 and2.0 kbp.
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CHAPTER 4

Promiscuous Plastid Sequences In The Tobacco Nuclear Genome

As the tobacco nuclear genome apparently possesses a relatively high copy

number of promiscuous plastid sequences that show conservation of plastid restriction

sites, this species was examined in more detail. Hybridization of the spinach rbcL gene

to tobacco total DNA restricted with EcoRI, revealed a highly homologous 4.4 kbp

band (frgure  .l,tracks 3-7) which corresponds to the expected tobacco plastid EcoRl

restriction fragment containing the rbcL gene (figure 4.2c). When total DNA is further

restricted with EcoRI + HpaII a majority of this 4.4 kbp band is reduced to 966 bp,424

bp and 1700 bp fragments (figure 4.1, track 2). An additional spectrum of bands greater

¡han2kbp, with homology to the rbcL gene, can also be observed which represent

nuclear homologies to this plastid probe. However a significant proportion of the 4.4

kbp EcoRI fragment is not restricted by HpaII and is therefore extensively methylated,

suggesting that it is nuclear in origin.

V/hen the EcoRI fragment containing the rbcL gene is restricted with KpnI it is

reduced to 1018 bp and 3405 bp bands (figure 4.1, track 9; figure 4.2b). The 4.4 kbp

EcoRI fragments that are resistant to HpaII digestion are also reduced to bands of 1018

bp and 3405 bp, upon digestion with KpnI (figure 4.1, track 8). Therefore not only do

these HpaII resistant fragments comigrate with the bonafide plastid EcoRI restriction

fragments, but they also possess the same KpnI sites. This suggests that, residing within

the tobacco nuclear genome, are large tracts (ie. in excess of 4 kbp) of plastid DNA.

Restriction of total DNA with XhoI, Pvutr and SalI shows that the tobacco rbcL

gene is located on plastid DNA restriction fragments of 8.7 kbp, 6 kbp and 15.5 kbp

respecrively (figure 4.1, tracks 11, L3, 15). Restriction of total DNA with each of these

three enzymes, in conjunction with Hpatr, produces a HpaII resistant fragment that

comigrates with the bonafide plastid DNA fragments homologous to tho rbcLprobe

(figure 4.1, tracks lO, 12, 14). These results suggest the presence of even larger tracts of

plastid DNA within the tobacco nuclear genome (ie. in excess of 15 kbp). However as
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the size of the comigrating HpaII resistant fragment increases its copy number appears

ro decrease (figure 4.1, compare lanes 2 and 14) and more of the hybridization is

observed in high molecular weight unresolved fragments.

Figure 4.2 shows a model which explains the above result. The section of the

plastid genome in the vicinity of the rbcL gene is bounded by EcoRI sites 4.4 kbp apart

and this fragment contains three HpaII sites that would be digested in unmethylated

DNA but remain uncleaved if they were modified. The 4.4kbp fragment therefore often

remains in EcoRI + HpaII restricted nuclear DNA because a majority of sequences are

sufficently long and conserved to retain EcoRI restriction sites (figure 4.2c). 'When

other restriction onzymes are used in a simila¡ regime the proportion of Hpatr resistant

DNA falls presumably reflecting either the greater rarity of longer regions of plastid

DNA incorporated into the nucleus or tho presence of an occcsional unmethylated HpaII

site. A 15.5 kbp SalI fragment of plastid DNA hybridises the rbcL gene probe, and this

complete fragment is much more rately found in methylated DNA than the 4.4kbp

EcoRI fragment (figure 4.1, tracks 2 and 14). However differential methylation

sensitivity of these 6-base cutting enzymes could also account for this observation.

Partial digestion is unlikely to explain the presence of these HpaII resistant

fragments as each fragment contains multiple HpaII sites (ie. up to 23; figure 4.2b).In a

partial digestion at least some of these restriction sites would be expected to be cleaved

to give a range of bands characteristic of partial restriction in addition to the undigested

fragment. There is no such evidence of partial restriction in these Southern blots.

An analogous result was obtained when the same Southern blot was

rehybridized with probes encompassing other regions of the plastid genome.

Hybridization of the spinach plastid 7 .7 kbp PstI DNA fragment identifies two Hpall

resistant EcoRI fragments of 7 3 and 6.7 kbp (figure 4.3, track 2) that comigrate with

the bona fide plastid EcoRI restriction fragments, homologous to this probe (figure 4.3,

tracks, 3-7). An additional spectrum of high molecular weight bands with homology to

this plastid DNA probe is also observed. KpnI restriction demonstrates that these two

methylated nuclear EcoRI restriction fragments have an identical restriction map to the
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bona fide plastid EcoRI restriction fragments (figure 4.3, tracks 8, 9). Again restriction

with HpaII plus either XhoI, PvuII or Sall reveals HpaII resistant fragments that

comigrate with the plastid restriction fragments homologous to this probe.

Hybridization of the tobacco Bam10 fragment (Sugiura et al, 1986), which encodes the

plastid 16s rRNA gene, to this frlter gives a similar result (not shown).

These results suggest that large tracts of plastid DNA (ie. > 15kbp), from several

different regions of the plastid genome, a¡e located in the tobacco nuclear genome. The

nuclear sequences with homology to the rbcL gene are extensively methylated as they

are resisrant to digestion by both HpaII (figure 4.1, track 2) and MspI (figure 4.1, track

1). Conversely many of the HpaII resistant sequences with homology to the spinach

plastid 7.7 kbp PstI DNA fragment (hgure 4.3, track 2) are not resistant to MspI

restriction (figure 4.3, track 1). Therefore these nuclear sequences with homology to

different regions of the plastid genome show differential methylation.

4.1: Quantifïcation Of Ptastid DNA Homologies In Tobacco Nuclear DNA

To estimate the proportion of total hybridization which could be attributed to

these HpaII resistant fragments, standardized loadings of total DNA restricted with

EcoRI were included on Southern blots (figure 4.1 and 4.3, tracks 3-7). Scanning of

autoradiographs of these tracks with a densitometer enables a curve of DNA amount

versus absorbance (ie. relative probe hybridization) to be plotted. By measuring the

comparative absorbance of HpaII resistant EcoRI fragments comigrating with plastid

EcoRI fragments (figure 4.1 and 4.3, track 2) the proportion of total hybridization signal

giving rise to the nuclea¡ homology was determined. An estimated L37o of

hybridization of total tobacco DNA to the rbcL gene is due to the HpaII resistant 4.4

kbp EcoRI fragment present in figure 4.1, track 2. Similarly 0.8Vo of homology of the

hybridization signal to total tobacco DNA by the spinach plastid 7.7 kbp PstI DNA

fragment is accounted for by a 7.3 kbp HpaII resistant EcoRI fragment (figure 4.3, track

2) that comigrates with the bona fi.de plastid EcoRI restriction fragment (figure 4.3,

tracks 3-7). By determining the number of copies of the plastid genome in this DNA
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sample an estimate of the number of large plastid sequences integrated into the nuclear

genome can be made.

The polymerase chain reaction (PCR) was used to quantify the number of plastid

genomes within rhis total DNA sample. As PCR yields are affected by minor changes in

a number of parameters, direct quantitative comparisions between PCR reactions can

not be made. To circumvent this problem an internal standard that can be

unambiguously distinguished from the target sequence must be present in each PCR

reacrion (Sambrook et al,1989). In this case the target sequence was a 450 bp region in

the large single copy region of the tobacco plastid genome [from nucleotide 53396 to

53846 of the published sequonce (Shinozaki et aI,1988)1. Used as an added internal

control was a construct molecule consisting of this precise region of the tobacco plastid

genome with a 100 bp of pUC19 inserted into the EcoRV site of this plastid sequence

(figure 4.4). Therefore both these sequences can be amplified with the same primers and

the PCR products resolved by agarose gel electrophoresis. The addition of a known

range of this construct molecule to several PCR reactions enables copy number

estimates of the target sequence to be made by comparing its PCR yield with that of the

internal control.

Figure 4.5 shows a photograph of these PCR products after sepalation in an

agarose gel. From densitometeric scanning of the negative of ttris photograph and taking

into account the different size of these two PCR products a copy number estimate was

made for each reaction. Pooling this data gave an estimate of 4350 t 0gO copies of the

plastid genome per lc tobacco nucleus, present in this DNA sample. This value is

within the general range observed for other species (Scott and Possingham, 1980).

The number of tobacco nuclear genomes added to PCR reactions was estimated

as 128,000 copies based upon genome size measulements obtained from

microdensiometry of Feulgen stained nuclei (3.76 x tO6 tUp per 1c nucleus, Bennett

and Smith, I976). The final nuclear genome size used to calculate plastid DNA copy

numbers was based on dot blots of DNA samples probed with two different tobacco

chitinase genes (Neale et al, 1990). N. tabacum is an allotetraploid with two diploid
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ancestors N. sylvestris and N. tomemtosiþrmis each contributing a different chitinase

gene (Neale et a1,1990). This method gave an independant estimate of 100,000

genomes loaded in each PCR reaction, giving a genome size estimate of 4.81 pg per 1c

tobacco nucleus. The genome sizs here is calculated as half the telophase nuclear DNA

amount (Bennett and Smith, 1976)-

No PCR product was obtained from mitochondrial DNA when using the same

primers (chapter 5, figure 5.10) demonstrating that this plastid copy number estimate is

not confused by the presenco of plastid sequences within the mitochondrial genomo.

The effect of plastid sequonces within the nucleus on this estimate would be negligble

as they accounr for such a small proportion of the total hybridization (0.8 - I.37o).

From these experiments an estimate of 57 copies of the HpaII resistant 4.4 kbp

fragment with homology to the rbcL gene (figure 4.1, track 2) and 35 copies of the

HpaII resistanr 7.3 kbp fragment with homology to the spinach plastid 7.7 kbp PstI

DNA fragment (figure 4.3, track 2), per 1c tobacco nucleus is obtained. These values do

not include all the sequences within the tobacco nuclear genome which are homologous

to these probes, as the fainter spectrum of bands in figure 4.1 and 4.3 (track 2) were not

accounted for in this measurement.

Therefore present within the tobacco nuclear genome are many more sequences

of plastid origin compared with a spinach haploid nuclear genome where an estimated 5

copies of the plastid genome exist (Steele Scott and Timmis, 1984) and in the tomato

nuclear genome where apparently few promiscuous plastid sequences are presont

(Pichersky et al,I99I). In addition some regions of the tobacco plastid genome are

more highly represented in the nucleus than others.

4.2: Nuclear Origin Of These Plastid DNA Homologies

These results demonstrate that there is a large population of methylated

sequences homologous to plastid DNA in the tobacco cell, probably located in the

nuclear DNA. There are two other explanations which could account for these relatively

high copy number methylated sequences that are homologous to the plastid genome and



60

possess an appafently identical restriction map. These sequences may be either

promiscuous plastid sequences present in the mitochondrial genome or thoy may

represent some form of methylated plastid DNA. P¡omiscuous plastid sequences have

been identified in the mitochondrial genomes of a wide variety of species (Stern and

Lonsdale, 1982; Stern and Palmer, 1984). Plastid DNA methylation has been detected

in tomato, maize and cultured sycamore cells (Ngernprasirtsiri et aI, t988a. 1988b,

1989; Gauly and Kossel, 1989), although refuted by Marano and Carrillo (1991) in

tomato. However this methylation generally involves only a few selected sites in the

plastid genome and would not account for the extensive methylation observed here

(figure 4.2b).

To rule out these other two possiblities a tobacco nuclear DNA preparation was

made by differential centrifugation and utihzition of TritonX-100 in extraction buffers'

The hybridization experiments were then repeated with the nuclear DNA prepa-ration.

The rbcL gene again hybridized to a 4.4 kbp EcoRI restriction fragment in both total

and nuclear enriched DNA that had been restricted with HpaII + EcoRI, as would be

expected if the hybridization was to nuclear fragments (figure 4.6a, ffacks 1, 2).

Comparision of both nuclear and total DNA restricted with HpaII + EcoRI shows that

there is a decrease in plastid DNA in the nuclear preparation, as determined by a

decrease in the intensity of hybridization to small plastid HpaII restriction fragments

(figure 4.6a, tracks 3, 4). There is however no concorn .itant decrease in hybridization

to rhe Hpatl rcsistant 4.4 kbp EcoRI fragment present in this nuclear DNA preparation

(figure 4.6a, track 1) when compared to total DNA (figure 4.6a, track 2). Therefore this

resistant HpaII fragment is of nuclear origin as it copurifies with nuclear DNA. In

addition to this 4.4kbp band there is an identical spectrum of high molecular weight

nuclear DNA fragments with homology to the rbcL gene probe in both total and nuclear

DNA preparations (figure 4.6a, tracks 1, 2).

An analogous result was obtained upon hybridization with the spinach plastid

7.7 kbp PstI DNA fragment. A reduction in hybridization to plastid HpaII fragments is

evident in nuclear DNA when compared with total DNA (figure 4.6b, tracks 3, 4).
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There is however no obvious reduction in the HpaII resistant fragments (figure 4.6b,

tracks 1, 2) that comigrate with the bona fide plastid DNA EcoR[ restriction fragments

(figure 4.6b, track 5, 6). Clearly these sequences are also of nuclear origin. Again an

identical spectrum of high molecular weight nuclear fragments with plastid DNA

homology, in both total and nuclear DNA is present (figure 4.6b, tracks 1, 2). Marked

with an ¿uïow (figure 4.6b, track 2) is a sequence with plastid DNA homology that is

substantialy reduced in copy number in the nuclear DNA preparation (figure 4.6b, track

1) and is not expected from the plastid DNA restriction map. This sequence is

presumably of mitochondrial origin.

4.3: Construction Of A Tobacco Genomic Library

To clone and isolate these plastid sequences in the tobacco nuclear genome it

was necessary to produce a nuclear genomic library devoid of cytoplasmic organellar

sequences. Total tobacco DNA, isolated from green leaf tissue, was run on a sucrose

gradient and the highest molecular weight DNA fraction collected. This DNA was then

partially restricted with Sau3A, run on a second sucrose gradient and the resultant 15-20

kbp DNA fraction retained. These fragments consisted of a mixture of nuclear,

mitochondrial and plastid sequences. Plastid and mitochondrial sequences were

removed from this fraction by extensive restriction with HpaII followed by a third

sucrose gradient from which the remaining 15-20 kbp DNA fragments were collected.

The remaining DNA fragments clonable in a lambda replacement vector would have

been highly enriched for nuclear DNA. These 15-20 kbp fragments wero then ligated

into the BamHI site of lambda EMBL4 and the ligation packaged using a Packageneru

packaging mix. The resultant library could not be considered as representative of the

entire tobacco nuclear gonome as hypomethylated nuclear sequences may not have been

cloned by the procedure adoPted.

4.4: Plating Of The Genomic LibrarY

Three restriction systems have been identified in E. coli that are specific for

methylated DNA sequences (for review see Blumenthal et al, 1989). Two of these
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re riction systems, termed mcrA and mcrB (for modified cytosine restriction),

specifically cleave DNA sequences that contain 5-methylcytosine (Raleigh and Wilson,

1936). Both of these restriction systems have been identified in many E. coli strains

commonly used as cloning hosts (Raleigh et a\,1988; V/oodcock et aI,1988; 1989).

