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ABSTRACT.

Plant mitochondrial genomes are known to undergo frequent
DNA rearrangements during evolution. Such DNA rearrangements
have been observed within the extreme 5' or 3' termini of
plant mitochondrial genes. The present studies of the gene for
NADH dehydrogenase subunit I (nadl) in wheat demonstrate that
DNA rearrangements can even occur at internal sites.

This work shows that the nadl gene is comprised of five
single-copy exons in wheat mitochondria. The predicted NAD1
amino acid sequence is closely related to that from non-plant
and chloroplast counterparts. Somewhat su:prisingly, these
nadl sequences are scattered at four distantly—separated sites
in the wheat mitochondrial genome. The analysis of regions
flanking nadl coding segments revealed the presence of
sequence motifs and helical structures that are hallmarks of
group IT introns. A model is proposed for nadl gene expression
in which one cis~- and .three trans-splicing events are
necessary for the production of nadl mRNAs.

To investigate nadl gene expression at the RNA level,
transcripts arising from the four nadil coding regions were
analyzed. Northern blot hybridizations and cDNA sequence
analysis show that stable transcripts contain all five
correctly-linked nadl exons. S1 nuclease analysis in the
regions flanking the nadi coding segments also revealed the
presence of stable transcripts which would be large enough to
contain group II intron structures of normal sizes (<3 kb). Aas
has been observed for virtually all plant mitochondrial mRNAs,
the maturation of nadi transcripts also involves RNA editing
events. Interestingly, one of these RNA editing sites converts

an ACG codon to AUG to create an initiation codon, and this
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suggests that RNA editing at this site‘is obligatory for
translation of nadl mRNAs to proceed. RNA editing is also
observed within the discontinuous nadla/b intron in wheat
(which is of particular interest because it lacks several key
features of group II introns) but any contribution to intron
structure or splicing is as yet uncertain.

The wheat nadl gene organization seems to have resulted
from DNA rearrangements that occurred within previously
continuous introns. This organization of the nadi gene in
wheat, a monocot, differs from that of dicot nadi genes and
this suggests that some DNA rearrangements have occurred
relatively recently during plant evolution.vThe unusual nadil
gene structure shows that DNA rearrangements can alter not
only gene order but also gene structure, provided that

scattered gene pieces are properly transcribed and spliced.

iv



RESUME. ‘

Les géndmes mitochondriaux des plantes sont reconnus pour
subir de fréquents réarrangements d'ADN durant l'évolution. De
tels réarrangements ont déja été observés aux extrémités 5' et
3' de certains génes mitochondriaux de plantes. La présente
étude du géne nadl, qui code pour la sous-unité I du complexe
de 1la NADH déshydrogénase du blé, démontre que des
réarrangements d'ADN peuvent méme se produire a des sites
internes.

Ce travail montre que le géne nadl comprend cing exons
ayant chacun une seule copie dans la mitochondrie du blé. La
séquence anticipée de la protéine NAD1 est trés rapprochée des
séquences d'autres types d'organismes et de celles des
chloroplastes. Il est intéressant de noter que, contrairement
a ceux de la plupart des génes, les exons du géne nadl sont
dispersés en quatre sites éloignés dans 1le géndme
mitochondrial du blé. Des structures hélicolidales, qui sont
caractéristiques des introns du groupe II, sont néanmoins
présentes dans les régions adjacentes 3 ces exons. L'intron
nadla/b comporte un intérét particulier parce qu'il ne posséde
pas plusieurs éléments-clés des introns du groupe II. Un
modéle est proposé dans lequel trois réactions de trans-
épissage et une réaction de cis-épissage sont nécessaires pour
la liaison des parties codantes du géne nadl.

Afin d'examiner l'expression du géne nadl au niveau de
1'ARN, les produits de transcription provenant des quatre
régions codantes ont été analysés. Par des hybridations ADN~
ARN et par le séquencage d'ADN-c, des transcrits stables, qui
contiennent les cing exons du géne nadl, ont été observés. Une
analyse des les régions adjacentes aux exons du géne nadl a

l'aide de la nucléase S1 a aussi révéle que des produits de
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transcription qui seraient assez longs pour _contenir des
strﬁctures d'introns du groupe II de taille normale (<3 kb).
Comme il a été observé pour virtuellement tous 1les ARN
messagers mitochondriaux de plantes, 1la maturation des
transcrits du géne nadl implique aussi plusieurs sites
d'édition d'ARN. Il est intéressant de constater que l'un de
ces sites correspond a& la conversion d'un codon ACG en AUG
pour créer un codon d'initiation, ce qui suggére que 1'édition
d'ARN 3 ce site est indispensable pour la traduction des ARN
messagers du géne nadl. Un site d'édition d'ARN est aussi
observé dans l'intron discontinu nadla/b du blé, mais la
contribution de ce changement & la structure secondaire de
l'intron ou & l'épissage demeure incertaine.

L'organisation du géne nadl du blé semble étre le
résultat de réarrangements d'ADN qui se sont produits dans des
introns préalablement continus. Cette organisation du géne
nadl du blé, une monocotylédone, différe de celle du géne nadil
de dicotylédones, ce qui indique que certains réarrangements
A'ADN se sont produits dans les introns du géne nadl durant
1l'évolution des angiospermes. lLa structure inhabituelle du
géne nadl montre que des réarrangements d'ADN peuvent modifier
non seulement l'ordre des génes, mais aussi leur structure, a
la condition que les morceaux dispersés d'un géne soient

correctement transcrits et épissés.
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CHAPTER 1. LITERATURE REVIEW.

1.1. ORGANIZATION OF THE GENETIC INFORMATION IN THE PLANT
CELL.

The genetic information in the plant cell is divided
among three compartments (nucleus, mitochondria and
chloroplast) that can replicate their own DNA and synthesize
proteins. Organellar genomes encode only a modest, but
crucial, portion of the proteins involved in their biogenesis
and function. Many of these proteins are components of the
respiratory chain in the mitochondria, and of the
photosynthetic apparatus in the chloroplast, Based on genetic
studies, it has been estimated that approximately 90% of the
mitochondrial proteins are nuclear-encoded and imported from
the cytoplasm (Neupert and Schatz, 1981). The nucleus plays a
central role in the regulation of organellar activities.

It is generally accepted that the high degree of
dependence of mitochondria and chloroplasts on nuclear gene
products has increased during evolution due to massive gene
transfer from organelles to the nuclear genome. This idea is
based on the endosymbiont hypothesis, which proposes that the
contemporary organellar DNA is the remainder of the genome of
prokaryotic-like symbionts that invaded primitive eukaryotic
cells. Phylogenetic studies suggest that the most closely-
related free living relatives of mitochondria and chloroplasts
are the purple bacteria (alpha subgroup) and blue-green algae

(cyanobacteria) (Gray et al. 1989; Van de Peer et al. 1990).

1.2. MITOCHONDRIAL GENES.
Studies on mitochondrial genomes from different organisms

have shown that they contain a similar, yet not identical, set
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of genes. However, independent gene transfer events that have
occurred during evolution have led to certain aifferences in
mitochondrial gene contents in different lineages (reviewed by
Gray, 1989a). This variation is evident by examining the
complete sequence of mitochondrial genomes from man (Anderson
et al. 1981), several other species of the animal kingdom
(Attardi and Schatz, 1988), Podospora anserina (Cummings et
al. 1990), Paramecium (Pritchard et al. 1990), Marchantia
polymorpha (Oda et al. 1992) and virtually the complete
mitochondrial genomes from Saccharomyces cerevisiae (Wolf and
Del Giudice, 1988) and Chlamydomonas reinhardtii (Michaelis et
al. 1990). In Table 1, the mitochondrial protein-coding genes
that have been identified are indicated for man, S. cerevisiae
and Podospora. Protein-coding genes that have been identified
so far in certain angiosperm mitochondrial genomes are also
shown.

Mitochondrial genes can be classified according to the
respiratory or structural function of their products. The
genes involved in respiration encode a number of components of
the electron transport chain complexes; these include the NADH
dehydrogenase, cytochrome,_.;, cytochrome oxidase and ATP
synthase complexes. Genes for structural components comprise
ribosomal RNA (rRNA) and transfer RNA (tRNA) genes, and genes
for ribosomal proteins. The rRNA and tRNA genes are almost
universally present in mitochondrial genomes although some
tRNAs are known to be imported from the cytoplasm in several
organisms, such as plant and protozoans (Nagley, 1989, Small
et al. 1992).

The genes encoding subunits of the cytochrome oxidase
complex (coxI, coxII, coxIII) and the cytochromeb_cl complex

(cob) are present in each mitochondrial genome shown in Table
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Table 1. Compilation of the mitochondrial protein-coding genes
in different organisms. ‘

Homo Saccharomyces Podospora Marchantia

sapieng® cerevisiae anserina® gglxmgrghad Angiosperms®
Cytochrome oxidase
coxI + + + + +
coxII + + + + +9
coxIII + + + + +
' Cytochrome b
| cob + + + + +
|
i
| ATP synthase
\ atpé + + + + +
atpé8 + + + - ?
atp9 - + - + +
atpA - - - + +
NADH dehydrogenase
nadl, nad2 + - + o+ +
; nad3, nad4
! nad4r + - + + ?
’ nad5, nad6é + - + + +
nad? - - - +f +
Ribosomal proteins
rps3, rps7, rpsl2, - - - + +9
rpsl4,rpsl9, rpllé
rpsl3 - - - + +9
rpsl, rpsl0, rpls, - - - + ?
rplé
rps2, rps4, rpsS§, - - - + ?
rpsll, rpl2
varl - + - - ?
RNA maturases and/ - + 37 11 +
! or endonucleases
Open Reading Frames - 2-3 32 31 +
Genome Size 16 kb 75 kb 94 kb 187 kb 200-2400 kb

@ Anderson et al. (1981); P Wolf and Del Giudice (1988); °©
Cummings et al. (1990) ; d oda et al. (1992); © Bonen (1991);
£ Pseudogene; 9 Genes not present in all plants examined.



1; however the coxII and coxIII genes ére absent from C.
reinhardtii mitochondrial DNA (mtDNA) (Michaelié et al. 1990),
as well as coxII in Paramecium (Pritchard et al. 1990).
Similarly, four subunits of the ATP synthase complex are
encoded in certain mitochondrial genomes but their presence
varies greatly in different organisms. The atpé gene, which is
the only one that is mitochondrially-encoded in all organisms
shown in Table 1, is absent from C. reinhardtii mtDNA
(Michaelis et al. 1990). Nine genes for subunits of the NADH
dehydrogenase complex have been found so far in the
mitochondrial genomes of different organisms. Eight of these
genes are listed in Table 1, and the gene for another subunit
(ND8) has been identified in the protist Paramecium (Pritchard
et al. 1990). Some of these NADH dehydrogenase genes are
absent from the mitochondrial genome of human and Podospora
(ND7, ND8), C. reinhardtii (ND3, ND4L, ND7, ND8) and all of
them in yeast. In trypanosomes, only ND1,ND2, ND4, ND5 and ND7
have been identified to date (reviewed in Bonen, 1991).

Ribosomal protein genes form a group that is absent from
animal mitochondrial genomes, rare in fungi and more abundant
in plants (see Table 1 and Bonen, 1991). The 1liverwort
mitochondrial genome contains at least sixteen ribosomal
protein genes based on their homology to bacterial ones (0da
et al. 1992). Seven of the ribosomal protein genes found in
liverwort are known to be present in certain angiosperm
mitochondrial genomes (rps3, rps7, rpsiz, rpsl3, rpsi4, rpslo,
rpli6). The genes for ribosomal pro@eins S12, S14, L2 and L1i4
have also been found in Paramecium mtDNA (Pritchard et al.
1990).

Based on the complete sequence of the chloroplast genomes

in liverwort (Ohyama et al. 1986) and tobacco (Shinozaki et
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al. 1986), chloroplasts also contain genes that are
evolutionarily related to mitochondrial ones; This group
includes the genes for the four ATP synthase subunits and the
NADH dehydrogenase subunits shown in Table 1, as well as
subunit 8 which was shown to be encoded by the chloroplast
DsbG gene (Nixon et al. 1989). There are also seven ribosomal
proteins (s3, S7, si2, S14, S19, L2, L16) that are encoded by
both chloroplast and mitochondrial genomes,

When this work began in 1987, only a few genes had been
found in plant mtDNA: essentially genes for cytochrome
oxidase, cytochrome,,_., and ATP synthase subunits. Estimations
based on in organello protein synthesis in isolated
mitochondria in maize (Forde and Leaver, 1980) or
transcriptional studies in Brassica (Makaroff and Palmer,
1987), predicted that 20-30 proteins would be encoded in plant
mitochondrial genomes. As 1listed in Table 1, twenty-one
protein-coding genes have been identified in angiosperm
mitochondria to date. The complete sequence of the Marchantia
polymorpha mitochondrial genome indicates the presence of
approximately 30 protein-coding genes of known functions,
three ORFs with homology to previously identified
mitochondrial ORFs in other organisms and 28 additional ORFs
longer than 60 codons (0Oda et al. 1992). Thus, the liverwort
mitochondrial genome could potentially encode as many as 60
proteins, which is somewhat more than initially expected for
angiosperms. It is likely that several liverwort mitochondrial

ORFs will also be present in angiosperm mitochondrial genomes.




1.2.1. Gene transfer from mitochondria to nucleus.

There are only two protein-coding genes, némely coxI and
cob genes, that are present in all mitochondrial genomes that
have been examined. This suggests that most genes that were
originally present in the endosymbiont have been either lost
or transferred to the nucleus. For successful gene transfer,
nuclear copies must be properly transcribed and specific
signals must be acquired for their expression. The nuclear
gene product must also be targeted to mitochondria and this
involves an intricate protein import machinery (reviewed by
Pfanner and Neupert, 1990).

One may wonder why all the mitochondrial genetic
information has not been completely transferred to the
nucleus. It appears costly to maintain protéin synthesis and
DNA replication machineries in organelles to express only a
small number of genes. Interestingly, in Epifagus virginiana,
a nonphotosynthetic root parasite, the plastid genome has been
reduced considerably over a short period of time (5-50 Myr)
and has retained only rRNA genes, ribosomal protein genes and
some ORFs of unknown function (dePamphilis and Palmer, 1990).
These ORFs might be involved in essential nonphotosynthetic
functions that would justify the maintenance of this plastid
genome. This raises the possibility that constraints may exist
for maintaining certain genes within organelles, but it
remains puzzling as to which genes those are (if any) and what
their functions are.

Well-documented examples of gene transfer events suggest
a model to describe how such events occur. One example is the
atp9 gene, which is mitochondrially-encoded in yeast but not
in Podospora (Cummings et al. 1990) or animals (Attardi and

Schatz, 1988). In Neurospora, both nuclear and mitochondrial
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genomes contain.one copy of the atp9 éene, but only the
ﬁuclear copy has been demonstrated to be expréssed (Mishra,
1991). Similarly, the coxII gene is found in almost all plant
mitochondrial genomes, but is nuclear-encoded in mung bean and
cowpea and is present in both genomes of certain legumes
(Nugent and Palmer, 1991). These two examples (atp9 and coxIT
genes) suggest that the nuclear gene copy becomes functional
before the 1loss of the mitochondrial copy. Interestingly,
based on Southern blot hybridizations, each ribosomal protein-
coding gene that has been identified in the mitochondrial
genome of a specific angiosperm appears to be absent from some
other ones (Table 1), raising the possibility that many of
these genes have been transferred to the nuclear genome during

plant eveolution.

1.3. RATES OF NUCLEOTIDE SUBSTITUTION IN MITOCHONDRIAL
GENOMES. .

Another source of diversity among mitochondrial genomes
lies in the extremely variable rates of nucleotide
substitution as inferred from DNA sequence data. Based on
restriction site mutations, plant mtDNA appears to have a very
slow rate of nucleotide substitution in both coding and non-
coding regions (Palmer and Herbon, 1988). Similar differences
in the rates of nucleotide substitution are observed in rRNA
gene sequences (Gray et al. 1989). Moreover, in protein-coding
genes, synonymous and nonsynonymous positions are estimated to
change approximately three times slower in mtDNA than in
plastid DNA, which itself is believed to evolve two times more
slowly than nuclear sequences (Wolfe et al. 1987).

There are also major differences in the rates of

nucleotide substitution among mitochondrial genomes from
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different organisms. In contrast to the slow rate observed in
plant mtDNA, the converse situation is seen in mammals where
mtDNA evolves faster than nuclear DNA. Consequently, plant and
mammalian mtDNAs differ in their respective rates of silent
substitutions by 10 to 100 times (Wolfe et al. 1987). The
reasons behind the slow evolution of plant mtDNA sequences are
not known, but they may be due in part to differences in the
DNA repair systems and in the fidelity of replication.
However, Gray and colleagques (1989) suggested that a high
level of conservation of DNA sequences in plant mitochondria
alone cannot explain these differences, and that mitochondrial
genomes may have a polyphyletic origin. Whether mitochondria
and chloroplasts have monophyletic or polyph?letic origins has
been debated in the literature. Arguments for one view or the
other view are based on the diversity of membrane
ultrastructure and pigment composition, and the question is
whether these features have emerged before or after

endosymbiosis (reviewed by Gray, 1989b; 1991).