Consequently using mcr\+, mcrB* E. coli cells as a host in which to clone methylated

DNA sequences is likely to result in a dramatic reduction in cloning efficiencies. Plant

DNA, which can have up to 40-50Vo of all cytosine bases methylated, would be

expected to be particularly prone to cleavage by these restriction systsms (Blumenthal,

1989). For example plating of aPetunia hybrida lambda genomic library on amcrB-

host resulted in as much as a222 fold increase in library titre when compared with an

mcrBl host (Woodcock et al, 1988).

As the tobacco genomic library produced in this study was made from DNA

sequonces that were selected on the basis of being methylated it was particularly

important to use an appropri ate E. coli host. Plating of this library onto N'W2 , a mcr{- ,

mcrB- E. colí strain (Woodcock et al, 1989), resulted in a 200 fold increase in library

titre when compared to the same library titred on NM538 (mcr\-, mcrB+) and NM539

(mcrÃ- , mcrB+¡ (Raleigh et aI, L988),(table 4.1). To ensure that this difference in

library titre was not just the result of differential plating efficbncies of these three E.

coli strains, wild type lambda EMBI.zl was plated using the same plating cells. No

significant difference in plating efficiency between NV/2 and NM538 could be detected

(table 4.2). No plaques were detected when NM539 was used as a phage host because of

Spi selection (Kaiser and Murray, 1985; Sorge, 1988).

After amplification by passage in E. coli strain NW2, an aliquot of the library

was plated onto NM538 and NM539 to determine by Spi selection what proportion of

the library was recombinant (table 4.3) (Sorge, 1988; Kasier and Murray, 1985). Of the

1.2 x 106 pfu contained in this library 79Vo wererecombinant bacteriophage.



Tabte 4.1

Replicate NV/2 NM538 NM539

440
378
472

Mean pfu 430

Number of pfu obtained when equivalent dilutions of the tobacco genomic library were

plated onto 3 different E. coli hosts.

Table 4.2

1

2
õJ

2
2
1

2

1

0
1

1

Replicate NW2 NM538 NM539

1

2
J

2260
1816
1864

t644
2228
1988

0
0
0

0Mean 1980 1953

Comparision of plating efficbncies of wild type lambda EMBL4 onto three different E.

col¿ strains. Equivalent dilutions of lambda were plated with the above host strains and

the number of plaques produced recorded.

Table 4.3

Replicate NM538 NM539 7o Recombinants

I
2
J

118
r32
r45

103
102
108

Mean t3t.7 104.3 797o

After passage in NV/2, an equivalent dilution of the genomic library was plated with 3
separate cultures of. E. coli strains NM538 and NM539. Differential plating effrciencies

as a result of Spi+ selection demonstrate that 79Vo of the library consists of recombinant

bacteriophage.
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4.5: Screening Of The Genomic Library

The tobacco genomic library was plated onto agarose plates and screened with

three plastid DNA probes; these being the 1.8 kbp EcoRI fragment of pSOCE4S which

encodes the spinach rbcL gene (Zurawski et al, I98I), the 7 .7 kbp PstI DNA fragment

of the spinach plastid genome (Palmer and Thompson, 1981) and the BamS fragment of

the tobacco plastid genome (Sugiura et aI,1986). Screening of the library with the 7.7

kbp PstI DNA fragment was done at high stringency (Tm -25oC) and identified five

positive clones. The library was screened at a reduced stringency (Tm -30) with the

öpr two probes in an attempt to isolate a more divergent population of sequences. This

screening identified approximately 300 positive clones (figure 4.7).

Southern hybridization suggested similar numbers of nuclear sequences with

homology to the rbcL gene (figure 4.1), the 7.7 kbp PstI DNA fragment (figure 4.3) and

the Bam8 fragment (not shown). Presumably the large difference in the number of

positive clones identified by these two screenings is attributable to the reduced

hybridization stringency when using the rbcL and BamS probes. DNA was isolated

from22 of these 300 plaques and all showed homology to either rbcL or Bam8 by

Southern hybridization.

Six lambda clones with homology to at least one of these plastid probes were

examined in more detail and are described in the following chapters.

4.6: Summary

The nuclear genome of tobacco contains plastid DNA sequence homologies up

to at least 15 kbp in size that show conservation of plastid restriction sites, suggesting

that large ffacts of plastid DNA have integrated into the tobacco nuclear genome. Large

plastid sequence homologies include many different regions of the plastid genome (see

chapter 5) and are present in estimated copy numbers ranging from 35-57 copies per 1c

tobacco nucleus. These sequence homologies can not be explained by a mitochondrial

origin or by the possible presence of extensively methylated plastid genomes in the cell

as no apparent reduction in copy of these sequences is evident in a nuclear DNA
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preparation. Screening of a tobacco nuclear genomic library (0.95 x 106 pfu) with three

plastid DNA probes covering 9Vo of the plastid genomo yielded some 300 positive

clones, consistent with the hypothesis that multiple copies of these sequences are

present within the tobacco nuclea¡ genome.



Figure 4.1: Hybridization of the spinach rbcL gene to total tobacco DNA.

Each track was loaded with 5 pg of tobacco total DNA except for lanes 3-7 and 9 which
were loaded with 0.5,0.25,0.t25,0.0625,0.03125 and 0.5 pg of DNA respectively.
DNA samples were digested with the following restriction endonucleases: 1) MspI +
EcoR[, 2) HpaII + EcoR[, 3-7) EcoRI, 8) Hpatr + EcoRI + KpnI, 9) EcoRI + KpnI, 10)
Hpatr + XhoI, 11) XhoI, 12) HpaII + PvuII, 13) Pvutr, 14) HpaII + SalI, 15) SalI.
Markers on the left represent molecular weights of 23,9.4,6.6,4.4,2.3 and 2.0 kbp.
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Figure 4.2: Schematic diagram-of hypotheticat tobacco plastid DNA fragments
inserted into various regions of the nuclear genome.

portion of the rbcL gene. Promiscuous
line with flanking nuclear sequences
nt of homology of these sequences to the
ct comparision to the tobacco plastid råcl
S,E,X,P,K and H refer respectively to the
and HpaII restriction sites in this region of

triction map of the 4.4 kbp EcoRI and 15
figure 4.1 are shown in (c).
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Figure 4.3: Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to
total tobacco DNA.

Each track was loaded with 5 pg of DNA except for lanes 3-7 and 9 which were loaded
with 0.5, 0.25, 0.125,0.0625, O.O3125 and 0.5 pg of DNA respoctively. DNA samples
were restricted with the following restriction endonucleases: 1) MspI + EcoRI, 2) HpaII
+ EcoR[, 3-7) EcoRI, 8) Hpatr + EcoRI + KpnI, 9) EcoRI + KpnI, 10) HpaII + XhoI,
11) XhoI, 12) Hpatr + PvuII, 13) PvuII, 14) HpaII + SalI, 15) SalI. Markers on the left
represent molecular weights of 23, 9.4, 6.6, 4.4, 2.3 and 2.0 kbp.

The strongly hybridizing band of 4.4 kbp found in tracks 1-7 represent remnants of the
rbcL gene hybridization (figure 4.1) that could not be removed from the Southern
membrane.
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Figure 4.4: Tobacco DNA sequences amplified by PCR.

PCR primers (Pl and P2) were designed to amplify a 450 bp region of the tobacco
plastid genome from nucleotide 53396 to 53846 (b). The sequence of these primers is
presented in chapter 5, figure 5.8. Added to each PCR reaction was a construct plasmid
consisting of a 1 kbp Bgltr fragment of pTB19 (which included nucleotides 53,396 to
53,846 of the tobacco plastid genome (Shinozaki et al, t986), inserted into the BamHI
site of pUC19. Into the EcoRV (yellow V) site of this cloned plastid sequence (b) was
inserted an additional 100 bp HaetrI fragment of pUC19, shown in purple in (c). PCR
amplification with primers P1 and P2 therefore amplifies a 550 bp sequence from this
plasmid construct. The region of the tobacco nuclear sequence contained in lambda
clone 3D, that has a 12 and 41 bp deletion and is discussed in chapter 5, is represented
in (a). PCR amplification of this molecule using primers Pl and P2 results in the
production of a397 bp sequence.
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Figure 4.5: PCR quantification of the number of plastid genomes contained in total
tobacco DNA.

2Vo agarose gel showing the PCR products obtained from PCR reactions containing
primers P1 and P2 (Figure 4.4 andchapter 5, figure 5.8) and:

1) 0.5 pg of total tobacco DNA plus 10 copies of plasmid construct added per lc
tobacco genome.
2) O.5 Lrg of total tobacco DNA plus 1000 copies of plasmid construct added per 1c
tobacco genome.
3) 0.5 pg of total tobacco DNA plus 1500 copies of plasmid construct added per lc
tobacco genome.
4) 0.5 pg of total tobacco DNA plus 2000 copies of plasmid construct added per 1c
tobacco genome.
5) 0.5 pg of total tobacco DNA plus 2500 copies of plasmid construct added per lc
tobacco genome.
6) 0.5 pg of total tobacco DNA plus 3000 copies of plasmid construct added per lc
tobacco gonome.
7) 0.5 pg of total tobacco DNA plus 3500 copies of plasmid construct added per 1c
tobacco genome.
8) 0.5 pg of total tobacco DNA plus 15,000 copies of plasmid construct added per lc
tobacco genome.
9) 0.5 Ltg of tobacco total DNA.
10) No DNA added to the PCR reaction.

Track 11 contained 1 pg of wild type lambda DNA restricted with HindIII. The smallest
band visible in this track is 564 bp in size.
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Figure 4.6: Hybridization of plastid DNA probes to tobacco nuclear and total
DNA.

gene to tobacco nuclear DNA (lanes 1, 3
s 1-4 were loaded with 5 pg of DNA that

es 5 and 6 contained 1 Pg of DNA
ongerexposure oflanes 3 and4.

B) Rehybridization of the nitrocellulose filter used in A) to the spip+ plastid 7 t7 kbp
péU pÑn fragment. The curved arrow indicates a homology putatively assigned to
mitochondriat DNA.

Arows indicate molecula¡ weights of 23, 9.4, 6.6, 4.4, 2.3 and 2.0 kbp.
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Figure 4.7: Ptaque lifts.

Hybridization of the spinach rbcL gene and the tobacco plastid BamS DNA fragment to
dúptcate plaque lifts of the tobacco nuclear genomic library.
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CHAPTER 5

Characterization of lambda clones 3Dr 3b, 3-2,|H and 2d

Six lambda clones isolated from the tobacco genomic library were examined

more closely, in varying degrees of detail. Three of these clones (called 3D, 3b and3-2)

were isolated by screening the genomic library with the spinach plastid 7.7 kbp PstI

DNA fragment, while the remaining three clones (1M, lH, 2d) were identified by

screening the library at reduced stringency with a mixture of the spinach plastidrbcL

gene (Zurawski ¿r al, l98I) and the tobacco plastid BamS fragment (Sugiura er a/,

1986). A reduced hybridization stringency was adopted for these latter two probes in an

attempt to isolate a more diverse population of promiscuous plastid sequences.

Hybridization of total tobacco mitochondrial DNA to EcoRI restricted DNA

from five of these lambda clones identified regions of the clones homologous with the

mitochondrial genome (figure 5.1). However every lambda clone possessed at least one

EcoRI restriction fragment that was not homologous to the tobacco mitochondrial

genome, thereby precluding a mitochondrial origin for each clone. Of the EcoRI

restriction fragments that were homologous to the mitochondrial genome some did not

have a co-migrating analogue in the mitochondrial DNA preparation (figure 5.lb, track

labelled "MT"), providing additional evidence that these clones are not mitochondrial in

origin. However all the lambda clones possessed two EcoRI restriction fragments that

consisted of both vector and cloned DNA sequences and these would not be expected to

have a co-migrating mitochondrial DNA analogue. The homology between these

lambda clones and the mitochondrial genome is the result of homology between plastid

derived sequences present in both the mitochondrial and nuclear genomes.

Of the six lambda clones examined, five were homologous in their entirety to

the tobacco plastid genome while the remaining clone (1M) consisted of contiguous

nuclear and plastid-derived DNA sequences. The clones completely homologous to the
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tobacco plastid genome (clones 3D, 3b, 2D,3-2,lH) are described in this chapter while

clone lM is the subject ofchapter 6.

5.1: Lambda Clone 3D

Clone 3D was isolated from the tobacco genomic library by virtue of its

homology with the spinach plastid 7.7 kbp PstI DNA fragment and found to contain a

13.8 kbp DNA insert. Homology between this plastid probe and clone 3D was confined

to a single 3.8 kbp EcoRI restriction fragment (figure 5.2a, track 1). Subsequent

hybridization of pTB 19 [which encompasses the tobacco plastid genome from

nucleotide 43426 to 55921(Sugiura et al,1986)l to clone 3D showed homology

between every EcoRI restriction fragment of this clone and the plastid probe (figure

5.2b). The intensity of hybridization of these EcoR[ restriction fragments appeared

equivalent to their stoichiometry, suggesting that the cloned DNA was completely

homologous to the plastid genome. In addition six EcoRI restriction fragments were

common to both clone 3D and pTB 19 (figure 5.2a) further confirming that this clone

contained a large tract of plastid-like DNA.

Six out of the nine EcoRI restriction fragments that constituted clone 3D

(marked with arrows in figure 5.2b, track 1) were subcloned into pUC19 and either

partially or completely sequenced. All these sequences were highly homologous to the

published sequence of the tobacco plastid genome between nucleotide 42455 to 56290

(Shinozaki et al,1986). Each of the remaining three EcoRI restriction fragments of

clone 3D comigrated with an EcoRI restriction fragment of pTB19 and showed

comparable hybridization intensity to its analogue when probed with pTB19 (figure

s.2b).

From these data clone 3D could be unequivocally assigned as completely

homologous to the tobacco plastid genome from nucleotide 42455 to 56290 (figure 5.3),

apart from the possibility of minor insertions. The EcoRI restriction map of this clone is

very similar to that of tobacco plastid DNA except that a 2.9 kbp fragment contains an

additional EcoRI site (boxed in figure 5.3) to give rise to a 1.6 kbp and 1.3 kbp product.
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This clone therefore encompasses nuclear equivalents of the chloroplast genes for psa\

(parÐ, trnS, rps4, trnT, trnL, trnF, psbG, ndhC, trnY, trnM and part of atpE in addition

to five unidentified open reading frames. Homology between clone 3D and the spinach

plastid 7.7 kbp PstI DNA fragment was confined to the first 1.5 kbp of DNA adjacent to

the long arm of the vector of this clone (figure 5.3).

Although highly homologous to the tobacco plastid genome, significant

sequenco differences were identified between this clone and the organelle genome. Four

regions of clone 3D were sequenced in both directions as indicated in figure 5.3. Part

(2978 bp) of the largest 3.8 kbp EcoRI restriction fragment (figure 5.3, region 1)

differed from the published plastid sequence by I7 base substitutions, three deletions

and four insertions (f,rgure 5.4). The deletion of a single nucleotide in clone 3D

(equivalent to nucleotide 43152 of the tobacco plastid genome) destroys the reading

frame of thepsøA gene in 3D resulting in the occurrence of a translation termination

codon 26 bases downstream of this deletion (figure 5.5). The psa{ gene product is

localized in the thylakoid membrane and is an essential component of photosystem I.

Consequently as clone 3D does not encode a functional psa{ gene product, it is

unlikely to represent a bonafìde plastid DNA sequence.

It could be argued that the mutation in this gene may be circumvenred by RNA

editing. To preserve the psaA ORF of clone 3D, three base substitutions and nvo

nucleotide insertions would be required. This would represent an unprecedented amount

of editing of a plastid gene and nucleotide insertions have never been detected in the

plastid RNA editing process (Hoch et al,1997; Cattaneo, 1992).In addition clone 3b

possesses a deletion in the psaA gene (see section 5.2) different from that in 3D and so

the plant would require two different editing pathways for the same gene.

Clone 3D is clearly not of mitochondrial origin (figure 5.1) and must therefore

represent a large tract of plastid DNA that has integrated into the tobacco nuclear

genome and subsequently diverged in sequence. This result is consistent with Southern

hybridization data which also indicated the presence of large tracts of this region of the

plastid genome within the tobacco nucleus (chapter 4).
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Region 2 (figure 5.6) of clone 3D is a 328 bp EcoRI fragment which is

homologous to an intergenic region of the plastid genome from nucleotide 50844 to

51171. This region differs from the plastid genome by only four base substitutions.

Region 3 of clone 3D is a 528 bp EcoRI fragment which is homologous to the

published sequence of the tobacco plastid genome from nucleotide 52233 to 5276O

(figure 5.7). This region of the plastid genome contains the ndhC gene which encodes a

subunit of the plastid NADH dehydrogenase complex. Region 3 differs from the plastid

genome by only two base substitutions (figure 5.7), one of which occurs in the ndhC

open reading frame. However this base substitution does not alter the amino acid

sequence of the protein product.

Conspicuous sequence differences occur in region 4 of clone 3D (figure 5.3),

which shows homology to the plastid genome from nucleotide 5340I to 53797 and

contains two relatively large deletions of 12 and 41 base pairs in addition to seven base

substitutions (figure 5.8). Each of these deletions is flanked by an 11 bp direct repeat in

chloroplast DNA (figure 5.8) which may have been causal to the deletions. Homologous

pairing and recombination between similar direct repeats has been postulated to account

for a large deletion in a promiscuous sequence in the rice mitochondrial genome (Moon

et al,1988). Alternatively the sequence differences between clone 3D and the plastid

genome could have arisen from insertions within the plastid genome subsequent to the

transposition of the 3D sequence to the tobacco nucleus.

The deletions observed in clone 3D may have occurred as an artifact of cloning

and this possibility was tested by searching for the deletions directly in genomic DNA.

To determine whether a sequence identical to clone 3D is present in tobacco nuclear

DNA, PCR primers containing EcoRI restriction sites were designed to amplify a397

bp region spanning the 12 and 41 bp deletions (figure 5.8: chapter 4, figure 4.4). These

primers were identical to the primers used to estimate the number of copies of the

plastid genome present in a tobacco total DNA preparation, described in chapter 4. The

41 bp deletion which is absent in putative nuclear DNA is present in plastid DNA where

it contains an EcoRV restriction site (figure 5.8; chapter 4, figure 4.4). A partially
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purified nuclear DNA preparation was therefore restricted with EcoRV to cleave any

contaminating plastid DNA present in this sample. Exponential amplification of the 397

bp region was expected to be possible only in sequences lacking the EcoRV site. If

EcoRV did not digest all the plastid DNA molecules or nuclear sequences were present

that lacked both the deletions and an EcoRV site a 450 bp product would also be

exponentially amplified. Gel analysis indicated a single PCR product from EcoRV

digested nuclear DNA of the expected length consistent with the presence of a tobacco

genomic sequence identical to clone 3D (figure 5.9a). This PCR product was cloned

(figure 5.9b, track 1) and its sequence was found to be identical to that of clone 3D

(figure 5.8). When total leaf DNA, undigested by EcoRV, was amplified using the same

primers a 450 bp product was obtained as predicted from the tobacco plastid DNA

sequence (Shinozaki et al,1986). This product was cloned and three inserts were shown

to have the published (Shinozaki et al,1986) plastid DNA sequence (figure 5.8). When

the same PCR protocol was applied to purified mitochondrial DNA no products were

synthesized indicating that this region is not found in the mitochondrial genome (figure

s.10)

PCR was used to quantify the number of plastid derived sequences in the

tobacco nuclear genome containing this 41 bp deletion. The protocol adopted was

identical to that used to estimate the total number of plastid genomes found in a tobacco

total DNA preparation (chapter 4) except that tobacco nuclear DNA that had been

restricted with EcoRV was used. The same internal PCR standard was used (Chapter 4,

figure 4.4) which consisted of a 100 bp of pUCl9 inserted into the EcoRV site of one of

the cloned 450 bp PCR products obtained from plastid DNA amplification. Relative to

each tobacco nuclear genome, a range of copy numbers of this construct was added to

EcoRV digested nuclear DNA and the samples amplified with the same primers. Gel

analysis of the products (figure 5.9b) indicated that between 10 and 20 copies of the

genomic sequence were present in each 1c tobacco nuclear genome.

This PCR experiment was repeated using a narrower range of added construct

sequences and the products labelled by the addition of 32p dATP in the final two
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rounds of PCR. These PCR products were then resolved on both agarose and denaturing

polyacrylamide gels which enabled estimates to be made that were based on both

ethidium bromide staining and densitometry of autoradiographs. Taking into account

the relative size and adenine composition of the PCR products this region of clone 3D

was estimated to be present 15 + 5 times in each lc tobacco nuclear genome. Estimates

of the number of nuclea¡ genomes added to each PCR reaction were based upon the

same calculations as described in chapter 4

The 4231bp of clone 3D that were bidirectionally sequenced differed from the

published sequence of the tobacco plastid genome (Shinozaki et al,1986) by 30 base

substitutions, five deletions and four insertions. Given this high degree of sequence

conservation, clone 3D probably represents a ssquence very recently transferred from

plastid DNA to the nuclear genome. Assuming a rate of sequence divergence similar to

that of mammalian pseudogenes [5 x 10-9 changes per site per yeff (Li et al, L985;

Dennis et al,1988)] the 3D sequence is estimated to have transferred to the nucleus

approximately 700,000 years ago.

5.2: Lambda Clone 3b

Lambda clone 3b was shown to have a restriction map identical to that of the

tobacco plastid genome from nucleotide 24962 to 42791 (Shinozaki et aI, L986) (figure

5.11). Hybridization of pTBT and pTB20 (Sugiura et al,1986) identified homology to

every restriction fragment of the clone, suggesting that it is also entirely plastid in origin

(result not shown)

Regions of this clone that we¡e sequenced all showed very high sequonce

homology to the tobacco plastid genome from nucleotíde 24962 to 4279I (figure 5.I2).

From the combined results of restriction mapping and sequencing it was concluded that

clone 3b contained an 18 kbp DNA insert that was homologous in its entirety to the

tobacco plastid genome (apart from minor base substitutions, insertions and deletions).

This clone therefore encompasses nuclear equivalents of the following plastid genes:

rpoB (part), trnC, trnD, trnY, trnE, trnT, psbD, psbC, ffnS, ffnG, trnfM, rpsI4, psaB
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and parr of the psa{ gene, in addition to one unidentified open reading frame (ORF 62)

(figure 5.12).

Like clone 3D, regions of clone 3b that were sequenced showed very high

homology to the tobacco plastid genome (Shinozaki et al,1986). However sequence

divergence was present that inactivated an ORF in an essential photosynthetic gene and

thereby precluded this clone from representing a bona fide plastid soquence. As this

clone is not mitochondrial in origin (figure 5.1) it must therefore represent a large tract

of nuclear DNA with homology to the plastid genome.

Region 1 (frgure 5.12) of clone 3b is a 365 bp EcoRI / SphI restriction fragment

that was bidirectionally sequenced. It differed from the tobacco plastid genome by a

deletion of a single nucleotide pair at position 42681(Shinozaki et al,1986) (figure

5.13). This region encompasses the 5' end of thepsaA gene and the single nucleotide

deletion causes the formation of a translation termination codon 36 bp further

downstream (figure 5.I4). Both of the other potential reading frames of this region

contain termination codons (figure 5.14) and therefore further sequence modifications

upstream of this region would not reproduce a tanslatable mRNA.

Region 2 of clone 3b is a 606 bp EcoRI fragment that is homologous to the

tobacco plastid genome (Shinozaki et al, L986) from nucleotide 31660 to 32267 ,btt
differs by two base substitutions and the deletion of a single nucleotide pair (figure

5.15). This deletion occurs at the equivalent position of nucleotide 32259 of the tobacco

plastid genome (Shinozaki et al, 1986), which is part of the coding region of the plastid

trnE gene. Conversely region 3 of clone 3b, which is 1032 bp in size, was identical in

sequence to the plastid genome from nucleotide2496l to25992 (Shinozaki et al,1986).

The high sequence homology between clone 3b and the tobacco plastid genome

suggests that, like clone 3D, clone 3b represents a very recent transfer of plastid DNA

to the nuclear genome.
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5.3: Lambda clone 3-2

Clone 3-2 possessed a restriction map (figure 5.17) that was identical to that of

rhe tobacco plastid genome from approximately nucleotide 28760 to 46300 (Shinozaki

et a\,1986) (frgure 5.16a and b). All restriction fragments of this clone were

homologous to either pTBl9 or pTB20 (Sugiura et al,1986) suggesting that clone 3-2

was entirely plastid in origin (figure 5.16c). Sequencing of a 605 bp EcoRI restriction

fragment of clone 3-2 (figure 5.17) identified extensive sequence homology to the

tobacco plastid genome from nucleotide 31660 to 32267 (Shinozaki et al, t986) (figure

s.18).

Sequence divergence was evident, with the 605 bp fragment of 3-2 differing

from the plastid genome by two base substitutions and two separate deletions of a single

nucleotide pair (figure 5.18). Both of these deletions occurred in IRNA genes and given

the conservative nature of plastid IRNA molecules this strongly suggests that clone 3-2

isnot abonafide plastidDNAsequence(Shimada etal,l99t).ThetrnD,trnY andtrnE

genes of the tobacco plastid genome are lÙOVo,997o and96Vo homologous to their rice

counterparts respectively (Shimada et a|,1991). This 605 bp EcoRI fragment is the

same region of sequence as the 606 bp EcoRI fragment of clone 3b, which did not show

homology to the mitochondrial genome (figure 5.1). Therefore clone 3-2 is also not

mitochondrial in origin.

From these results it can be concluded that clone 3-2 represents a 17.5 kbp tract

of the tobacco nuclear genome that is homologous in its entirety to plastid DNA. This

clone therefore encodes nuclear equivalents of the following plastid genos: trnc, tnD,

trnY, trnE, trnT, psbD, psbC, trnS, trnG, trnfM, rpslL, psaB, psaA, in addition to one

unidentified ORF (ORF62).

5.4: Regions of sequence homology between lambda clones

Lambda clones 3D and 3b both showed sequence homology to the tobacco

plastid genome from nucleotide 42456 to 42792. Sequence divergence was evident

when this region of the clones was compared (f,rgure 5.19). In this 336 bp overlap each
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clone possessed a different deletion of a single nucleotide pair (figure 5.19). Each

deletion was responsible for the inactivation of thepsaA gene in both of these clones.

Sequence comparisons between the 606 bp EcoRI fragment of clone 3b and the

605 bp EcoRI fragment of clone 3-2 identif,red further sequence divergence (figure

5.20). Clone 3-2 contained 2 single base deletions relative to clone 3b, while clone 3b

contained a single base deletion relative to clone 3-2 (figure 5.20). Of interest is the

observation that both clone 3b and 3-2 contain a base substitution of a G for an A at the

equivalent of nucleotide position 32068 of the plastid genome (Shinozaki et al, L986),

and the reverse base substitution at position 32193 (figure 5.15 and 18). Given the

unlikelihood of two identical base substitutions following two translocations these two

tracts may have arisen by the duplication of a single plastid sequence present within the

nuclear genome. Subsequently these two sequences have diverged to account for the

differences observed in this region for these two clones. Alternatively this observation

could be the result of a sequence polymorphism existing between the plastid genome of

the tobacco strain used in this study and the plastid genome sequenced by Shinozaki er

al (1986). The sequence of this region has been reported twice (Shinozaki et al,1986:

Ohme et al, 1985). Shinozaki et al (1986) report nucleotide 32193 of the tobacco plastid

genome as an A (figure 5.15 and 18), while Ohme et aI (1985) reports this equivalent

nucleotide as a G (figure 5.21). Both clone 3-2 and 3b contain a G at this position

(figure 5.15 and 5.18). Conversely nucleotide 31680 and 31681 of the tobacco plastid

genome (Shinozaki et al, L986) have been deleted in the sequence published by Ohme

et al (1985) (figure 5.2I). Both of these nucleotides were present in the sequence of

clone 3-2 and 3b (figure 5.15 and 5.18). As both of these sequence differences are

present in clones 3-2 and 3b neither are likely to represent sequencing errors by either

group and therefore indicate that polymorphisms occur within the plastid genome of N.

tabacum. Thus two plastid genomes of tobacco differed by a deletion of two nucleotide

pairs and one base substitution in a total of 607 bp, which is a surprisingly large amount

of variation given the reported conservation of the plastid genome. Some of the

differences between the published sequence of the tobacco plastid genome (Shinozaki er
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aI,1986) and the lambda clones in this study, may therefore not represent sequence

divergence of these nuclear integlants but rather reflect plastid sequence polymorphisms

prior or subsequent to the transposition event. However the inactivation of ORFs in

essential plastid genes demonstrates unequivocally that these cloned sequences do not

represent bonafide Plastid DNA.

5.5: Lambda clones lH and 2d

Restriction enzyme mapping (frgure 5.22a), Southern hybridization (figure

5.22b and5.22c) and partial sequence analysis (figure 5.23) of lambda clone lH

suggested that this clone was also homologous in its entkety to the plastid genome.

Clone 1H encompassed the plastid genome from approximately nucleotide 75000 to

7ZTOO (Shinozaki et al, L986) and therefore encoded nuclea¡ equivalents of the

following plastid genes: psbB, psbE, petB, petD, rpo\, rpsll, secX, rpsS rpslL, rpll6

rps3, rpl22, rpsl9, rpl2, rpl23, frnl (figure 5.23). From limited restriction enzymo

mapping and sequence analysis clone 2d was tentatively identified as being homologous

to rhe plastid genome from approximately nucleotide 75400 to 89000 (Shinozaki er ø/,

1986).

Neither lambda clones lH nor 2d have been unequivocally distinguished from

the bonafide pLastid genome. However they are unlikely to represent true plastid DNA

as they were isolated from a genomic library resistant to restriction by HpaII, and from

the sequence of the tobacco plastid genome these two clones would be expected to

contain 22 and23 HpaII restriction sites respectively.