1.4. PLANT MITOCHONDRIAL GENOMES.

It is clear from the above sections that mitochondrial
genome features display considerable variation in different
organisms. In this section, an overview of the plant
mitochondrial genome organization is presented in terms of
size, structure and recombinogenic nature. This section also
illustrates that mitochondrial genomes are in many respects

more complex in plants than in other organisms.
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1.4.1. Plant mitochondrial genome sizes.

One distinctive feature of plant mitochondrial genomes is
their large size. The smallest plant mitochondrial genome is
found in Marchantia polymorpha (187 kb, Oda et al. 1992), and
the smallest one among angiosperms has been reported in
Brassica hirta (208 kb, Palmer and Herbon, 1987). Thus all
plant mitochondrial genomes are more than 12 times larger than
human mtDNA which is organized in a compact circular molecule
of approximately 16 kb (reviewed in Attardi and Schatz, 1988).
There are also certain animal mitochondrial genomes that are
as small as 14.3 kb or as large as 32 kb (reviewed in Gray,
1989a). Plant mitochondrial genomes are also larger than most
fungal ones which vary from 17.6 kb in Schizosaccharomyces
pombe EF1l (Wolf and Del Giudice, 1988) to 176.3 kb in Agaricus
bitorquis (Hintz et al. 1985).

Another hallmark of plant mtDNA is that sizes vary
greatly between closely~related species. The most striking
variation in size has been observed in the family
Cucurbitaceae. The watermelon mitochondrial genome is
approximately 330 kb which is about seven times smaller than
the 2400-kb mitochondrial genome of muskmelon (Ward et al.
1981) . Such differences were initially unexpected since these
plants presumably have a very similar gene content.

The large size of plant mtDNA compared to other organisms
is mostly due to non-coding DNA, to the presence of introns
and to the presence of plant-specific genes. Non-coding DNA is
abundant in plant and fungal mtDNAs (Gray, 1989a). In
contrast, non-coding regions represent only a very small
portion of animal mitochondrial genomes. Introns are also
important contributors to fungal and plant genome sizes

compared to animals in which introns have not yet . been
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reported. Although the number of plant mitochondrial genes
might be substantially larger than that of non-piant organisms
(section 1.2), coding regions are expected to cover only a
small part of most plant mitochondrial genomes.

One may also wonder what are the reasons for these
differences in size among plant mitochondrial genomes. Based
on solution hybridization data, only 5-10% of extra DNA
consists of repetitive sequences (Ward et al. 1981). The
integration of DNA from nuclear and chloroplast sources also
appears to contribute to the lérge size of plant mitochondrial
genomes. Chloroplast DNA sequences are frequent and widespread
in mitochondrial genomes (Stern and Palmer, 1984). The
presence of sequences closely-related to va?ious plastid ones
at different sites of plant mitochondrial genomes suggests
that multiple DNA transfer events from the chloroplast to the
mitochondria have occurred recently during evolution (review
by Newton, 1988). Except for some chloroplast tRNA genes that
ére functional in plant mitochondria (Joyce and Gray, 1989),
most chloroplast DNA sequences that have been inserted in

mitochondrial genomes appear to be non-functional.

1.4.2. Plant mitochondrial genome structure.
When plant mtDNA is digested with restriction enzymes,

DNA fragments of various abundances are observed. Certain low
level molecules can be detected only by hybridization and have
been termed "sublimons" (Small et al. 1989). These different
stoichiometries and the large sizes of plant mitochondrial
genomes have hindered a rapid characterization of their
structure.

Restriction mapping analysis of plant mtDNA predicts the

presence of large circles in wheat (430 kb; Lejeune and
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Quétier, 1988), maize (570 kb; Lonsdale et al. 1984), B.
campestris (218 kb; Palmer and Shields, 1984),'B. hirta (208
kb; Palmer and Herbon, 1987), sugar beet (386 kb; Brears and
Lonsdale, 1988), Petunia hybrida (443 kb; Folkerts and Hanson,
1989) and 1liverwort (187 kb; Oda et al. 1992). Plant
mitochondrial genomes also contain a certain number of
repeated elements which vary from none in Brassica hirta
(Palmer and Herbon, 1988) to as many as ten in wheat (Lejeune
and Quétier, 1988). In B. campestris for example, the 218-kb
mitochondrial genome contains two copies of a directly
repeated sequence of approximately 2 kb. A model has been
proposed in which these repeated elements recombine to
generate two subgenomic circles of 135 kb and 83 kb (Palmer
and Shields, 1984). Restriction mapping analysis is also
consistent with the presence of such subgenomic circles.
However, except in liverwort, none of the master circles
that are inferred from restriction mapping in different plants
have been observed by electron microscopy, and only in rare
cases have subgenomic circles been physically characterized
(reviewed by André et al. 1992). Using pulsed-field gel
electrophoresis and Eckhardt gels, Levy and colleagues (1990)
have shown that a large circular chromosome of 120 kb in maize
(Black Mexican Sweet) is abundant. They suggested that this
chromosome has been isolated from the rest of the genome
because it lacks recombinational repeats (see also André et
al. 1992). In watermelon, electron microscopy and gel
electrophoresis data indicate that linear molecules are more
abundant than circular ones, and that some linear molecules
are four times longer than the 330-kb mitochondrial genome
(Bendich and Smith, 1990). It is therefore unclear whether the

circular master chromosome exists in certain plants, and it is
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certainly not abundant in most plants. While animal and fungal
mtDNAs are usually circular, linear mtDNAs have been reported
in some, but not all, protists such as Tetrahymena (55 kb),
Paramecium (41 kb) and C. reinhardtii (15.8 kb; reviewed by
Gray, 1989a).

The organization of plant mitochondrial genomes in
multiple circular and/or linear molecules raises the problem
as to how it is ensured that all genetic information is
replicated and transmitted to progeny. Palmer and Shields
(1984) have suggested that the mtDNA replication system may
operate on multiple circles or by suppression of recombination
and only the master chromosome would be replicated (see also
Lonsdale, 1984). However, little is known ébout how and when
recombinational events occur, and how the level of each
molecular form is regulated. In yeast, mitochondrial growth
and division is independent of mtDNA replication since strains
without mtDNA can still undergo mitochondrial division. This
indicates that mitochondrial division is controlled by the
nucleus (Attardi and Schatz, 1988). In plants, it has been
shown that isolated mitochondria are capable of both
replicative and repair DNA synthesis (reviewed in Levings and
Brown, 1989), but many questions remain to be addressed
regarding the replication origin(s) and the factors involved

in the replication process.

1.4.3. Plant mitochondrial DNA rearrangements.
Although the primary sequence of mtDNA is remarkably well

conserved among plants, the gene order varies considerably in
different species because of frequent DNA rearrangements that
have occurred during evolution. This is in contrast with

animal mitochondrial genomes in which the gene order is nearly
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identical between widely divergent species (Attardi and
Schatz, 1988), but is similar to fungal ones émong which the
gene order differs considerably (Scazzocchio, 1987; Lonsdale,
1989). In plants, the frequency of DNA rearrangements is such
that, even between closely related species, gene flanking
sequences are often completely different, and breakpoints in
homology are found very close to or even within coding
regions. Interestingly, the liverwort mitochondrial genome
contains certain ribosomal protein operons with a similar gene
order to those of the chloroplast and Escherichia coli (0Oda et
al. 1992). This observation suggests that plant mitochondrial
genome organization may have been stable prior to the
divergence of bryophytes and angiosperms.:

The reasons behind the recombinogenic nature of mtDNAs in
angiosperms have been extensively discussed in the literature
(Lonsdale, 1989; André et al. 1992). Short repeated sequences
are often found at sites of DNA rearrangements, and sometimes
correspond to gene pieces that have been duplicated in plant
mitochondrial genomes. These short repeats are ubiquitous in
plant mtDNA and are clearly active in recombination (André et
al. 1992). Interestingly, fungal mitochondrial genomes also
contain short repeats that can recombine occasionally (Wolf
and Del Giudice, 1988). In both yeast and maize, a three-stage
recombination model, which involves subsequent recombination
between long and short repeated elements, has been proposed to
explain duplication and deletion of mtDNA sequences during
evolution (Small et al. 1989).