5.6: Summary

Five lambda clones isolated from a tobacco genomic library resistant to

restriction by HpaII were all found, by restriction fragment analysis and sequencing, to

be homologous in their entirety to the tobacco plastid genome. Regions of these clones

that were sequenced showed greater than99Vo sequence homology to the published

sequence of the tobacco plastid genome (Shinozaki et al,1986). However sequenco
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divergence resulted in the inactivation or alteration of essential plastid genes encoded

by three of these clones, thereby precluding a true plastid origin of these sequences.

From the sequence divergence and the highly methylated state of these cloned

sequences it was concluded that they were nuclear in origin. None of these clones were

homologous in their entirety to the mitochondrial genome commensurate with a nuclear

origin. At least a third of the plastid genome is present within the tobacco nuclear

genome as integrants in excess of up to 17.5 kbp. One of these sequences twas estimated

to be present 15 I 5 times within a lc tobacco nucleus. The large size and multiplicity

of these nuclear integrants is consistent with Southern hybridizations shown in chapter

4. The high sequence similarity between these clones and the tobacco plastid genome

suggest that they represent evolutiona¡il¡recent transfers of plastid DNA to the nuclear

genome.



Figure 5.1: Hybridization of tobacco mitochondrial DNA to lambda clones isolated
from the tobacco nuclear genomic library.

A) Agarose gel showing EcoRI restriction patterns of DNA isolated from lambda clones
lM, lH, 3b,2dand 3D. The track labelled "MT" contains approximately 50 ng of
tobacco mitochondrial DNA restricted with EcoR[, while the track labelled'f' contains
1 ¡rg of wild type lambda DNA restricted with HindtrI.

B) Autoradiograph showing hybridization of tobacco mitochondrial DNA to a Southern
blot of the gel depicted in A).
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Figure 5.2: Hybridization of pTB19 to lambda clone 3D

A) Agarose gel showing EcoRI restriction paJteT-s of lambda clone 3D DNA (1) and of
pint"e (2) w-hictr encorñpasses the tobacco plastid genome from nucleotide 43,426 to

il,t 
", 

(Sirinozati et al,i986). Track 3 contains 1 pg of wild type lambda DNA
restricted with Hindltr.

n
and sequenced.
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Figure 5.3: EcoRI restriction map of lambda clone 3D'

esented by a green line while bacterioahage
restriction siles are marked with an "E" and
m EcoRI restriction of this clone given in

to tho
astid genes

Tf;:äs:i,
ons of the clone that have been sequenced
discussed in the text and represent portions

equenced.



42455
14 kbp

56290

E

psaA trnS rps4 trnT trnL trnF psbG ndhO trnV trnM atpE/B

E E E E EE E

1,6 1,3 1,6 0.3 1.0 0,5 0.4 2,88
0.2

E

3,8

Regions sequenced

1

E

------> _> <_
23

-__--J> ---->

- -

E

<-



Figure 5.4: DNA sequence homology between region 1 of lambda clone 3D and the

tobacco plastid genome.

(Region 1 of clone 3D is illustrated in frgure 5'3)'

d

abelled "3D" and numbered such that
te of the left arm of the lambda vector (see

identical to the published plastid sequence
of deleted nucleotides in the 3D sequence

are ma¡ked with 'f'.



cp
3D

42430 42440 42450 42460 42470 42480
GAGATAATTGAGCATGCCATGACGTTGTTAGGATCTCATATAGGCCTTTATGGCCCTGAC

GAATTCCCCG-------- ----{------
10 20 30

42490 42500 42510 42520 42530 42540
CTGTAAATGGACCTTTATGAG CTTCTAAAATATCTTTTAGTCCATGACCAATACCCCAGT

40 50 60 70 80 90

42550 42560 42570 42580 42590 42600
TGGTCCTATACATGTGACCCGCTATCAGGAAAAGAATTG CAATAG CTAAATGG TGATGGG

100 110 120 130 140 150

42610 42620 42630 42640 42650 42660
CAATATCAG TCAG CCACAGACCCCCAG TTACTGGATCTAATCCTCCACGAAAAGTAAGAA

160 170 180 190 200 2r0

42670 42680 42690 42700 42710 42720
AGTCCGCATATTTTGACCAATTCAAGGTGAAAAATGGGGTTGCTCCCTCGGCAAAACTGG

220 230 240 250 260 270

42730 42740 42750 42760 42770 42780
GATAAAGTTGAGCCAAAAGATCTCGATTCAAGATAAATTCATGAGGAAGTGGTATCTCTT

280 290 300 310 320 330

42790 42800 4281.0 42820 42830 42840
TAGGATCTACTCCAGCGTTTAGAAATTGGTTAATCGGTAAAGATACATGTACTTGATGCC

340 350 360 370 380 390

42850 42860 42870 42880 42890 42900
CCGCCCAAGAGAGAGACCCAAGTCCTAGTAGCCCTGCCAAATGGTGATTCAGCATAGATT

400 410 420 430 440 450

42910 42920 42930 42940 42950 42960

9r191t9rr9rlf 9t199911III99î9t999rrr1r91rï19ï{91199199Ï
460 470 480 490 500 510

42970 42980 42990 43000 43010 43020
AAAG CATTAACG CTG CAAAGACCAATGCCCCAATTGCTGTACAATAGAGTTGTAATTCAC

520 530 540 550 560 570

43030 43040 43050 43060 43070 43080

ll9rrirr99191r99r99 99111rîr91111ÏT9t9199trlrt19Ïrr99t9991
580 590 600 610 620 630
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cp
3D

43090 43100 43110 43120 43130 43140
AACCCCCGCCTACGTCACCATTTAATATTTCTTGGCCCACTATTGGCCAAACCACCTGGG

640 650 660 670 680 690

43150 43160 43170 43180 43190 43200
CACTAGGCCCAATGTGAGTTGGATCACTTAGCCACGCTTCATAATTAGAAAAACGAGCAC
-------t--------T-

700 7r0 720 730 740 750

432t0 43220 43230 43240 43250 43260
CGTGGAAATACATGCCGCTCAGCCAAAGAAAGATGATGGAGAGTTGACCGAAATGTGCAC

760 770 780 790 800 810

43270 43280 43290 43300 43310 43320
TAAATACTTTTCGAGAGATCTCCTCCAAATCACTGG TATGGCTATCGAAATCGTGAGCAT

820 830 840 850 860 870

43330 43340 43350 43360 43370 43380
CAGCATGTAGGTTCCAGATCCAAGTGGTAGTATCAGGCCCTTTAGCTATTGTTCTTGAGA

880 890 900 910 920 930

43390 43400 43410 43420 43430 43440
AATGACCCGGTCTGGCCCATTCCTCGAACGAAGTTTTTACGGGATCCCTATCTACCAAAA

940 950 960 970 980 990

43450 43460 43470 43480 43490 43500
TTTTAACTTCTGGTTCCGGCGAACGAATAATCATTGAGTCCTCCTCTTTCCGGACAACAC

1000 1010 1020 1030 1040 1050

43510 43520 43530 43540 43550 43560

tÏ911191919!99 9911Iîrry11ïlrt9l9l199lrf 191119 19191lllI
1060 1070 1080 1090 1100 1110

43570 43580 43590 43600 43610 43620
CTATAATTAGTTCGTTTCTCTTCTATTTTTCTATCTCCCATCTATCTATTTTCTTTAGTT

---T-----
rt20 1130 1140 1150 1160 tr70

43630 43640 43650 43660 43670 43680
ATTTACTAGAG CAATTATGATCTGGAAGTCGATCCGGGGCAAGTGTTCGGATCTATTATG

1180 1190 1200 121,0 1,220 1230

43690 43700 43710 43720 43730 43740
ACATA-GCCTTGAGGCGCTCAACGGACCTTTTAACCTTCTAAAAACCTTTTTGGGCTTTG
-----T--- -c------- ------G--
t240 1250 1260 t270 1280 1290
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43750 43760 43770 43780 43790 43800

91ll9I99r111l9Ît9Irrrr9r99il99ï9r9r1tltrII191t9III19tr
1300 1310 1320 1330 1340 1350

43810 43820 43830 43840 43850 43860
GGAGCTCTTTAATTTTTTACCTAGAAGATTTTAATTACTCTATTCCAAATCACGCGAGTA

-----T---
1360 1370 1380 1390 1400 1410

43870 43880 43890 43900 43910 43920
GCCATTAGACATTACTAAGAGACATCCCCGC--TATATATATTTAGTGATTCGAGGGTTT

----TA---
1420 1430 1440 1450 1460 1470

43930 43940 43950 43960 43970 43980
ATTTTATTAGTTTTAATAATAAGAATTTTGTTTAATTTAATATAATAAACAAAGTCTATT

1480 1490 1500 1510 1520 1530

43990 44000 44010 44020 44030 44040
TTGTACTCTATCTGTGTATCCTTTTTTATTCCTAAAAAATAGCAGATGAAATAGAAGGCT

1540 1550 1560 1570 1580 1590

44050 44060 44070 44080 44090 44100
TAGAAGGGAGATAATGAAATTATGTGATTGGGTCTTCCAAAAGCAAAGGAATAATCCGTT

-------G-
1600 1610 1620 1630 1640 1650

44110 44120 44130 44140 44150 44160
TTTTAG TTAACTGATCTGATGGG TCCAACAAACAATAAATTATAACAAATATCTAAATTC

1660 1670 1680 1690 1700 1.710

44170 44180 44190 44200 442t0 44220
TAAATAAAAAAATCAAAAATAATAG ACTAAGATTCTAAATAAAGGATAATAAATAAACGG

-----c---
1720 1730 1740 1750 1760 1770

44230 44240 44250 44260 44270 44280
GATCTTCTTTTATTCGAAACGTCTCGTGATCTTCAACCAATTATGCGCTTCAATATAATT

1780 1790 1800 i810 1820 1830

44290 44300 44310 44320 44330 44340
ACCGGGAGTAAG CGCTATAG CCTG TTTCCAATACTCAG CGG CTTGATCGAACCAAG CCTC

1840 1850 1860 1870 1BB0 1890

44350 44360 44370 44380 44390 44400
TGCAATTTCAGAATCTCCCTGTTGAATGGCCTGTTCTCCCCGGCCGGAATAGGTAGTTCA
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44410 44420 44430 44440 44450 44460
ATTCCTTCCCTTAGAACCGTACTTGAGAATTTCTTACCTCATACGGCTCAGCAGTCAATT

1960 r970 1980 1990 2000 2010

44470 44480 44490 44500 44510 44520
CTTTTGGTGTCCCATTTTGATCTATACCATATCTAATAAAATCTAATGAGATTTCTCATG

2020 2030 2040 2050 2060 2070

44530 44540 44550 44560 44570 44580

9rr9r1r99lf rrrrï99rr1199ï119 îîlïr199rrïlr1Ir919lll91ll
2080 2090 2100 2lr0 2120 2130

44590 44600 44610 44620 44630 44640
CTGAAATTTGGATGAATAATCCGTTTATTTAG TTTTATCTTTTTTCCCACCTTCAGAAGA

2140 2150 2160 2r70 2180 2L90

44650 44660 44670 44680 44690 44700
ATAAAGCATAGGCATTTCTACTAGTGTTAGAATTTTATGAAAGGTAACTATCTCGGTTTC

2200 2210 2220 2230 2240 2250

44710 44720 44730 44740 44750 44760
ATAGATAAATTTATATAGAATCTTTGAAAAAGACTTTCTTTCATAAGAAAGAAAATACTT

2260 2270 2280 2290 2300 2310

44770 44780 44790 44800 44810 44820
ACTATCTTTGGGATCTGATCCTACACCGCTGCTCAAGACTTTAGTGGATCGACTCTATTA

2320 2330 2340 2350 2360 2370

44830 44840 44850 44860 44870 44880
CATAAGTTAATTCCTAATTTTTATTTCACATCATGAGATAAGTATTTCTTCCATCATGAC

------c--
2380 2390 2400 241,0 2420 2430

44890 44900 44910 44920 44930 44940
ATAAGTACGCAGTTATTATTGTATCGGCCCAAAACCTCGCTAATTGATCTTTACGGTGCT

2440 2450 2460 2470 2480 2490

44950 44960 44970 44980 44990 45000
TCCTCTATCTCTATCAATTAAAGCCTT-ATATCCATAGAAAAAAGTTGCTAGGCATTTTT

A--------
2500 2510 2520 2530 2540 2550

45010 45020 45030 45040 45050 45060
ATTTTTTCCTATTTTGACTTCTATGAAGTTTCTTTCTTTGCTACAGCTGATAAAAATCGT
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rgrrrr¡91:gllg:llltg19itg99l1lll99ll9rïll9lr19lll19l191lr
2620 2630 2640 2650 2660 2670

45130 45140 45150 45160 45170 45180

TTTCTTTTTTTTTTTTTTTTTCTTTCTATAGTGGAGATAGTCGCACGTAATGACAGATCA
----I

2680 2690 2700 27t0 2720 2730

45190 45200 45210 45220 45230 45240

CGGCCATATTATTAAAAGCTTGTGGTAAGAATGGGTTTCGTTCTAGTGCTCGAAAATAAT

27 40 2750 2760 2770 2780 2790

45260 45270 45280 45290 45300

TTTCGTATGTTCTCCATTACTTGTGTGGATAAGCCCTATATTATAGAGTA
45250

ATTCCAAAGCcp
3D
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3D
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2800 2810

45310 45320
TATAACTTCGATCATAGGGAT

2820 2830 2840 2850

45330 45340 45350 45360

91TI9l19l999il199ll9ll11l11ll9l991å19
2860 2870 2880 2890 2900 2910

45370 45380 45390 45400 45410 45420

CTTCCECETAATTTCCTTCGGATTGAGCCGACATCCGTTACGGTCGTCATTCAATTGAAA

?920

45430
GAATCTCCGTT

2g3o 2g4o 2950 2960 2970

45440 45450 45460 45470 45480

CCAGAACCGTACGTGAGATTTTCACCTCATACGG CTCCTCCCTTATGTG

2980



Figure 5.5: Amino acid sequence of the plastid psa[ gene encoded by lambda clone
3D.

The tobacco pla is
labelled "cp" art
1986).Imme rdi
3D which is numbered as in figure 5.4. Nucleotides common to both the cp and 3D
sequence a¡e marked with "-" in the 3D sequence. The positions of deleted nucleotides
in ihe 3D sequence ¿re marked with 'f'. The amino acid chain produced by translation
of the 3D sequence occurs directly beneath it.



cp
3D

43470
ATGATTATTCGTTCG CCGGAACCAGAAG TTAAAATTTTGGTAGATAGGGATCCCGTAAAA

+---------+---------+---------+---------+---------+
Met I I e I ì eArgSerProG I u ProG I uVa'l Lys I I eleuVal AspArgAsp ProVal Lys -

1020

ACTTCGTTCGAGGAATGGGCCAGACCGGGTCATTTCTCAAGAACAATAGCTAAAGGGCCT
+---------+---------+---------+---------+---------+

Th rSerPheG I uG I uTrpAl aArgProG I yH i s PheSerArgTh r I'l eA'l alysG'l yPro -

GATACTACCACTTGGATCTGGAACCTACATGCTGATGCTCACGATTTCGATAGCCATACC
+---------+---------+---------+---------+---------+

AspTh rTh rTh rTrp I ì eTrpAsn LeuH j sAl aAspA'l aH'i sAsp PheAspSerH i sThr -

AGTGATTTGGAGGAGATCTCTCGAAAAGTATTTAGTGCACATTTCGGTCAACTCTCCATC
+---------+---------+---------+---------+---------+

SerAspLeuGl uGl u I I eSerArgLysVa'l PheSerAl aHi s PheG I yGl n LeuSerI I e -

ATCTTTCTTTGGCTGAGCGGCATGTATTTCCACGGTGCTCGTTTTTCTAATTATGAAGCG
+---------+---------+---------+---------+---------+

I I ePheLeuTrp LeuSerG'l yMetTyrPheH i sG ì yAl aArgPh eSerAsnTyrG I uAl a -

43120
TGGCTAAGTGATCCAACTCACATTGGGCCTAGTGCCCAGGTGGTTTGGCCAATAGTGGGCC

+-------A-+------l--+---------+---------+---------+
Trp LeuSerAspProTh rH j s I I eG'l y- LeuVal ProArgTrpPheG I yG I n End

680
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Figure 5.6: DNA sequence homology between region 2 of lambda clone 3D and the
tobacco plastid genome.

(Region 2 of clone 3D is illustrated in ftgure 5.3)

The DNA sequence of the tobacco plastid genome is labelled "cp" and numbered
according to the published sequence (Shinozaki et al,1986). Nucleotides common to
both the cp sequence and region 2 of clone 3D (labelled 3D) are indicated with a "-" in
the 3D sequence.



50850 50860 50870 s0880 50890 50900

CD GAATTCCAATGAATCCCTAATTGTCTTTTTTTGTTAGCCTATCGATAATTCCCTAAATTA
ã'D ---------c-------- -----T---

50910 50920 50930 50940
GACCTGCTTAATCTAGAACAGAACGTGCAATCCTTGAATAT

------T--

50950 50960
CTGAAATTGTCTAAGTGGA
--------A

p

D

cp
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c
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50970 50980 50990 51000 51010 51020

AATAGCTTTCTTATCATTCAATGAGCATCTTGTATTTCATAAAAATTGGGGGCAATATAA

51030 51040 51050 51060 51070 51080
TCCTTACGTAAGGGCCATCCTATCCAACTTTCAGGCATTAAGATACGTTTCAAGCGTGGA

51090 51100 51110 51120 51130 51140
TGATTATCATAAGAGATTCCCAACATATCATATGATTCTCGTTCTTGAAAATCCACACTT

51150 51160 51170
TTCCAAACCCAGAAAACAGACGGAATTC

cp
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cp
3D



Figure 5.7: DNA sequence homology between region 3 of tambda clone 3D and the
tobacco plastid genome.

(Region 3 of clone 3D is illustrated in figure 5.3)

The DNA sequence of the tobacco plastid genome is labelled "cp" and numbered
according to the published sequence (Shinozaki et aI,1986). Nuõleotides common to
þotllhe plastid genome and region 3 of clone 3D (labelled 3D) are indicated by "-" in
the 3D sequence.
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522105222052230522405225052260
erreÍrCenrCnnernÃÁeennnÓTenATGGAATTCATAACTGTCTCAATCTTATTTTTT

522705228052290523005231052320
CCGiTTTTCTTTTTATÍGTCTGAATATTCAGGAGCTAAGACCATTCCAATGCCCCCTTTC

52330 52340 52350 52360 52370 52380

e CCÃre CnTAAACTAAACCAATAATTAAcATAAcCACGAAAATGAAAGCTTCTATAAATA

52390 52400 52410 52420 52430 52440

CneÁÍÃcncCCAATACéTCcAAACTCATTcCCCATccATAAAcAAAAACCGTTTCAACAT

52450 52460 52470 52480 52490 52500

CAAÃAACAACAAAAACTAGAGCAAACATATAATAACGGATTCGAAATTGTAACCAAGCAT
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CGCCCATTGGTTCTATACCCGACTCATAAGTAGAAAGTTT CTCCGGCCCTTTGCTAATCG
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52570 52580 52590 52600 52610 52620

GGGCTAACACTCCGGAAATTAAAAATGCCAAAATAGGAA CAAGGATAGATATTATTAGAA
----G-----

52630 52640 52650 52660 52670 52680

ATGCCCAAAAAAAATCATATTCGTAAAGCAGAAACATAAACGCACTC CTATGAACGTG GA

52690 52700 52710 52720 52730 52740

AAATATACCGGATTCGATTGGTCGATTCGAATTGGAATTGTCAAGTCATCCATAACTATT
T

527 50 52760 52770 52780 52790 52800

TAGTCAAAACAAGAATTCATTTTGATCGAACCGTCTAGTTTGCT TTGTTTATTGGTTTA T



Figure 5.8: Nucleotide sequence comparisions of homologous chloroplast and
nuclear DNA

plastid genome (cp) (Shinozaki et al,
ó leaf DNA (pcrt), the PCR Product

d with EcoRV (pcrn) and region 4 of
dentical to the published tobacco plastid genome
indicated with ã dashed line, while the positions of
'f'. Direct repeats associated with the 12 and 4I

bp deletion in the 3D sequence are shown in bold ànd underlined with arrows. The

pòsition and sequence of PCR primers are labelled "pri"'



s34oo 53410 53420 s3430 53440 s3450 s3460

cp cÀTcTcÀÀTTCCTCTTCGTAGTTTTTCATTTCÀCCÀGGCCCGTGÀÀÀTGÀTTTGACTTCCÀCÀÀC

Pcrt
PCrn

3D
pri

-------À--T
--A--T

CATGTGÀÀTTCCTCTTCGTA
.Eco RI

s3470 53480 s3490 53500 53s10 5352 0

cp TCÀÀTÀAGATTffiÀJCÀÀÀÀGAÀÀGGGÀGTCTCACTÀÀTTCTTTTÄTTGEGGÀTA3
pcrt ----
pcrn ----

3D ------
Eco RV

cP
pcrt
pcrn

3D

cP
pcrt
pcrn

3D

cp
pcrt
pcrn

3D

53s30 53s40 s35s0 s3s60 535?0 s3580

:ïl:l:lr:t::::l:::T:illÏ:i::ïil:::lll:llli:::::Tll:
G--------
G--------

53590 53600 53610 53520 53630 53640
ÀÀÀÀÀÀTCÀ.ATÀTCGÀTTGGATCCGTTGATATGCÀTTTTTTCTTTCÀTCTGCTTÀÀACGA

L-------- -------G-
-------G-

s36s0 53660 s3670 s3680 s3690 53700
T TGCCGTGAGTAAÀCT TATAGGÀÀTAÀT TGGÀTTTCÀCT TAGT TÀCÀÀGCAÀGÀÀÀTAÀT

537 10 s3720 537 30
cp AÀTGAÀGA.AÀTGAÀÀÀ,TT

40 53?50 s37 60

ÀTÀCGGA
pcrt

PCrn -

PCrn
3D

cp
pcrt
pcrn
pri

53770 53780 53790 53800 53810 53820
cp CTCGAACCGTAGÀCCTTCTCGGTAÀÀÀCÀGGTCÄÀACTTATTATTATTÀÀÀÀTGATCTGÀ

pcrt ----
---G-A--- ---------C---

-----;;;;;-----;;;;;--------G-A------end

i:ïïr:T:i:::äïi
--------GA--T-

ÀCAÀÀGTTTCTGGGTCTTAÀGTAA 5
'Eco Rt



Figure 5.9: Detection and quantification of nuclear genomic sequences with
hdmology to cpDNA usinglhe polymerase chain reaction.

A) Agarose gel showing the PCR prod¡ct obtained ftolql pg o-f tobacco nuclear DNA
restriõted wiih EcoRV (-lane 2).Lãne 1 shows that no PCR product was obtained from a
control reaction containing no DNA. Lane 3 contains 0.5 pg of wild type lambda DNA
restricted with Hindltr.

9 is a control showing no PCR products
clea¡ DNA added. Lanes 1 and 10 are PCR

tin

restricted lambda DNA.
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Figure 5.10: PCR analysis of the tobacco mitochondrial gçnome for homolory !q -.
ttrõioUacco plastid genome from nucleotide 53,396 to 53,846 (Shinozaki et al,1986).

2Vo a.garose gel showing the PCR products obtained from;

EcoRV.
EcoRV and with 24 copies of plasmid

,ff.r"U with EcoRV and with 1 plasmid
construct added Per mt genome.
4) 100 ng of unrèsricteã mitochondrial DNA with 1 copy of plasmid construct added

e amount of plasmid DNA added to the PCR
s3and4.

ndtrL No PCR
(not shown). PCR
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Figure 5.11: Restriction enzyme mapping of lambda clone 3b.

ned from a lambda EMBL4 clone
eotide 24,962-42791 of the tobacco plastid
tion with EcoRI, EcoRI + XbaI and XbaI. L
ambda vector which are 19.9 and 8.8 kbp in

size respectively.

B) Agarose of lambda clone 3b^PNA upon digestion

*ittt i) f"o . Track 4 contains 0.5 ttg of wild type

lambda DN
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Figure 5.12: Restriction enzyme map of lambda clone 3b.

The tobacco DNA insert of lambda clone 3b is represented by a light green line while
vector arms are depicted as a thin red line. EcoR[ and XbaI restriction sites are marked
with an"E" and "X" respectively. Restriction fragments produced by digestion of clone
3b with these two enzymes are indicated in kbp. Clone 3b is homologous to the tobacco
plastid genome from nucleotide24,962-42,79L (Shinozaki et al, 1986) and plastid genes
encoded by this clone are boxed in dark green and appropriately labelled. Genes
labelled with a single lower case letter are tRNA genes. Regions of clone 3b that have
been sequenced are marked with purple arrows. Region 1,2 and 3 are discussed in the
text. Region 3 (which is unlabelled) encompasses the 1.0 kbp EcoRI restriction
fragment.
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Fiqure 5.13: DNA sequence
re[ion l of tambda clone 3b

homology between the tobacco plastid genome and

(Region 1 of clone 3b is itlustratedin frgure 5'12)

cloning site and therefore show no homology to the plastid genome.



cp
3b

cp
3b

424t0 42420 42430 42440 42450 42460

CCTAACATAGCTAAGTTAAGAGATAATTGAG CATG CCATGACGTTGTTAGGATCTCATAT

42470 42480 42490 42500 42510 42520
AGGCCTTTATGGCCCTGACCTGTAAATGGACCTTTATGAGCTTCTAAAATATCTTTTAGT

42530 42540 42550 42560 42570 42580
CCATGACCAATACCCCAGTTGGTCCTATACATGTGACCCGCTATCAGGAAAAGAATTGCA

42590 42600 426t0 42620 42630 42640
ATAGCTAAATGGTGATGGGCAATATCAGTCAGCCACAGACCCCCAGTTACTGGATCTAAT

42650 42660 42670 42680 42690 42700

99r!!19911119rï911191!!9l111III9199TI9ï991911ï11999911

427t0 42720 42730 42740 42750 42760
GCTCCCTCGGCAAAACTGGGATAAAGTTGAGCCAAAAGATCTCGATTCAAGATAAATTCA

42770 42780 42790 42800 42810 42820

l9l99119l99lil9l9lI199119¿å3å3itîîSTTTAGAAATTGGTTAATCGGTAAA

cp
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cp
3b
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3b

cp
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Figure 5.14: Open reading frames of the plastid psah gene encoded by clone 3b.

stidpsøA gene is represented by the upper
rding to the published sequence of the

86). The homologous region of clone 3b is
ence and labelled 3b. Nucleotides common
'-" while deleted nucleotides are represented
quence encoded by the three potential open
labelled a, b and c. The position of

o acid sequences are marked with an

asterix.
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42790
GATCCTAAAGAGATACCACTTCCTCATGAATTTATCTTGAATCGAGATCTTTTGG CTCAA

+---------+---------+---------+---------+---------+

cp
3b

cp
3b

CTTTATCCCAGTTTTGCCGAGGGAGCAACCCCATTTTTCACCTTGAATTGGTCAAAATATG
+ - - - - - - - - -+ - - - - - - - - - + - - - - - - - - -+ - - - - - - - - - {l- - - - - - - - -+

ILKRYHFLMNLS*IEIFl'lLN

FI PVLPREQPHFSP*IVKIC
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Figure 5.15: DNA sequence comparision between the tobacco plastid genome and
region 2 of lambda clone 3b.

(Region 2 of clone 3b is illustrated in frgure 5.12)

to
while
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Figure 5.16: Restriction enzyme mapping of lambda clone 3'2

the lambda vector which are 19.9 and 8.8 k

B) Agaro zlme¡¡o$.ugs q.f3lo1-9 3:2-P!!4 lP-Qr1$igestion
*itf, ã) g ) EcoRI, 5) EcoRI +XbaI, 6) XbaI, 7) XbaI +
SacI aid pg of wild type lambda DNA restricted with
HindlII.

C) Hybridizarion of pTB19 and_pTB2O (which ex^c^ompass nucleotide 26,191to 55,921

of ttré tobacco plastiä genome (Shinozaki et aI, 1986) to a Southern blot of the gel

depicted in B).
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Figure 5.17: Restriction enzyme map of lambda clone 3-2.

The tobacco DNA insert of lambda clone 3-2 is represented by a light green line while
flanking vector sequences are indicated by a thinner red line. BamHI, EcoRI, XbaI and
SacI restriction sites are represented by a B, E, X and S respectively. Restriction
fragments produced by digestion of clone 3-2 with these enzymes are indicated in kbp.
Clone 3b shows homology to the tobacco plastid genome from approximately
nucleotide 28,760 to 46,300 (Shinozaki et aI,1986) and plastid genes encoded by this
clone are boxed in green and appropriately labelled. IRNA genes are labelled with a
single lower case letter. The five genes flanked by psbC and psaB are not labelled and
correspond to rhe following genes (from left to right): rrnS, ORF62, trnG, trnfÌvf and
rpsl4.
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Figure 5.18: DNA sequence comparision between the tobacco plastid genome and
the 0.6 kbp EcoRI restriction fragment f lambda clone 3-2.

The DNA sequence of the tobacco plastid genome is labelled "cp" and numbered
according to the published sequence (Shinozaki et al,1986). Nucleotides common to
the plastid genome and the 0.6 kbp EcoRI restriction fragment of clone 3-2 (labelled 3-
2) are indicated with "-" in the 3-2 sequence, while the positions of deleted nucleotides
in the 3-2 sequence are marked with 'ï'.
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Figure 5.19: DNA sequence comparision between region l of lambda clone 3D and
region 1 of lambda clone 3b.

The
num
lof
of deleted nucleotides in the 3b sequence
of the 3D sequence and the last 10 nucleotides of the 3b sequence represent the lambda
EMBL4 cloning site.
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Figure 5.20: DNA sequence comparision between the 0.6 kbp EcoRI fragment of
lambda clone 3-2 and region 2 of lambda clone 3b.