André and colleagues (1992) have proposed another model
which may explain the origin of some of the short repeated
sequences. This model suggests that reverse transcription of

"nonfunctional”™ RNA molecules may occur and these sequences
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could be subsequently integrated in plant mitochondrial
genomes. Although reverse transcriptase activify has not yet
been detected in plant mitochondria, several reverse
transcriptase-homologous sequences are present (Brennicke and
Schuster, 1987; Newton, 1988; Wahleithner et al. 1990). Thus,
frequent DNA rearrangements and short repeats are possibly
linked, and this raises questions whether homologous
recombination is general or site-specific (discussed in Joyce
et al. 1988). As yet, there is no evidence suggesting that

sequence motifs are necessary for recombination to occur.

1.4.4. Cytoplasmic male sterility.

Mitochondrial DNA rearrangements  are intimately
associated with deficiencies leading to certain types of
cytoplasmic male sterility (CMS) in plants. The net result of
CMS is that pollen is defective or simply absent in an
otherwise normal plant. Analysis of specimens shows that novel
chimeric genes are often generated by mtDNA rearrangements.
The urfl3-T and pcf genes are well-documented examples of
chimeric genes involved in CMS (reviewed by Newton, 1988;
Hanson, 1991). Although the mechanism underlying CMS is not
well understood, it appears that chimeric gene products affect
the respiratory capacity of mitochondria. The use of male-
sterile lines has contributed greatly to plant breeding and to
the production of hybrid seeds. Our understanding of how CMS
is occurring will benefit from a better knowledge of the
fundamental aspects of plant mtDNA structure and gene

expression.
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1.5. PLANT MITOCHONDRIAL TRANSCRIPT ANALfSIS.

Rearrangements in plant mtDNA often éccur in the
neighbourhood of translated sequences or within transcribed
regions. Consequently, regulatory elements that are usually
found upstream and downstream of coding sequences are often
located within unrelated regions in different plants. Despite
the large genome size and the abundance of spacer DNA, most
mtDNA regions appear to be transcribed although at different
levels among plants (reviewed in Gray et al. 1992). In B.
campestris, Northern blot hybridizations indicate that
approximately 30% of the 218-kb mitochondrial genome 1is
transcribed into 24 abundant stable RNAs and most of the rest
of the genome is transcribed at a lower level (Makaroff and
Palmer, 1987). Similarly, in organello transcription studies
suggest that the maize mitochondrial genome is virtually
entirely transcribed, but some regions have no stable

transcripts in vivo (Finnegan and Brown, 1990).

1.5.1. Plant mitochondrial transcription units.

Transcript analysis of mitochondrial genes from different
plants reveals that some genes are cotranscribed: e.g. nad3-
rpsl2 in wheat (Gualberto et al. 1988), ORF25-coxIIT in rice
(Liu et al. 1992), rpsld-cob in broad bean (Wahleithner and
Wolstenholme, 1988), rrnl8-rrn5-nad5 in Oenothera (Wissinger
et al. 1988). However, genes that are transcriptionally linked
in one plant are often unlinked in others because of DNA
rearrangements. For example, the rpsl3 gene is cotranscribed
with the coxI gene in Oenothera (Wissinger et al. 1990), and
the atpd gene in tobacco (Bland et al. 1986). In wheat, the
rpsl3 gene is preceded by the atp6 gene but appears to have no

stable transcript (Bonen, 1987).
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Transcription in plant mitochondrié involves multiple
promoters (Gray et al. 1992). This is in contrast with animal
mitochondria which have only one promoter for each DNA strand
(reviewed in Clayton, 1991), but is similar to yeast where at
least 19 promoters are seen (reviewed in Wolf and Del Giudice,
1988) . Plant mitochondrial transcription units, so far, do not
exceed two or three genes, but the liverwort mtDNA
organization suggests that longer operons are present (Oda et

al. 1992).

1.5.2. Potential transcription initiation sites in plant

mitochondria.

The identification of transcription initiation sites
constitutes an important step in our understanding of plant
mitochondrial gene expression. A number of 5' termini have
been mapped by primer extension but the lack of consensus in
the corresponding regions has raised the possibility that some
of these transcript ends could result from RNA processing
(Gray et al. 1992). To get around this problem, the
guanylyltransferase enzyme has been used to label specifically
primary transcripts which have di- or triphosphate at their 5!
termini. The results led to the identification of a consensus
sequence in wheat (Covello and Gray, 1991), maize (Mulligan et

al. 1991) and soybean (Brown et al. 1991).

Wheat: rAaannGCrTAtArtragt Covello and Gray, 1991
. t G,a .
Maize: aCRTAtAtAAa Mulligan et al. 1991

Soybean: yrAAATnnCRTAAGAGAAGAAAG Brown et al. 1991
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These consensus promoters are similaf but share only the
short CRTA motif (in bold). In addition, the pésition of the
transcription initiation site (underlined) varies relative to
the CRTA motifs, and this variation is also seen for different
maize promoters (Mulligan et al. 1991). In similar experiments
in soybean, the identification of an unrelated transcription
initiation site for the primary "RNA e" (which does not fit
the soybean consensus) has led Brown and colleagues (1991) to
propose that different types of promoters could be used in
plant mitochondria.

In maize, site directed mutagenesis indicates that the
G(AT);., motif proposed earlier (Mulligan_et al. 1988) is
dispensable in vitro, and a stretch of 11 nucleotides
(ACGTATTAAAA) constitutes an essential promoter element for
the atpA gene (Rapp and Stern, 1992). It appears, however,
that this 11-bp sequence alone is insufficient for promoter
activity. These observations contrast with the S. cerevisiae
mitochondrial consensus promoter (ATATAAGTA) which is also
well conserved in other yeast species (Wolf and Del Giudice,
1988; Gray et al. 1992). Thus, initiation of transcription
appears to occur at specific sequences in plant mitochondria,
but these may vary between species, and one species may have

multiple types.

1.5.3. RNA processing at 5' and 3' termini.

RNA processing also contributes to the complexity of
transcript profiles in plant mitochondria (reviewed by Levings
and Brown, 1989; Gray et al. 1992). This is similar to
observations made for the chloroplast in which polycistronic
transcripts are extensively processed at 5' and 3' termini as

well as between genes (reviewed by Gruissem et al. 1988). In
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animal mitochondria, protein-coding genes are interspersed
with tRNA genes which appear to serve as ﬁNA processing
signals (reviewed by Clayton, 1991), and a site-specific
endoribonuclease plays a major role in RNA processing. In
Neurospora, long stem-loop structures flank tRNA genes at RNA
processing sites (Burger et al. 1985), and tRNA structures
have been shown to act as processing signals in s. pombe (Wolf
and Del Giudice, 1988). In plant mitochondria, both stem-loop
and tRNA structures appear to be used in processing (Gray et
al. 1992). Single and double stem-loop structures have been
observed downstream of certain genes. Some of these structures
are located immediately upstream of the position of transcript
termini established by S1 nuclease mapping. Although these
structures may resemble bacterial transcription termination
sites (Schuster et al. 1986), it is more likely that they are
involved in RNA processing which appears to be predominant
over transcription termination in plant mitochondria (reviewed

in Levings and Brown, 1989; Gray et al. 1992).

1.6. RNA EDITING.

RNA editing involves posttranscriptional modifications
that can specifically alter the coding information that is
present in the genomic DNA. Different types of RNA editing
have been found in a wide variety of genetic systems,
including the mammalian nucleus, in the mitochondria of
trypanosomes, Physarum and plants, and in plant chloroplasts
(reviewed in Cattano, 1991; Gray et al. 1992).

In trypanosomal mitochondria, RNA editing is a
developmentally-requlated process that results in extensive
insertions and deletions of uridines (U) . These changes are

necessary at the RNA level to generate the correct reading
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frame. Some mRNAs contain as many as 40% of their bases either
inserted or deleted (Feagin et al. 1988). In slime mold
mitochondria (Physarum .polycephalum), cytidines (C) are
inserted in both mRNAs and rRNAs, and RNA editing sites are
rather evenly spaced (Mahendran et al. 1991).

Another type of RNA editing involves tissue-specific
cytidine to uridine (C-to-U) changes that create a stop codon
in mammalian apolipoprotein B transcripts. In vitro studies
indicate that the process occurs by deamination (Hodges and
Scott, 1992). similarly, RNA editing is crucial in the
conversion of a CAG codon (glutamine) to CGG codon (arginine)
in a glutamate gated channel (Sommer et al. 1991). The authors
have suggested that deamination may in . fact convert an
adenosine (A) to inosine (I). In these two cases of editing in
mammalian nuclear genes, like in trypanosomes, the process is
also developmentally regulated.

Mammalian editing in apolipoprotein B transcripts is
conceptually similar to the C-to-U RNA editing process that
was recently discovered in plant mitochondria (Gualberto et
al. 1989; Covello and Gray, 1989; Hiesel et al. 1989),
although plant mitochondrial RNA editing is much more
extensive (see below). Interestingly, several C-to-U changes
have also been observed in chloroplast RNAs but appear to be
less frequent than in plant mitochondrial transcripts (Hoch et
al. 1991; Maier et al. 1992).