The DNA sequence of region 2
EcoR[ fragment of clone 3-2 is
are represented by "-" in the 3b
the 3b sequence are reprosented by 'i'.
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Htñit{utl-S¡'f FgF|;åiHñi'Á$tlH j3:accoprastidgenomeregioncontaining

Coding regions are boxed. "Pribnow box"-like and "-35 region "-like sequences are
underlined. Large ¿urows indicate the transcription initiation (black) and termination
sites (white), small ¿urows cleavage sites and horiziontal affows direct repeat sequences
and inverted repeat sequences.

Extracted directly from Ohme et aL,1985.

This sequence is the reverse
published by Shinozaki et al
figure 5.15 and 5.18.

The "C" nucleotidp which is marked with a cross and occurs two nucleotides before the
start of the IRNA r Yr gene is published as a "T" (or "4" in the reverse complement) in
the equivalent position (ie. nucleotide 32693) of the tobacco plastid genome sequence
of Shinozaki et aI (1986) (see figure 5.15 and 5.18). In clone 3b and 3-2 this nucleotide
is also a "C" ("G" in reverse complement) (figure 5.15 and 5.18). Conversely the
position of two nucleotides absent in this sequence, but found in the plastid sequence of
Shinozaki et al (1986) (nucleotides 31680 and 31681) andthe sequences ofboth clone
3b and 3-2 (figure 5.15 and 5.18) is marked with a large arrow and the deleted
nucleotides are shown in brackets.

complement of the tobacco plastid genome sequence
(1986) and the sequence of clones 3b and 3-2 given in
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Figure 5.22: Restriction enzyme mapping of lambda clone lH.

A) Agarose gel showing restriction enzyme products of lambda clone lH DNA upon
restriction with 1) BamHI,4) EcoRI, 6) PstI, 7) XhoI and 8) BglII. Tracks 2 and3
contain 2 ¡tg of pTBal3 (which encompasses the tobacco plastid genome from
nucleotide 83807 to 94562 (Shinozaki et al, 1986) restricted with BamHI and EcoRI
respectively. The 5 kbp BamHI fragment of clone lH which, is evident in track 1, was
subcloned into the BamHI site of pUC19 and restricted with 5) EcoRI and 9) BglII. 0.5
pg of wild type lambda DNA restricted with HindIII was loaded into track 10 to serve
as a molecular weight marker.

B) Hybridization of pTBal, pTB13 andpTBlS (which covers the tobacco plastid
genome from nucleotide 64101 to 104801 (Shinozaki et al,1986) to a Southern blot of
tracks 4-9 of the gel depicted in A).

C) Hybridizatíon of pTBal which encompasses nucleotide 64101 to 83807 of the
tobacco plastid genome (Shinozaki et al,1986) to the same membrane used in B).
Nucleotide 83807 occurs in the first exon of the rpsl6 gene (see figure 5.23).



12 3 4 5 6 7I91O 4 5 6 7 I I 4 5 6 7 19

tr
t
- I I

t>

-

It (. I
ID



Figure 5.23: Restriction enzyme map of lambda clone lH.

The tobacco DNA insert of lambda clone lH is represented by a light g¡een line, while
flanking vector sequences are depicted as a thin red line. EcoRI, XhoI and BamHI
restriction sites are marked with "E", "X" and "8" respectively. Restriction fragments
produced by digestion of clone lH with these enzymes are indicated in kbp. Clone lH is
homologous to the tobacco plastid genome from approximately nucleotide 75,000 to
92,700 (Shinozaki et al, 7986) and plastid genes encoded by this clone are boxed in
dark green and labelled appropriately. Genes joined by brackets (eg. rps16, petD and
rpl2) contain introns and each exon of the gene is represented as an individual dark
green box. Regions of clone lH that have been sequenced are marked with red arrows.
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CHAPTER 6

Lambda Clone lM

Lambda clone lM was isolated by screening the tobacco genomic library with

the spinach rbcL gene and the tobacco plastid Bam8 fragment (Sugiura et al,1986).

Southern hybridization and restriction enzyme analysis localized the plastid homology

of this clone to a single 1.5 kbp EcoR[ fragment (figure 6.1). No homology between

clone lM and the mitochondrial genome was detected (chapter 5, figure 5.1). This

restriction fragment in addition to the 1.8 kbp EcoRI restriction fragment that mapped

immediately adjacent (figure 6.1) to this sequenco v/ere subcloned and into pUC19 and

bidirectionally sequenced.

Clone lM contained 1.3 kbp of DNA that showed92%o homology to the

published sequence of the tobacco plastid genome, from nucleotide 90279 to 91621
Ft¿

which encodeslORF 581 and ORF 1708. (Shinozaki et al,1986) (figure 6.2). This

region of the plastid genome is not part of either probe but shows multiple short tracts

(ie 30 bp) of homology to the probes used to isolate the clone. Given this limited

homology it was fortunate that clone lM was identified in the genomic library by these

probes.

The remaining 2 kbp of this clone that was sequenced showed no homology to

either the tobacco plastid genome or any other sequenco on the EMBL, GenBank,

Vecbase and NBRF databases. The 1.3 kbp region of plastid DNA homology differed

from the tobacco plastid genome (Shinozaki et al,1986) by 99 base substitutions, six

insertions of 1 or 2 nucleotide pairs and five deletions ranging in size from 1 to 28

nucleotide pairs (figure 6.2). Assuming a rate of sequence divergence similar to that of

mammalian pseudogenes [ 5 x 10-9 changes per site per year (Li et al,I985;Dennis ¿r

al,l988)l this region of the plastid genome is estimated to have transferred to the

nucleus approximately 8 million years ago. This plastid integrant is approximately 10

times older than the promiscuous plastid sequonce contained in clone 3D (chapter 5). A

continual transfer of plastid DNA to the nuclear genome must therefore be occurring to
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explain this result or alternatively these sequences must have integrated into regions of

the nuclear genome undergoing very different rates of sequence evolution.

The plastid homology of clone lM terminates at the lambda cloning site and so

the absolute size of this plastid integrant is unknown. Only a single junction of nuclear

and plastid derived DNA was contained in this clone, so little information regarding the

transfer of this sequence to the nucleus can be inferred. However at the exact

nuclear/plastid DNA junction is the sequence GCAAAACG (figure 6.2). Minor image

sequences of this sort have been suggested to arrest DNA synthesis (Weaver and

DePamphilis, 1984) and may therefore be involved in plastid DNA insertion. Clone lM

is homologous to a large (7.7 kbp) intergenic region of the tobacco plastid genome,

which is thought not to be transcribed within the plastid. Transfer of this sequence to the

nuclear genome is therefore unlikely to involve an RNA intermediate, as postulated for

some other promiscuous sequences (Schuster and Brennicke, 1987; Nugent and Palmer,

1991).

6.1: Genomic location of clone 1M

Hybridization of the 1.8 kbp EcoRI fragment of clone lM, that is nuclear DNA

flanking the plastid DNA insert, to total tobacco DNA restricted with either EcoRI or

XbaI identified a broad spectrum of bands superimposed upon a background smear

(figure 6.3, tracks l, 2, 3). Raising the stringency of washing of this filter did not reduce

the background appreciably (not shown). This hybridization pattern is consistent with

that observed for repetitive sequences that are dispersed throughout the nuclear genome.

Dotblot quantification gave an estimate of 400 equivalent copies of this repeated

sequence per lc tobacco nucleus. Dispersed repeats are believed to be derived from

transposable elements (Flavell, 1988; John and Miklos, 1988) and it is significant thar a

sequence representing a tansposition from the plastid genome should be associated

with a nuclear sequence that potentially represents a transposition relic. No internal

repeats could be identified within this sequence.
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It is to be expected that this plastid sequence is associated with a repetitive DNA

element given that repeated sequences form the bulk of many plant nuclear genomes.

These regions of the nuclear genome are generally transcriptionally inactive and so

integration of foreign sequences into this genomic location would be minim ally

detrimental to the plant. A majority of these repeated sequences were not restricted by

Hpatr (figure 6.3, tracks 4 and 5) demonstrating that they are heavily methylated,

consistent with the hypothesis that they are located in transcriptionally inactive regions

of the genome. These observations are also consistent with the apparent absence of

plastid sequences within the nuclear genomo of Arabidopsis thaliana (chapter 3, figure

3.13) which is an atypical plant species in that it possesses a small nuclear genome and

little repetitive DNA (Meyerowitz and Pruitt, 1985).

6.2: Deletions in lambda clones lM and 3D

Certain DNA sequences are known to undergo deletion mutations at much

higher frequencies than others. Often associated with these deletion hotspots are DNA

repeat motifs that frequently delineate the boundaries of the deletion (Ãlbertíni et aI,

1982; Trinh and Sinden, 1991; Schaaper et al,1986; Drake et a\,7983; Ripley, lgBZ).

These repeat motifs include both direct repeats and palindrome sequences (Albertini er

a|,7982; Ripley, 1982). The size of these sequence homologies can be as small as 5 bp,

however there is a strong conelation between the frequency of deletion formation and

the length of homology between the repeat sequences(Albertini et al, 7982).

When the double stranded DNA helix becomes unwound (eg. during replication)

direct repeats can form transient, intrastrand DNA secondary structures that may cause

deletion of the intervening sequence by DNA replication slippage. Secondary srructures

formed by palindromes can cause both deletions and frame shift mutations (Drake et al,

1983; Ripley, 1982).It has been shown in E. colí thatreplication-dependent deletion

between direct repeats may occur preferentially in the lagging strand of the replication

fork (Trinh and Sinden, 1991).
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Many of the plastid DNA deletions identified in clone lM and 3D have repeat

motifs potentially capable of secondary structures analogous to those observed (Trinh

and Sinden,1997; Schaaper et a\,1986: Drake et aI,1983). [Assuming that these

sequence differences are the result of DNA deletions in the nuclear sequences rather

than DNA insertions in the plastid genome, subsequent to the transfer of these

sequences from the plastid to the nucleusl. V/ithin region 4 of clone 3D (chapter 5,

figures 5.3 and 5.8) is a 41 bp deletion which is a region in the plastid gonome that is

flanked by two 11 bp direct repeats, one of which is lost upon formation of the deletion

(figure 6.4a). During DNA replication of this region, misalignment of these repeats may

form a single stranded DNA loop that is subsequently lost on one DNA strand (figure

6.4a). Similar mechanisms could explain the deletion of six nucleotide pairs (figure

6.4b) and the addition of two nucleotide pairs (figure 6.4c), in region 1 of this clone

(chapter 5, figure 5.3). Also associated with a 12bp deletion in region 4 of clone 3D

are two overlapping 11 bp direct repeats present in the plastid genome (figure 6.4d).

Other processes such as homologous or illegitimate recombination or DNA

repair activities could also offer explanations for these deletions (Trinh and Sinden,

1991). However the deletions present in these clones are relatively small and therefore

unlikely to be the result of a recombination event. The probability of slipped mispairing

between short homologies should increase as the distance between the homologies

decreases (Albertini et al,1983).

Clone lM contains two deletions of 7 and 27 nucleotide pairs that are each

surrounded by inverted repeats in the plastid genome from which they were derived

(figure 6.5a and b). These sequences are potentially capable of forming palindrome

mediated hairpin loops (Drake et al,1983; Nag and petes, l99l; Ripley, l9g2; Schaaper

et al,1986). Imprecise enzymatic excision of these hairpin configurations may account

for the deletions present in clone lM (frgure 6.5, a and b). Also associated with clone

lM are a further 2 deletions that are regions of direct repeats within the tobacco plastid

genome (figure 6.5c).
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A majority of studies examining DNA replication slippage and hairpin loop

excision or frameshift mutation have been carried out in procaryotes (Schaaper et al,

1986; Trinh and Sinden, 1991; Albertini et al,1982, Weaver and DePamphilis, 1984) or

lower eucafyotes (Ripley, 1982; Nags and Petes, 1991) which are obviously the

organisms of choice given the large number of individuals that must be screened to

identify one of these rare mutation events. Promiscuous plastid sequences may be useful

tools for examining nuclear mutational events in higher plants for several reasons.

These sequences appear common to most plants so most species have a spectrum of

plastid sequences that have been subjected to nuclear mutational events for variable

lengths of time. The age of these sequences within the nuclear gonome ensures that

many will contain some form of rearrangement. The plastid genome has a very slow

rate of sequence evolution so most changes present within a promiscuous plastid

sequence will be the results of nuclear events. Many plastid genes have already been

sequenced and so the DNA sequence prior to nuclear influence is essentially known,

and suitable DNA probes for isolation of these sequences are readily available.

6.3: Summary

Clone lM contains a 1.3 kbp region that was homologous to the tobacco plastid

genome from nucleotide 9O279 to 97612 (Shinozaki et al, 1986). This region of plastid

DNA homology differed from the tobacco plastid genome by 99 base substitutions, six

insertions and five deletions. The plastid integrant was located in an extensively

methylated region of the nuclear genome that contained a member of a dispersed repeat

family. Many of the plastid sequence deletions present in clone 1M and 3D represent

regions of the plastid genome that either contain, or are flanked by, repeat motifs. DNA

replication slippage or hairpin loop excision may account for these deletions. The

region of plastid sequence homology of clone lM represented a transposition event

from the plastid to the nucleus that took place approximately 8 million yea.rs ago. As the

plastid DNA insertion contained in clone 1M is 10 times older than that contained in

3D, transposition of plastid sequences to the tobacco nuclear genome may be an
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ongoing evolutionary process. Alternatively the different amounts of sequence

divergence between these two clones could be the result of their integration into

different genomic locations that undergo different rates of sequence evolution.



Figure 6.1: Restriction enzyme map of lambda clone lM.

The tobacco DNA insert of clone lM is represented by a thick purple and green line
with flanking vector sequences depicted as a thin red line. The position of EcoRI
restriction sites are marked with an "E" and the size of EcoRI restriction fragments
given in kbp. The region of plastid DNA homology of this c
áppropriately labelled and numbered according to the publis
(Shinozaki et al,1986). The remainder of clone 1M showed
tobacco mitochondrial genome (chapter 5, figure 5.1) nor the tobacco plastid genome.
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Figure 6.2: DNA sequence comparision between the tobacco plastid genome and
the 1.5 and 1.8 kbp EcoRI restriction fragments of lambda clone 1M.

The sequence of lambda clone 1M is illustrated such that the first six nucleotides
correspond to the EcoRI site of the 1.8 kbp EcoRI fragment closest to the left arm of the
vector (see figure 6.1). Nucleotides common to the plastid genome and clone 1M are
marked with a "-" in the plastid sequence (cp), whereas the position of inserted
nucleotides in the lM sequence is marked by a 'l'in the conesponding plastid
sequence. Numbering of the plastid sequence is according to the published sequence of
the tobacco plastid genome (Shinozaki et al, L986). EcoRI restriction sites are
underlined. The last 10 nucleotides of the lM sequence correspond to the lambda
EMBL4 cloning site and consequently show no homology to tho plastid genome.
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GAATTCGAGATGAAAGATCTCGAAAAGACAAAATTATGTCTTGGTTTGCAAA

TTGAACATTTGGCAAGCGAGATTTTTGTTCATCAATCTGCCTACATAGAAAAGGTATTGA

AACGGTTTTATATGGATAGAGTACATCCATTAAGTACTATGATGATTGTTCGATCACTTG

ATGTGAATAAGGACCCGTTCCGACCTCAAGAAAAGAATGAAGAACTTCTTGGTCCTGAAG

TACAATATCTTAGTGCAATTGGTGCACTAATGTATCTTGCTAATACTACAAGGCCTGACA

TAACTTTTTCAGTTAATGTCTTAGCAAGATATAGATCTGCTCCTACAAGGATACATTAGA

ATAGAATTAAACACATATTGCAGTATCTAAAACGGACTACCGATATGGGCTTATTTTATG

GCAATGATTGGAGTCCCAATATTCTTGGTTGTGCTGATGCTGGGTATATGCTGGGTATTT

ATCTGACCCACACAAAGCTCGATCTCAAACAGGCTATGTGTTTACATGTGGAGGCACTGC

AATAACTTGGCGATCGACTAAGCAATCAATCGTGGCTACTTCATCTAATCATACTGAGAT

AATTGCTATTGATAAAGCAAGTCGAGAATGTGTATGGTTGAGGTCTATAATACACCTTAT

TCGAGACAAATGTGGTTTGAAGTGTGACAAACTACCCATAATTTTATATGAAGACAATGC

AG CATGCATAGCCCAATTGAAGGGAGGATTCATAAAAGGAGATAGGACAAAGCACATTTC

ACCAAAGCTATTTTTCACAAATGATCTTCAAAAGAATGGTGATATCAATGTGCAACAAAT

CCGTTCAAGTGATAATATGGTTGATTTGTTCACCAAATCTCTACCGACGTCCACCTCAAG

AAACTAGTGTACAAGATTGGGATGTGAAGGCTCAAGGATGTGAATTGATGCTCTCATCAG

GGGGAGTTAATATGCGGTGTACTCTTTTTCCCTTATAAGTTTTTGTCCCACTGGGTTTTC

CTTGCAAGGTTTTTAATGAGGCAACCAAAAGGTGTATTTCTAAACATGTGTACTCTTTTT

CCTTCACTAGAATTTGTTTTTCAATAAGGTTTTAACGAGGCACATTATCTATGGACATCC

AAGGGGGAGTGTTATAAGAAAAATCAAATTATGGTGGATGTCTACCTTCTTCCATGATCT

TCCTCTCAAATGCTTAATCACATATTCAATGACACATTTCTTCATTTTTCATGCCTATAT

AAAGGCATTGTAATAGATGGAAAGAATACACAATTGAAGAAGAAATAAAATCCCTTCCTT

CTCTCTATCTCCATTTCTTGTTAATGTTTTACTAAATTGCTTTTATTTCATAACATTTTG

GTTTATTTTAGTTTTTAGTTTTTTTTCTTCTTCTTTTTCTTTTTGTTTTTCTTTAAAAGA

TAAAATATAAAG ATTAAAAAAAATCAACTATCTAATT TTTAGGCTAAGAAAGATATAGGT

AAACTAAATATTTACAC TATAATTTAAATGACACCAAAAATATACTAAAGCTAAATTATT

TATTATAATTCTAATTAAGAGAAACCATATATTTTTGTAAATGTTTGCTTTAAATAGAAA

TAAAACTTGTACTCTAAGAATGTGAATATTTTTTGTAGTTTTTAATTTTCATAAATAAAA

CCTATTAAGAG TAAGATAAAAG TTTAAAATATTAAGATTAGACGAAAAAGAAATATTTAC
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Figure 6.3: The 1.8 kbp EcoRI restriction fragment of clone lM is homologous to a
moderately repetitive, dispersed nuclear repeat.

Hybridization of the 1.8 kbp EcoRI restriction fra_gment of lambda clone lM (see_flggre

6.i) to rotal tobacco DNA. Each track contained 5 ug of DNA restricted with: 1) XbaI,
2) XbaI + EcoRI, 3) EcoRI, 4) Hpatr + EcoRI and 5) Hpatr.

Arrows indicate molecular weights of 9.4,6.6,4.4,2.3, and 2.0 kbp.



54321

+
+
+

++



Figure 6.4: Potential DNA replication intermediates resulting in the formation of
deletions and insertions in lambda clone 3D by replication slippage.

'' A) Displacement of the DNA template strand by complementary base pairing between
opposite DNA eplication. The net result is a 41
bp deletion pre ence homology of clone 3D. The
nucleotides del are shown in green while direct
repeats are underlined with an arrow. A dotted line indicates the direction of DNA
replication. Numbering of the plastid sequence corresponds to that of the published
tobacco plastid genome sequenco (Shinozaki et al,1986).

B) Displacement of the DNA template due to incorrect complementary base pairing
between the template and synthesizing DNA strand. A 6 bp region of the plastid
genome (shown in green) is subsequently deleted during replication of the nuclear
sequence encoded by clone 3D in one DNA strand. A dotted line indicates the direction
of DNA replication. Numbering of the plastid genome corresponds to that of the
published tobacco plastid genome sequence (Shinozaki et aI,1986).

C) Insertion of 2 bps into a region of sequence of clone 3D by DNA replication
slippage. The inserted nucleotides in the 3D sequence are shown in green and the
numbering of the plastid genome corresponds to that of the published sequence
(Shinozaki et al, 1986).

D) 11 bp direct repeats present in the plastid genome (underlined with green arrows) are
associated with a 12bp deletion present in clone 3D. Numbering of the plastid genome
corresponds to that ofthe published sequence (Shinozaki et al, 1986).
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Figure 6.5: Some deletions in clone lM are associated with regions of the plastid
geñome that contain palindromes which are potentially capable of forming hairpin
loops.

A) Flanking a27 bp deletion in clone 1M is a region of plastid sequence that may form
a32bp hairpin loop (inverted repeats are shown in green). Base substitutions required
to form the final 1M sequence are shown in purple. Arrows identify breakpoints in the
DNA sequence. The numbering of the plastid sequence corresponds to that of the
published tobacco plastid genome sequence (Shinozaki et al,1986).

B) Associated with a7 bp deletion present in clone lM is a region of the plastid genome
that may form a 39 bp hairpin loop. Complementary regions of the plastid sequence are
shown in green and the numbering corresponds to that of the published tobacco plastid
genome sequence (Shinozaki et aL,7986). Arrows indicate the sites of DNA breakpoints
and base substitutions required to form the 1M sequence are shown in purple.

C) Direct repeats in the plastid genome (underlined with green arrows) are associated
with deletions present in clone 1M. Numbering of the plastid sequences is according to
the numbering of the published tobacco plastid gonome sequence (Shinozaki er a/,
1986). A base substitution in the lM sequence is coloured in purple tc(ii)1.
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CHAPTER 7

Transcription Of Promiscuous Plastid Sequences In The Plant Nuclear Genome

A plastid sequence that has integrated into the nuclear genome has a number of

barriers preventing transcription and/or ranslation of the genes which it ca¡ries.

Transcription and translation of plastid genes in the nucleus would be prevented by a

requirement for different sequence motifs for the initiation of nuclea¡ gene expression.

However several scenarios could lead to expression of a promiscuous plastid sequence

and presumably must occasionally occur to account for the endosymbiotic origin of

nuclea¡ encoded plastid proteins. If the invading sequence integrated into a nonessential

nuclear gene it would be transcribed and possibly translated as part of a chimeric

sequence. Alternatively a promiscuous sequence ttrat integrates into an intron of a

nuclea¡ gene (eg. a region of thepsbG gene into the third inron of the cabT gene

(Pichersky and Tanksley, 1988) would be transcribed (Piechulla et a|,1991), but

subsequently spliced out of the transcript during RNA processing. A final possibility

(although presumably very rare) is that a promiscuous plastid sequence may contain a

gene promoter that can initiate transcription in both the plastid and the nucleus. For

example the tobacco psb{ gene promoter has been demonstrated as capable of initiating

nuclear transcription (Cornelisson and Vandewiele, 1989).

Described in this chapter is a preliminary attempt to determine if promiscuous

plastid sequences present within the nuclear genomes of both tobacco and beet give rise

to any polyadenylated mRNA. A tobacco transcript with homology to plastid DNA was

identified only in a polyadenylated RNA enriched fraction suggesring that it was

transcribed within the nucleus. Subsequent attempts to clone this specific transcript

were unsuccessful. A large cDNA clone with homology to the same region of the

plastid genome was isolated but was of undetermined origin.
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7.1: Northern Blot Analysis

Northern blots of polyadenylated mRNA from both tobacco and beet were

hybridized with the spinach plastid rbcL gene and the spinach plastid 7.7 kbp PstI DNA

fragment. As neither plastid nor mitochondrial transcripts are polyadenylated any

transcripts with plastid homology that a¡e enriched in a polyadenylated RNA fraction,

but are reduced or absent in total RNA with polyadenylated RNA depleted, are

presumably of nuclear origin. Figure 7.1b tack 1 shows that four transcripts with

homology to the spinach plastid 7.7 kbp PstI DNA fragment are present in a tobacco

polyadenylated RNA enriched fraction. Three of these transcripts are also found to be

abundant in both total RNA (figure 7.lb and c, track 3) and polyadenylated RNA

depleted samples (figure 7.lb and c, track 2) and so are probably due to plastid RNA

contamination of the polyadenylated RNA fraction. However the fourth transcript

(marked with an arrow in figure 7.1b, rack 1) is only present in the polyadenylated

RNA fraction. This transcript of approximately 2.5 kbp is not identifîable in total RNA

because of the intense hybridization signal from the abundant bonafide plastid

transcripts. Therefore this comparatively low abundance transcript with homology to

plastid DNA is likely to be a polyadenylated mRNA of nuclear origin.

No polyadenylated nanscript with homology to the7.7 kbp PstI DNA probe was

detected in RNA from beet (figure 7.la, track 1) and neither beet nor tobacco produce a

detectable polyadenylated ranscript with homology to the spinach rbcL gene (results

not shown).

7 .2: T obacco cDNA Library

A tobacco cDNA library was constructed by the method of Gubler and Hoffman

(1983) in lambda gt10 in an attempt to clone a sequence complementary to this

polyadenylated tobacco mRNA, with homology to the spinach plastid 7.7 kbp PstI DNA

fragment. The total library contained 1x106 pfu of which 2x105 were recombinants as

determined by selective growth on E.colí C600 ^Ff7. Screening of this library with the

spinach plastid 7.7 kbp PstI DNA probe identified a single positive clone. Further
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screening of the library with plasmid clones encompassing the entire tobacco plastid

genome identified no more cDNA clones with plastid DNA homology.

7.3: Tobacco cDNA Clone With Homology To The 7.7 kbp PstI DNA Fragment

The single positive lambda clone from the cDNA library was a very slow

growing bacteriophage and produced a plaque approximately one fifth the size of those

produced by most other recombinant phage in the library. Consequently six plating

steps were required for its purification.

Figure 7.2b shows that this lambda clone is homologous to the spinach plastid

7.7 kbp PstI DNA probe. However it does not have a restriction map consistent with

ttrat of a recombinant lambda gt10 bacteriophage. EcoRI restriction of a recombinant

lambda gt10 phage genome should produce restriction fragments of 32.7 and 10.6 kbp,

while BamHI restriction should produce 5.5 and 9.8 kbp fragments and a 9.4 kbp

fragment should be produced by HindIII restiction. This inconsistency may be the

result of extensive rcarrangement of the phage during repeated passage in E. coli C600

Hfl, a recA* host. Bacteriophage containing rearranged genomes often produce small,

slow growing plaques. Four separate single plaques were isolated and DNA prepared

and restricted from each (figure 7.2c). An identical restriction pattern was observed for

each indicating that if rearrangements had occurred at some time during cloning and

purification, the bacteriophage was now a stable if comrpted clone.

All the homology of this lambda clone to the spinach plastid 7.7 kbp PstI DNA

fragment was contained in a single 4.4 kbp Hindltr fragment (figure 7.2b,tack3). This

fragment was subcloned into pUC19 and unidirectionally sequenced in several regions

(figure 7.3). A total of 1787 bp of sequence was obtained that was continuously

homologous to the tobacco plastid genome. From this sequence data, in addition to the

size and restriction map of this fragment, it was concluded that this 4.4 kbp Hindltr

fragment represents a sEetch of tobacco plastid DNA encompassing nucleottde 36,392-

40,996 of the published plastid genome sequence (Shinozaki et al, 1986). This cDNA
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clone is therefore significantly larger than the 2.5 kbp polyadenylated nanscript

identified by Northern blot analysis.

7.4: Origin Of This cDNA Clone

Although highly homologous to the tobacco plastid genome this sequence was

divergent, differing by three deletions, four insertions and one base substitution. As the

sequence was obtained from one DNA strand only, this level of divergence may be

reduced by bidirectional sequencing. However certain completely unambiguous

sequence changes are present in this cDNA clone that destroy ORFs in both thepsaB

andpsåC genes. Furthermore these sequence changes destroy all three potential ORFs

of the mRNA and so further sequence changes either upstream or downstream of these

regions could not restore the psaB or psbC gene products.

It is possible for cDNA libraries to be contaminated with clones derived from

nonpolyadenylated transcripts, by a process of self priming during fîrst strand synthesis

of cDNA by reverse transcription. As plastid ranscripts frequently contain 3' inverted

repeats they may be even more susceptible to this event (Stern and Gruissen, 1987;

Gruissen, 1989). However this cDNA clone is very unlikely to be the product of a self

primed plastid RNA molecule as such an RNA molecule would encode for

nontranslatable versions of thepsäC andpsaB genes. Both of these genes encode

thylakoid membrane proteins that a¡e essential for plastid photosynthesis. In addition

the psaB and psbC ge nes are transcribed from opposite DNA strands of the tobacco

plastid genome and are therefore not Eanscribed as a single transcription unit (figure

7.4) (Yao et aI,1989). Although this cDNA clone is reasonably large, it is noteworthy

ttrat the tobaccopsåD-psbC gene cluster can be transcribed as a single 4.4kbp tanscript

(figure 7 .4) (Yao et al, 1989) and the spinach pscA gene is transcribed as part of a 6 kbp

mRNA (Westhoff et al,1983).

If this cDNA is not of plastid origin it can only be of either mitochondrial or

nuclear origin. This region of the tobacco plastid genome has been detected in both the

nuclear and mitochondrial genome (chapter 5, figures 5.12 and5.1). A mitochondrial
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origin of this clone would explain the apparent absence of this transcript in a Northern

blot of a polyadenylated RNA fraction in addition to both the sequence divergence and

cotranscription of the psaB and psbC genes. However as mitochondrial transcripts are

not polyadenylated and this sequence was derived from oligo dT primed reverse

transcription it is unlikely to be of mitochondrial origin. If of nuclear origin, this

transcript could either be not polyadenylated and thus not present in polyadenylated

RNA (and therefore very unlikely to be cloned) or polyadenylated but at a copy number

too low to be detected by Northern blot analysis. Perhaps this clone represents an

unprocessed version of the polyadenylated mRNA with homology to theT .7 kbp PstI

DNA fragment (figure 7.1b, track 1). A nuclear origin would also explain the sequence

divergence and cotranscription of the psaB andpsbC genes. Either a nuclear or

mitochondrial origin of this cDNA clone represents transcription of a promiscuous

plastid sequence.