Although these modifications are all grouped under the
label "RNA editing" and although many of them are found in the
mitochondria of different organisms, they are different with
respect to the type of changes involved, their frequency and
presumably the mechanisms underlying the process. These

observations and the sporadic distribution of RNA editing in
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different lineages led Gray et al. (1992) to conclude that the
different types of mtRNA editing are likely to have evolved

relatively recently.

1.6.1. RNA editing in plant mitochondria.

Plant mitochondrial C-to-U RNA editing sites are seen in
the coding regions of most mRNAs, and some editing sites have
also been observed in non-translated regions. Approximately 2-
15% of the codons are affected, and usually the predicted
amino acid sequence similarity with homologues from other
organisms is increased (reviewed in Walbot, 1991; Gray et al.
1992; Bonnard et al. 1992). A large portion of the RNA editing
sites are plant-specific, so that it is possible to predict
the position of certain sites by a comparison of plant genomic
DNA sequences (Covello and Gray, 1990). Uncommon U-=to-C
changes called reverse editing have been described (reviewed
by Schuster et al. 1991a; Bonnard et al. 1992) . These U=-to-C
changes are only present in rare cDNA clones, except one
silent U-to~C editing site that has been observed in all wheat
coxIII transcripts examined (Gualberto et al. 1990).

The analysis of RNA editing in transcripts at different
stages during RNA maturation revealed that higher levels of
editing are observed after splicing (Yang and Mulligan, 1991;
Sutton et al. 1991), and in polysomal RNA (Gualberto et al.
1991). These observations indicate that a temporal
relationship exists between RNA editing and transcript
maturation, and supports the view that mRNAs are for the most

part edited during early stages of the RNA maturation process.

20

22 An Az



| EESSEE

1.6.2. Mechanisms underlying RNA editing.

Although the phenomenon of RNA editing in plant
mitochondria has been 'extensively described since its
discovery three years ago, the mechanisms by which RNA editing
occurs and how editing sites are specifically recognized
remain obscure. There are no consensus and/or secondary
structures that have been identified in the sequences flanking
the edited sites, except that deviations from expected
nucleotides frequencies have been observed at surrounding
positions (Covello and Gray, 1990), and that a guanosine (G)
rarely precedes an edited C in Oenothera (Schuster et al.
1991a). These data suggest that constraints exist on sites to
be edited, but they are not sufficient alone to distinguish
those nucleotide positions to be edited.

The C-to-U changes seen in plant mitochondria could occur
by base modifications, base substitutions or nucleotide
substitutions. Editing in mammalian apolipoprotein B mRNAs
occurs by deamination, which would correspond to a base
modification mechanism. In trypanosomal mitochondria, guide
RNAs are responsible for the recognition of the sites to be
edited and for providing Us to be inserted, and this appears
to be consistent with a model involving a double
transesterification reaction (Blum et al. 1990; 1991; Harris
and Hajuk, 1992). In vitro experiments have shown that RNA
editing activity is detected in wheat mitochondrial extracts,
and that the machinery involved is nuclease and protease
sensitive (Araya et al. 1992), but more work will be necessary

to elucidate the components involved in plant mtRNA editing.
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1.7. RNA SPLICING. '
Organellar introns are usually divided into different
categories according to their structural characteristics.
Group I and group II introns can be folded into distinct
secondary structures (Michel et al. 1982; see Burke, 1988 and
Michel et al. 1989 for reviews). Other short AT-rich introns
found in Euglena chloroplast clearly share some structural

similarities with group II introns (Michel et al. 1989). These

three types of introns are different from the most studied

pre-mRNA introns found in nuclear genes (Ruby and Abelson,
1991) . It should be noted, however, that group II and nuclear
pre-mRNA introns have biochemical characteristics in common
between their splicing mechanisms (Jacquier, 1990). A fourth
category consists of short introns in tRNA genes that are
excised by a different RNA processing mechanism (reviewed by
Rogers, 1990).

Some group I and group II introns have been demonstrated

to undergo self-splicing (Cech, 1986) and reverse-splicing in

.vitro (Woodson and Cech, 1989; Augustin et al. 1990). However,

efficient splicing in vivo is dependent on specific protein
factors that are encoded by intronic ORFs (maturases) or by
nuclear genes (reviewed in Lambowitz and Perlman, 1990).
Maturase ORFs are present in some, but not all, group I and
group II introns and may be necessary for the splicing of more
than one intron. In group I introns, another class of ORFs
encodes endonucleases that are directly involved in intron
mobility (Delahodde et al. 1989, see below). In group II
introns, maturase ORFs have blocks of homology with retroviral
reverse transcriptases (Michel and Lang, 1985).

The majority of the nuclear-encoded proteins involved in

splicing of group I and group II introns appear to be

22



multifunctional (Lambowitz and Perlman, 1990) . The most well-
studied ones are the leucyl-tRNA synthetase in yeast and the
tyrosyl-tRNA synthetase'in Neurospora. The identification of
a number of additional genetic loci in yeast and Neurospora
that are important in intron splicing (reviewed by Lambowitz
and Perlman, 1990) illustrates the complexity of the machinery
involved in this process.

The number of group I introns in organelles is
exceptionaliy high compared to the rare examples found in
nuclear and eubacterial genomes (Cavalier-smith, 1991;
Reinhold-Hurek and Shub, 1992). Group II introns have as yet
been found only in organellar genomes. The idea that most
group I and group II introns were inserted in organellar
genomes recently has gained much support during the last few
yYears (reviewed in Palmer and Logsdon, 1991). This idea is
based on their biased phylogenetic distribution and on the
fact that introns can behave as mobile genetic elements. There
are many group I and some group II introns that have been
shown to be mobile (reviewed by Dujon, 1989; Perlman and

Butow, 1989; Schmidt et al. 1990).

1.7.1. Structural characteristics of qroup II introns.

Group II introns can be folded into a secondary structure
which includes a central core surrounded by six helical
domains that are represented schematically in Figure 1 (Michel
et al. 1982). Mutagenesis studies have confirmed predictions
that were initially based on phylogenetic conservation.
Consensus sequences are found at the 5 splice site (GTGCG or
GCGCG) and at the 3' splice site (YAY in subgroup IIA or YAR
in subgroup IIB). The members of these two subgroups are

classified according to structural and/or sequence motifs
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Figure 1. Schematic representation of the group II intron
secondary structure. The intron core structure is surrounded
by six helical domains (I-VI) and is flanked by the 5' and
3' exons (éolid blocks). The position of the bulging A in

domain VI is not shown.
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found in domains I, III and VI (Michei et al. 1989). The
domain V usually forms a hairpin structure of 14 bp containing
two bulging nucleotides on the 3' side of the helix, and has
a purine-rich tetraloop. These are among the most conservative
and easily identifiable elements of group II introns.

In addition, several long-range interactions are crucial
to establish appropriate intron structures. Among these, exon-
binding sequences (EBS1, EBS2), that are located in domain I,
are complementary to intron-binding sequences (IBS1, IBS2)
located at the 3' end of the upstream exon. IBS1-EBS1
interaction is believed to be important for the precision of
splicing at the 5' splice site and for maintaining the
splicing intermediates in close proximity (Michel and
Jacquier, 1987).

Based on in vitro self-splicing studies, another long-
range interaction has been found between domain VI and the 5
splice site (van der Veen et al. 1986). Group II introns, like
spliceosomal introns (Jacquier, 1990), form a lariat structure
as a by-product of splicing. Lariat formation results from a
2'-5' phosphodiester bond between an internal 2' hydroxyl
group and the 5' splice site. This hydroxyl group is provided
by a bulging A located 7 or 8 nucleotides upstream of the 3°'
splice site in domain VI. The bulging A is among the most
conservative positions of group II introns.

In vitro self-splicing properties of group II introns and
site-directed mutagenesis have also been used to test which
structures are essential for catalytic functions. In these
experiments, structural elements have been removed
individually (domain II, III, IV or VI) or in blocks (domains
II, IV and VI) without abolishing self-splicing in vitro
(Bachl and Schmelzer, 1990; Koch et al. 1992). In spite of all
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the long-range interactions that are known, the specific role
of domain V remains obscure. It is clear, howevér, that domain
V forms a key element which is probably central to the
tertiary folding of group II introns. Recent studies of the
intron 5-gamma of the yeast coxI gene (Koch et al. 1992)
indicate that domain V interacts directly with domain I, and
that these two domains together with the upstream exon
constitute the only essential structures that are necessary

for catalytic activity of group II introns.

1.7.2. Trans-splicing in vivo.

The term "trans-splicing" is used “to designate the
covalent linkage of RNAs arising from different transcription
units. In the more commonly observed cis-splicing process, the
spliced RNAs arise from a single transcript. Trans-splicing is
involved in vivo in the linkage of a 39 nt leader sequence to
all pre-mRNAs in trypanosomes and related organisms. The
pProcess involves pre-mRNA-like intron structures and
components of the spliceosome (Agabian, 1990). Trans-splicing
is also involved in the maturation of a minority of mRNAs in
nematodes (reviewed by Sharp, 1987; Laird, 1989), as well as
in Euglena (Tessier et al. 1991).

Another trans-splicing model has been proposed for two
chloroplast genes. In these cases, secondary structural
features characteristic of group II introns appear to interact
specifically for the junction of coding sequences. The rpsi2
gene in liverwort and tobacco chloroplasts contains exons that
are located at two widely separated sites and on different
strands (Fukuzawa et al. 1986, Zaita et al. 1987; Hildebrand
et al. 1988). This unusual gene organization results from a

discontinuity within domain III of the first intron, and base
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Pairing in this domain may constitute an important trans-
interaction for the proper recognition of introns halves
(Kohchi et al. 1988). Similarly, the C. reinhardtii psalA gene
has three exons and requires two trans-splicing events. Exons
1 and 2 are located on opposite strands and are also far apart
from exon 3; each exon appears to be transcribed independently
(Klick et al. 1987).

The isolation of C. reinhardtii mutants suggests that at
least fourteen nuclear loci are required for the maturation of
pbsaA mRNAs (Goldschmidt-Clermont, 1988). Mutations in these
loci affect the splicing of either intron 1 or intron 2, or
both, showing that specific and common factors are necessary.
A chloroplast genetic locus (designated tscld) also appears to
be essential for trans-splicing. It has been proposed that the
tscA gene product is a short RNA molecule that would be
directly involved in the formation of intron 1 core structure
(Goldschmidt-Clermont et al. 1991). These findings illustrate
the complexity of the components (RNA and/or protein) involved
in the splicing of distant coding sequences in the chloroplast

genome.

1.8. OBJECTIVES.

This overview has illustrated that plant mitochondrial
genomes have both unique and common features compared to those
of non-plant organisms. One of the most prominent features of
plant mitochondrial genomes is their highly recombinogenic
nature. It is therefore particularly interesting to study the
influence of DNA rearrangements on genome organization, gene
structure and gene expression during evolution.

This work aims to elucidate aspects of the structure and

expression of the wheat mitochondrial gene for subunit I of
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the NADH dehydrogenase complex (nadl). The NADH dehydrogenase
complex 1s comprised of about 25 subunits ‘in Neurospora
mitochondria (Weiss et al. 1987), and probably at least as
many in plants (Douce and Neuberger, 1989); and it constitutes
the largest component of the electron transport chain.
Respiration in plant mitochondria is more complex than in
animals because of alternative pathways such as the rotenone-
resistant NADH dehydrogenase and the cyanide-insensitive
oxidase (Douce and Neuberger, 1989).

Somewhat unexpectedly, genes homologous to the
mitochondrial NADH dehydrogenase genes are present in the
chloroplast genomes (Matsubayashi et al. 1987). The presence
of genes for NADH dehydrogenase components in chloroplast
genomes has raised the hypothesis that chloroplasts may
contain an NADH dehydrogenase activity and perhaps a
respiratory chain similar to the mitochondrial one, which
could be involved in chlororespiration. Chloroplast
respiratory activity has been reported in Chlamydomonas
(Bennoun, 1982) and is expected to be present in land plants
(Meng et al. 1987; Wu et al. 1989; dePamphilis and Palmer,
1991).

Prior to the study presented here, sequences homologous
to short segments of the nadi gene had been found in the
mitochondrial genomes of several plants (Bland et al. 1986;
Stern et al. 1986; Bonen 1987). However, because these
Sequences corresponded only to small internal portions, it was
not clear whether they were parts of pseudogenes. The
functionality of these nadi1 Sequences was also doubtful
because, interestingly, mitochondrial genes for NADH
dehydrogenase subunits are absent in the yeast mitochondrial

genome (Table 1), and have not been found in the nuclear
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genome (Marres et al. 1991). Assuming the hypothesis that
these plant nadl sequences are not functional, the gene could
have been transferred to the nucleus during evolution and the
protein imported into the mitochondrion. Another theoretical
possibility is that the mitochondrial NAD1 protein is perhaps
imported from the chloroplast where it could be encoded by the
evolutionarily-related ndhA gene (Makaroff and Palmer, 1987).

Alternatively, these nadl sequences could be functional
but unusual cis- or trans-splicing would be required for their
expression. In the present study, the hypothesis that the rest
of the nadl gene sequences are present and functional in wheat
mitochondria was tested at the DNA and RNA 1levels. The
objectives of this research have been (1) to determine whether
the whole nadl gene is present and, if so, (2) to examine
whether it is functional in wheat mitochondria, (3) to study
its expression at the RNA level both with respect to RNA
splicing and RNA editing, and (4) to analyze nadl transcripts

to gain information about potential intronic structures.
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CHAPTER 2. MATERIALS AND METHODS.

2.1. NUCLEIC ACID ISOLATION.

The methods used for the isolation of DNA and RNA from
wheat mitochondria (Triticum aestivum var. Frederick) were
derived from Bonen and Gray, (1980) and Wilson and Chourey
(1984) . Prior to germination, seeds were sterilized for 5 min.
in 1% NaoCl and 10 min. in 0.01 N HCl, and rinsed with sterile
water 3-5 times after each treatment. For DNA isolation,
dissected embryos were germinated for 24 hours in the dark on
two layers of Whatman 3MM paper soaked in sterile 1% glucose
in Petri dishes. For RNA isolation, 50 g of seeds/tray (25 cm
X 25 cm) were germinated in approximately 1 inch of autoclaved
vermiculite soaked with water over 3 days in the dark. Pea
(Pisum sativum var. Homesteader) seeds were treated as for
wheat, and germinated for 6 days in the dark prior to
isolating mtDNA and mtRNA.

Tissues (dissected embryos for wheat mtDNA, and shoot
tissue for wheat and pea mtRNA and pea mtDNA) were harvested
and ground in buffer I (0.44 M sucrose, 50 mM Tris-HCl pH 8.0,
3 mM EDTA, 1 mM B-mercaptoethanol, 0.1% bovine serum albumin)
with a mortar and a pestle on ice, and filtered through four
layers of cheesecloth and one layer of Miracloth (Calbiochem).
To isolate mitochondria, centrifugation was performed at 500
X g for 5 min., and the supernatant was centrifuged at 12 000
X g for 30 min. The crude mitochondrial pellet was resuspended
in buffer I and the centrifugation cycles were repeated once.

For DNA isolation, mitochondria were resuspended in 0.6
ml buffer II (50 mM Tris-HC1l PH 8.0, 20 mM EDTA), followed by
lysis in 1.2 ml buffer III (0.2 M Tris-HCl pH 8.0, 0.1 mM
EDTA, 0.2 M NaCl, 2% SDS, 0.2 M B-mercaptoethanol) and
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incubated at 65°C for 20 min. Then, 0.6 ml 5 M potassium
acetate were added and samples were left on ice for 30 min.
Samples were spun for 3 ﬁin. and the DNA (in the supernatant)
was precipitated with 120 ul 5 M ammonium acetate and 1.2 ml
cold isopropanol at -20°C for 30 min. The samples were then
centrifuged for 5 min. The DNA pellet was washed with 70%
ethanol, dried and resuspended in 1.4 ml buffer II. DNA was
reprecipitated with 150 ul 3 M sodium acetate and 1.0 ml
isopropanol (room temperature), spun for 30 seconds, washed
with 70% ethanol, dried and stored in 50 ul TE buffer (10 mM
Tris-HCl pH 7.5, 1.0 mM EDTA).

For RNA isolation, mitochondria were resuspended in 0.2
ml buffer IV (10 mM Tris-HCl pH 8.5, 50 mM KC1, 10 mM MgCl,).
Then 0.2 ml buffer IV containing 8% Triton-X 100 were added.
Mitochondria were lysed by adding 0.6 ml detergent mix (2%
tri-isopropylnaphthalene sulfanate, 12% sodium p-
aminosalicylate, 0.1 M NaCl, 20 mM Tris-HC1 pPH 7.4), followed
by phenol extraction (0.7 ml phenol containing 0.1% 8-
hydroxyquinoline and saturated with TE buffer; Maniatis et al.
1982). 120 ul 5 M NaCl and 0.7 ml phenocl were added to the
aqueous phase for a second phenol extraction step. RNA was
precipitated by the addition of two volumes of 95% ethanol and

stored at -20°cC.