Alternatively the insert of this lambda clone may have arisen from a DNA

fragment contaminating the tobacco RNA preparation. However this DNA fragment

would have to be of either nuclea¡ or mitochondrial origin as the genes encoded by this

insert are non-functional. As promiscuous plastid sequences in the nucleus account for

only approximately LVo of chloroplast sequence homology present in total tobacco DNA

(chapter 4) it would unlikely for a nuclear sequence to be cloned in lpu of true plastid

DNA. This region of the tobacco plastid genome may also be integrated into the

mitochondrial genome as evident from the homology between the 6.6 and 3.9 kbp

EcoRI restriction fragments of clone 3b and the mitochondrial genome (chapter 5,

figure 5.1). Therefore this cloned fragment may have arisen from mitochondrial DNA

contamination of the tobacco RNA preparation.

7.5: Summary

These results suggest that in tobacco there may be expression of plastid

sequences that have integrated into the nuclear genome. The identification of a

polyadenylated RNA with homology to the plastid genome suggests a nuclear origin for
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this transcript. The relatively high copy number of plastid sequences integrated into the

tobacco nuclear genome and the ability of some plastid promoters to initiate nuclear

tanscription (Cornelisson and Vandewiele, 1989) supports the notion of expression of

promiscuous plastid sequences. The cDNA clone isolaæd in this study contained

r€rurangements and was therefore of indeterminate origin.



Figure 7.1: Identification of a polyadenylated transcript with plastid DNA
homology.

A) Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to RNA isolated
from beet greon leaf tissue. RNA samples consisted of:

1) a polyadenylated RNA enriched fraction.
2) | ttg of a polyadenylated RNA depleted fraction.
3) 1 pg of beet total RNA.

B) Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to RNA isolated
from tobacco green leaf tissue. RNA samples consisted of:

1) a polyadenylated RNA enriched fraction.
2) | ttg of a polyadenylated RNA depleted fraction.
3) 1 pg of tobacco total RNA.

An arow indicates a RNA transcript that shows homology to ths plastid DNA probe
and can only be identified in the polyadenylated RNA enriched fraction.

C) Lighter exposure of the Northern blot membrane depicted in B).
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Figure 7.2: A¡ lambda gt10 cDNA clone with plastid DNA homology.

A) Agarose gel showing restriction products of DNA isolated from a lambda gt10
cDNA clone with homology to the spinach plastid 7.7 kbp PstI DNA fragment, upon
restriction with 1) EcoR[,2) BamHI and 3) HindIII. Track 4 contained 0.5 pg of wild
type lambda DNA restricted with HindIII.

B) Hybridization of the spinach plastid 7.7 kbp PstI DNA fragment to a Southern blot of
the agarose gel depicted in A).

C) Agarose gel showing restriction products of DNA isolated from four single plaques
of the lambda gt10 cDNA clone with plastid DNA homology. Tracks l-3,4-6,7-9 and
10-12 contained DNAs isolated from single plaques. DNAs were restricted with EcoRl
(tracks I,4,7 andto), BamHI (tacks 2,5,8 and 11) and Hindltr (tracks 3,6,9 andL2).
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Figure 7.3: Gene map of the 4.4 kbp HindIII fragment of the lambda gt10 cDNA
clone with plastid DNA homology.

The 4.4 kbp Hindltr fragment of the lambda cDNA clone is represented by a light green
line. The plastid genes encoded by this fragment are boxed in dark green and
appropriately labelled. Genes labelled s, g and fM correspond to plastid genes frnS,
trnG and trnfM. The position of HindIII and EcoRI restriction sites on this fragment are
labelled "H" and "E" respectively. Arrows indicate regions of this fragment that have
been sequenced. Numbers correspond to the numbering of the published tobacco plastid
genome sequence (Shinozaki et aL,1986).
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Figure 7.4: Transcription of the tobacco plastidpsåD-psåC gene cluster.

Extracted directly from Yao et al, L989.

Detection of transcripts from trril, psbD, psbC, frnS, ORF62 and trnG. Ãnows indicate the
extent of proposed transcripts of this gene cluster and the size of each transcript is given in
kbp. Genes are boxed and appropriately labelled.
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CHAPTER 8

Discussion

This study has further demonstated that plastid DNA sequence homologies in

the nuclear genomes of higher plants is a widespread phenomenon involving both

dicotyledenous and monocotyledenous plant species. In some species these nuclear

sequences appeü highly conserved while other species (eg. Beta vulgaris) show

sequence heterogeneity possibly ranging to somatic instability. Some of this variation

may be attributable to different amounts of heterozygo sity being present in populations

of these plant species, resulting from differences in the breeding systems of each species

and the diversity of the genetic base from which they were derived. These promiscuous

plastid sequences may be useful as a rather general indicator of genetic diversity within

a plant population or species. Most agricultural plant species are produced by selective

inbreeding and it is important to assess the germplasm diversity in these species to

maintain both yield and pathogen immunity.

The apparent somatic variability of plastid soquences within the nuclear genome

of B. vulgaris represents the upper extreme of promiscuous sequence heterogeneity

observed. The integration of these foreign sequences into the plant nuclear genome may

induce localized instability of these regions as has been reported for other species

(Murnane, 1990). Promiscuous sequences present within the nuclear genomes of rice

(Kikuchi et al,1987) andCucumis melo (Grisvard et al,1990) have been shown to be

unstable during cellula¡ differentiation. The tissue specific variation of nuclear

sequences with plastid DNA homology in B. vulgan"s, could also be the result of

ongoing transposition of plastid sequences to the nucleus.

The different amounts of plastid sequence divergence of clones lM and 3D

demonstrate, that at least in evolutionary tonns, transposition of plastid sequences to the

tobacco nuclear genome may be an ongoing process. The 3D and lM sequences were

estimated to represent transposition events that took place 700,000 and 8 million years

ago respectively. This result parallels the identification of mitochondrial DNA inserts in
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the human nuclear genome which have estimated transposition ages ranging from less

than 9 to 40 million years ago (Fukuda et al, 1985; Nomiyama et al, 1984: 1985;

Kamimura et al,1989).

No plastid sequence homologies could be detected within the nuclear genome of

Arabídopsis thalíana, suggesting that these plastid sequences aro part of nonessential,

probably repetitive regions of the genome. The mapping of plastid sequence homologies

to chromosomes 5, 9 and 10 in tomato (Pichersky et a\,1991; Pichersky and Tanksley,

1988) suggest that these homologies are distributed throughout the plant nuclear

genome in some species. Adjacent to the plastid sequence in clone lM was a member of

a family of dispersed repeats that were extensively methylated in the tobacco nuclear

genome.

Characterised in this study are the largest promiscuous sequences identified to

date. The tobacco nucleus was shown to contain large tracts of plastid DNA homology

in excess of 18 kbp. At least one third of the plastid genome is represented in the

tobacco nucleus in these large contiguous tracts of DNA. Determination of the absolute

size of these plastid integrants awaits further investigation by either pulse field gel

electrophoresis or YAC cloning. Promiscuous plastid sequences have been identified in

maize YAC libraries but their absolute size has not been determined (Gupta and Hoo,

1991). Limited empirical calculations based upon a random distribution of Sau3A

cloning sites in nuclear DNA suggests that finding only one nuclear/plastid DNA

junction in a total of almost 100 kbp of cloned DNA indicates the presence of nuclear

integrants of plastid DNA in excess of 155 kbp. This suggests the possibility of entire

plastid genomes in the nuclear DNA of tobacco.

The large size of plastid DNA integrants in the nuclear genome of tobacco

contasts other results where sequence analyses are available (Cheung and Steele Scott,

1989; Pichersky et al,199l; Pichersky and ranksley, 1988). The mosr conspicuous

difference from these observations occurs in tomato where, in a systematic search for

plastid sequences integrated into the nuclear genome, only two very short integmnts

were isolated. However the cloning strategy employed by Pichersky et al (1991) would
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almost have certainly excluded the large contiguous tracts of plastid DNA identified in

this study. As this search of two clone libraries covered 95Vo of the tomato nuclear

genome and 337o of the plastid genome, both the rarity and the small size of integrants

in tomato contrast the arrangement of such sequences in tobacco. The nuclear genome

of tobacco (4.8x106 kb, Bennett and Smith ,Ig76) is much larger than that of tomato

(7x105 kb, Pichersky and Tanksley, 1988) and the former is a tetraploid whereas the

lter is a diploid; again suggesting that genome size may influence the presence and

abundance of these sequences within a plant species. Both species are members of the

Solonaceae and are therefore closely related but there are differences in the way these

two genomes are organized which is reflected in these contrasting results. Hybridization

with poly(dA) (Pichersky et al, 1990) gives a very strong signal to Southern blots of

tobacco DNA and almost none to tomato, an observation which was interpreted to

indicate the presence of many more processed psevdogenes in tobacco.

An alternative explanation for the isolation of these large tracts of plastid DNA

(represented by clones 3D,3-2,3b, 1H and 2d) is that a subpopulation of heavily

methylated plastid genomes is present in tobacco. Plastid DNA methylation has been

identified in some plants, but this methylation is very limited involving only a few

specific sites (Ngernprasirtsiri et al,l988a; 1988b; 1989). Furthermore this plastid

population would have to copurify with plant nuclei and be genomically highly

polymorphic to account for both the identif,rcation of these sequences in a tobacco

nuclear DNA preparation in addition to the sequence differences observed between

clones 3D,3-2 and 3b. All plastids are generally derived from a small number of

maternal proplastids in the fertilized egg, so it is diffrcult to envisage the formation of

this amount of sequence variation within a plastid population. Of the three clones that

were most extensively sequenced in this study, all encoded essential plastid genes that

were either inactivated or altered as a result of sequence divergence when compared to

the true plastid genome. This evidence therefore strongly suggests that these large tracts

of plastid DNA are of nuclear origin and not part of any functional plastid genome.
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In addition to being large these tobacco nuclear sequences are also present in a

relatively high copy number. The tobacco nuclear genome contains multiple copies of

these plastid integrants, with the number of different integrants ranging from 15 to 57

copies per lc tobacco nucleus. These copy number estimates are significantly larger

than those obtained for spinach, where an estimated five copies of the plastome are

present per haploid nuclea¡ genome (Steele Scott and Timmis, 1984), and the tomato

nuclear genome where apparently very few promiscuous plastid sequences are present

(Pichersky et al, l99l). Examination of plastid sequence homologies in the spinach

(Cheung and Steele Scott, 1989; unpublished results) and tomato (Pichersky and

Tanksley, 1988; Pichersky et al,l99I) nuclear genome has indentified only small

plastid DNA insets. Therefore a relationship between size and copy number of plastid

DNA integrants may exist. The much larger promiscuous plastid DNA copy number

obtained for tobacco parallels estimates of over several hundred mitochondrial DNA

integrants within the human (Fukuda et aL,7985; Kamimura et al1989) and locust

(Gellisson, 1983; Gellisson and Michaelis, 1988) nuclear genomes.

The multicopy status of these nuclear sequences may not directly correlate with

the number of plastid transposition events that took place. The identification of 15

copies of plastid DNA in the tobacco nucleus, each containing the same 41 bp deletion

present in clone 3D, suggests that they all a¡ose from a duplication of a single

transposition event. Analysis of the sites of integration of most of these sequences may

therefore not yield information on the mechanism of sequence transfer of these plastid

sequences to the nucleus, but rather represent secondary nuclear integration events. A

variety of other promiscuous integrants also show evidence of sequence duplication or

rearrangement (Farrelly and Butow, 1983; Wright and Cummings, 1983; Pichersky and

Tanksley, 1988; Jacobs et al, L983,1986; Nomiyama et al,1984: wakasugi et al,l9B5;

Kikuchi et al, L987; Grisvard et al,1990). Some of these rearrangements are so extreme

that a chimeric promiscuous sequence can be produced consisting of combinations of

organelle sequences that are widely separated upon the organelle genome (Moon et al,

1988; Cheung and Steele Scott, 1989; Ossorio et al,1997; Kamimura et al,1989). The
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absence of any unifying sequence motifs at the integation sites of all promiscuous

nuclear sequences identified to date may be the result of post-transposition nuclear

duplications and rearangements. Alternatively nuclear integration of these sequences

may be a random event analogous to SV40 and Ti plasmid integration into nuclear

genomes (Gheysen et al,l99I; 1987; Roth and Wilson, 1986).

Analysis of plastid/nuclear DNA junctions is further complicated by not

knowing the initial sequence of the nuclear site of integration. Integration of foreign

sequences into nuclea¡ and mitochondrial genomes can involve both target site deletion

and the addition of many nucleotides (so called filler DNA) at the site of integration

(Roth et al,1989; Gheysen et al,1987; Sainsard-Chanet and Begel, 1990; Landau et al,

1987). Recent advances in plastid transformation may soon make it possible to

overcome these problems (Blowers et al 1990; Haring and DeBlock, 1990; Newman ¿t

al, 1990; Sporlein et al, l99l). Engineered genes could be inserted into the plastid

genome that encoded selectable markers expressed only in a nuclear environment. A

transposition event from the plastid genome to the nuclear genome could therefore be

selected for. The sequence of the nuclear target site both prior and post-transposition

could thus be determined.

The sequence divergence between these plastid homologies and the bonafide

plastid genome may give insights into nuclear mutation processes. Several of the

lambda clones in this study had deletions and insertions associated with repeat motifs

suggesting that processes such as DNA replication slippage and excision of hairpin loop

structures may have been involved in their formation. The high sequence conservation

of the plastid genome implies that most of the differences between a promiscuous

plastid sequence and the bonafíde plastid genome will be the result of nuclear mutation

events.

The large tracts of nuclear DNA with homology to the plastid genome cloned in

this study did not contain flanking nuclear regions so little information can be derived

concerning possible mechanisms of transfer and integration of these five sequences.

However as these integrants are very large and contain nontranscribed regions of the
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plastid genome their transposition to the nucleus would not appear to have been

mediated by an RNA intermediate, as has been suggested for some promiscuous

sequences (Schuster and Brennicke, 1987; Nugent and Palmer, 1991). The identification

of chimeric promiscuous sequences, that consist of combinations of organelle sequences

that are widely separated upon tho same organelle genome (Moon et al,1988: Cheung

and Steele Scott, 1989; Ossorio et al,l99l Kamimura et aI,1989) also suggests that a

single RNA intermediate was not involved in transposition of these sequences.

Conversely sequence analysis of a plant nuclea¡ encoded coxI| gene demonstrates that

organelle sequences can be transferred to the nuclear genome vía an RNA intermediate

(Nugent and.Palmer, 1991). These contrasting results support the hypothesis that at least

two distinct molecular mechanisms are involved in the transfer of organelle sequences

to the plant nucleu genome.
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