2.2. OLIGONUCLEOTIDE SYNTHESIS.

The following oligonucleotides were synthesized on an
Applied Biosystems DNA synthesizer and have been designated
according to the nadl exon (or region) that they specify. The
Sall, XmnI, XhoI and BglII restriction sites are underlined
within oligomers A3, A4, B3 and E, respectively, and were used

for cloning the PCR amplification products into M13 vectors.
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Al: CCTGCTATAATTATTCCATAAACGC (Figure 33, positions 507-483)

A2: AAGGCTACTCCTAGTAGAAG (Figure 3A, 198-179)
A3: TCGGGTCGACCAGGTCAGGC. (Figure 3A, 86-105)
A4: ATTTTAGAACCCTTTCTC (Figure 3A, 899-882)
Bl: ACTTCATAAGGGACCATTTG (Figure 3B, 676-657)
B2: CGTAATGCTCCTAGAAAGGC (Figure 3B, 646-627)
B3: TTGGGTTGGGGTCTCGAGCCG (Figure 3B, 508-528)
B4: GAAGCTGTCGCTTGACGGAC (Bonen, 1987; 615-596)
Cl: ATCTGCTTTTGCGCCATGAC (Figure 3B, 2182-2163)
D1: TAAGATCATATTGGCATACT (Figure 3C, 255-236)
D2: GGCGAACATCTAATCTAG (Figure 3C, 909-926)
El: AATGGCAAGATCTAGGATAG (Figure 3D, 2829-2810)
E2: GAGCTAATGATAGAGGCAAGAACAC (Figure 3D, 2980-2956)
E3: CCTTCAGAAGAAACTTCCTG (Figure 3D, 3059-3040)

The oligomer E2 sequence was derived from a conserved
region within the watermelon mitochondrial ORF36 (Stern et al.
1986) and oligomer D1 from the broad bean nadl sub-terminal
exon (Wahleithner et al. 1990). The position of oligomer D2 is
based on the sequence of only one strand. An oligomer that
specifies nadS5c was derived from the Oenothera counterpart
sequence (see Figure 3B positions 151-131 in Knoop et al.
1991). Two primers flanking the multiple cloning site are
based on the sequence of primers #1212 (universal sequencing
pPrimer) and #1201 (reverse sequencing primer, New England

Biolab).

2.3. CLONING OF PLANT MITOCHONDRIAL DNA.

Wheat mtDNA (approximately 5 ug) was digested with
various restriction enzymes (from different suppliers),
separated by electrophoresis on agarose gels (1%) in Tris-
acetate buffer (50 mM Tris-HCl pH 8.0, 2 mM EDTA, 20 mM sodium
acetate), recovered using GeneClean (BIO/CAN Scientific) and
ligated with T4 DNA ligase (Boehringer Mannheim) into
dephosphorylated pucC plasmid vectors (15 ng) for
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transformation of E. coli strain TB1. Clones were retrieved
from banks using colony hybridization methods (Méniatis et al.
1982). Plasmid DNA was prepared by the boiling method
(Maniatis et al. 1982).

For DNA subcloning, plasmid restriction fragments of
interest (approximately 100 ng) were isolated from low melting
point agarose gels (1%, BRL), ligated into 2.5 ng M13 DNA
previously digested with the appropriate restriction enzymes
for transformation of E. coli strain JM101 (Maniatis et al.
1982). M13 single stranded DNA was prepared using the
polyethylene glycol method (Maniatis et al. 1982).

2.4. RADIOACTIVE LABELLING OF NUCLEIC ACIDS‘.

Synthetic oligomers (100 ng) were labélled at their 5!
termini with T4 polynucleotide kinase (Pharmacia, 7 units),
gamma-32P-ATP (3000 Ci/mmole, NEN/Dupont, 50 uCi), in kinase
buffer (50 mM Tris-HCl pH 9.5, 10 mM MgCl,, 5 mM
dithiothreitol), and spun through 1 ml Sephadex G-50 columns
(Pharmacia) previously equilibrated in TE buffer (Maniatis et
al. 1982). The second 50-ul eluate was used as probe or as
primer.

Probes specific to certain M13 DNA inserts were obtained
by the synthesis of the complementary strand using the
universal sequencing primer, dNTPs (G, C, T), a-32P-dATP (3000
Ci/mmole, NEN/Dupont) and Klenow fragment polymerase
(Pharmacia). Probes from denatured double-stranded DNA
fragments (approximately 50 ng) were synthesized by the random
priming method using hexamers (Pharmacia), dNTPs (G, C, T), a-
32p_dATP and Klenow fragment polymerase (Sambrook et al.
1989).
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For S1 nuclease mapping, DNA size markers were obtained
by filling recessed 3' ends, generated by cleavége of pBR322
DNA with the restriction enzyme HinfI, using the Klenow
fragment polymerase (Pharmacia) and a-32P-dATP (Maniatis et
al. 1982). Plasmid digests as well as isolated DNA fragments
were also radioactively labelled by this method for S1
mapping. To obtain uniformly labelled probes that were
specific to short regions, M13 DNA inserts were radioactively
labelled by the polymerase chain reaction (PCR). Each PCR-
amplification mix contained 125 ng of each primer, 5 uM dATP,
15 uM dGTP, 15 uM dCTP, 15 uM dTTP, 1.5 ul a-32P-dATP, 5 ul 10
X amplification buffer (see section 2.7), 5 ul M13 DNA
(approximately 0.1 ng), and 2 units of Tag DNA polymerase
(BIO/CAN). Typically, 25 cycles (30 sec. at 94°C, 1 min. at
47°C, and 1 min. at 72°C each) were performed on a Perkin

Elmer Cetus thermal cycler.

2.5. NORTHERN AND SOUTHERN BLOT HYBRIDIZATIONS.

For Northern blots, wheat mtRNA (approximately 5 ug
RNA/sample, stored in ethanol) was spun 15 min. (Eppendorf
5415, 14000 revolutions per minute, washed with 70% ethanol,
dried and dissolved in 4.5 ul TE buffer, 2 ul 0.1 M NaPO, pH
7.0, 3.5 ul 37% formaldehyde (BDH) and 10 ul deionized
formamide. The samples were incubated at 60°C for 5 min. Then
2 ul of sterile RNA loading buffer (50% glycerol, 1 mM EDTA,
bromophenol blue) were added. The gels contained 0.01 M NaPO,
pPH 7.0, 1.25% agarose (BRL) and 7% formaldehyde (BDH).
Electrophoresis was performed at 200 volts for 4-5 hours. One
lane was stained by three washes for 30 min. in 0.1 M ammonium
acetate (only the second wash includes 10 ug/ml ethidium

bromide) and photographed using Polaroid film 57. The transfer
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of RNA to nylon membrane (ICN) was carried out by capillary
action in 20 x SSC (3 M NaCl, 0.65 mM sodium acefate, pH 7.0)
overnight (Maniatis et al. 1982). Nucleic acids were
crosslinked to the nylon membrane by ultraviolet illumination
(254 nm) for 5 min.

For Southern blots, DNA was digested with restriction
enzymes prior to electrophoresis on 1% agarose gel in Tris-
acetate buffer. Nucleic acids were stained with 10 ug/ml
ethidium bromide (Maniatis et al. 1982) for photography, prior
to denaturation (1.5 M NaCl, 0.5 M NaOH for 25 min.) and
neutralization (3 M sodium acetate pH 5.5 for 25 min.). For
genomic DNA, the denaturation step was preceded by an acid
hydrolysis step (0.25 N HCl, 15 min.). DNA wés transferred to
nylon membranes and crosslinked as described for Northern
blots.

Oligonucleotide hybridizations were carried out in 5 x
SsC, and 5% deionized formamide (BDH), 0.1% SDS and 50 ug/ml
tRNA at 39°C overnight (derived from Choquet et al. 1988).
Membranes were washed twice in 2 x 8SC, 0,1% SDS for 15 min.
at room temperature. Hybridizations using other types of
probes were carried out overnight at 42°C in 50% deionized
formamide (BDH), 5 x SSC, 0.5% SDS, 50 mM NaPO, pH 7.0, 250
ug/ml sheared denatured calf thymus DNA and 5 x Denhardt's
(Maniatis et al. 1982). Membranes were rinsed in 2 x SSC, 0.1%
SDS, washed in 0.2 x SSC, 0.1% SDS for 30 min. at room
temperature and for 30 min. at 50°C. Washing solutions were
changed every 15 min. For autoradiography, membranes were
exposed to XAR films (Kodak) at =-80°C with an intensifying

screen for the appropriate length of time.
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2.6. NUCLEIC ACID SEQUENCE ANALYSIS.

DNA sequence analysis was carried eut by the
dideoxynucleotide chain termination method (Sanger et al.
1977) using a~355-dATP or a-32p-dATP (Amersham and NEN/Dupont)
with either Sequenase (USB) or Klenow polymerase (Amersham).
The sequencing gel (0.4 mm thickness) contained 7% acrylamide
(Maniatis et al. 1982), 7 M urea and Tris-borate buffer (45 mM
Tris-HCl pH 8.3, 45 mM boric acid, 1.3 mM EDTA). After pre-
electrophoresis (1000 volts for one hour) on a sequencing
apparatus (BRL, model S2), electrophoretic separation of
nucleic acids was carried out at 1800 volts for 2 hours and at
2000 volts for 2 hours. Then a second aliquot of the sample
was loaded and electrophoresis was continued for approximately
1.5 hours at 2200 volts. For all sequences presented, both
strands were sequenced, restriction sites were crossed and
dITP was used to resolve ambiquities. The sequence data were
analyzed using Microgenie (Beckman) programs and GenBank/NBRF
data banks.

The method used for sequencing PCR products was derived
from Hsiao (1991). The PCR products were precipitated with one
volume of 5 M ammonium acetate and 3 volumes of 95% ethanol
for 15 min at room temperature, and spun for 10 min. The
pellet was dried and resuspended in 5.0 ul TE buffer. Samples
were separated by electrophoresis on a low melting point
agarose gel (BRL), and DNA was isolated following standard
protocols (Maniatis et al. 1982). Fifty percent of the
purified PCR product (approximately 1 ug) was incubated with
the appropriate oligomer (10 ng in 1 ul) and 1.5 ul 1.0 N NaOH
at 37°C for 30 min. The denaturation was stopped by adding 1.5

ul 1.0 N HCl and sequencing was carried out with Sequenase
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following the recommended protocol of the supplier, except
that the annealing step was omitted. ’

The method used for DNA sequencing with the avian
myeloblastosis virus (AMV) reverse transcriptase (Life
Sciences) was derived from Graham et al. (1986). Approximately
200 ng of M13 single stranded DNA (1.5 ul), 0.8 ul RT buffer
(340 mM Tris-HCl pH 8.3, 500 mM NaCl, 60 mM MgCl,, 50 mM
dithiothreitol), 0.5 ul 17 uM 4ATP, 1.0 ul primer (10 ng/ul),
2.5 ul H,0 and 2.5 ul a-32p-dATP were incubated at 65°C and
cooled to 40°C. Then 0.8 ul RT buffer and 5.0 ul of the
deoxynucleotide mix (0.5 mM dGTP, 0.5 mM dTTP and 0.5 mM dCTP)
were added, and divided in four tubes (3.3 ul each) containing
1 ul of one dideoxynucleotide solution (0.01 mM ddATP, 0.125
mM ddGTP, 0.25 mM d4ddCTP or 0.5 mM ddTTP). 1 ul of the enzyme
mix (0.4 ul RT buffer, 2.8 ul H,0 and 0.8 ul 17 units/ul
reverse transcriptase) was added to each tube for incubation
at 42°C for 15 min., and then 3.0 ul chase mix (1.25 mM of
each dANTP in 0.1 x RT buffer) for an additional 15 min. The
reaction was stopped with 7 ul formamide-loading buffer (80%
v/v deionized formamide, 50 mM Tris-HCl pH 8.3, 1 mM EDTA,
0.1% xylene cyanol, 0.1% bromophenol blue).

RNA sequences were obtained by the reverse transcriptase
dideoxy chain termination method described by Geliebter and
colleagues (1986, procedure 2), except that actinomycin D was
omitted. End-labelled oligonucleotides (approximately 10 ng in
10 ul, section 2.4) were incubated with approximately 25 ug of
wheat mtRNA (washed with 70% ethanol and dried) and 2.4 ul 5
X annealing buffer (1.25 M KCl, 50 mM Tris-HCl pH 8.3). The
annealing temperature was calculated according to the formula
4 (G+C)+2 (A+T) -5 (Geliebter et al. 1986). After incubation for

45 min., the annealing mixes were divided into four tubes
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containing the AMV reverse transcriptase enzyme (3 units each,
Life Sciences), 3.3 ul of the RT-nucleotide bﬁffer (24 mM °
Tris-HCl pH 8.3, 16 mM MgCl,, 8 mM dithiothreitol, 0.4 mM
dATP, 0.4 mM 4dCTP, 0.8 mM dGTP, 0.4 mM dTTP), and 1 ul of one
of the four dideoxynucleotide mixes (1 mM dATP, 1 mM d4dCTP, 1
mM dGTP and 2 mM ATTP). The samples were incubated at 50°C for
45 min. Products were resolved on 7% acrylamide sequencing
gels. The gels were dried and exposed for autoradiography on
TM~-trilite film (3M) at room temperature for the appropriate

length of time.

2.7. PCR AMPLIFICATION.

For PCR amplification, cDNAs were prepared using the
method described above for reverse transcriptase dideoxy
sequencing, except that the dideoxynucleotide mixes were
omitted. The products were also incubated for one additional
hour with 2 ul 2 mM dNTPs. The cDNAs were purified by phenol
extraction and sodium-acetate-~ethanol precipitation (Maniatis
et al. 1982), and dissolved in 100 ul TE buffer. Each
amplification tube contained 600 ng of each primer
(approximately 100 pmole), 10 ul of amplification buffer (100
mM Tris-HCl pH 9.0, 500 mM KC1, 15 mM MgCl,, 0.1% gelatin and
1% Triton; BIO/CAN), 10 ul dNTPs (2 mM each), 2 units Tag DNA
polymerase (BIO/CAN) and 10 ul DNA template (mtDNA or cDNA) in
a final volume of 100 ul. Thirty cycles were performed on a
Perkin Elmer Cetus DNA thermal cycler: 1 min. at 94°C, 2 min.
at the melting temperature, which was calculated according to
the formula 4(G+C)+2(A+T), and 3 min. at 72°Cc. A final

extension was then performed at 72°C for 5 min.
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2.8. 81 NUCLEASE MAPPING. ‘

The method used for S1 nuclease mapping was derived from
Maniatis et al. (1982). Abproximately 25 ug of wheat mtRNA
were dissolved in 5 ul H,O0 and 3 ul 5 x PIPES buffer (0.2 M
piperazine-N,N'-bis(2-ethanesulfonic acid) disodium salt pH
6.5, 5 mM EDTA, 2 M NaCl) and dried. The pellet was
resuspended in 3 ul denatured radio-labelled DNA fragment
(approximately 10 ng, section 2.4) and 12 ul deionized
formamide (BDﬁ), incubated at 85°C for 15 min., and then at
49°C overnight. Then the mixture was allowed to cool slowly to
43°C, and put on ice. 300 ul of S1 buffer (0.25 M NaCl, 30 mM
sodium acetate pH 5.5, 1 mM 2nSO,, 20 ug/ml carrier DNA) were
added and the mix was divided in four tubes (80 ul each)
containing 0, 50, 200 and 500 units of S1 nuclease (Pharmacia
or Boehringer Mannheim). After incubation at 30°C for 30 min.
The reactions were stopped by adding 22 ul stop solution (4 M
ammonium acetate, 50 mM EDTA and 50 ug/ml carrier tRNA) and
215 ul 95% ethanol. Protected nucleic acids were precipitated
at -20°C for 30 min. The samples were spun for 15 min., washed
with 95% ethanol, dried and the pellet was resuspended in 6 ul
TE buffer of which 2 ul were typically resolved on 7%

polyacrylamide sequencing gels (section 2.6).

39

J—



bt

CHAPTER 3. RESULTS.

3.1. CHARACTERIZATION OF THE nadl CODING SEQUENCES IN WHEAT
MITOCHONDRIA.

Prior to the present studies, short mitochondrial ORFs
with homology at the protein level to the NADH dehydrogenase
subunit I had been identified in several plants. These nadil
sequences were located approximately 1 kb downstream of the
rpsl3 gene in wheat (Bonen, 1987), maize and tobacco (Bland et
al. 1986). These sequences, however, could potentially encode
only an internal segment of the anticipated NAD1 polypeptide.
In the absence of ORFs with homology to the N-terminal portion
of the NAD1 polypeptide in the upstream region, it had been
suggested that these nadl sequences might be pseudogenes and
that the functional NAD1 protein could be encoded in the
nucleus or the chloroplast (Lonsdale, 1989; Makaroff and
Palmer, 1987). In this section, another possibility is
examined, that is, that the remainder of the gene is encoded

at other site(s) in the wheat mitochondrial genome.

3.1.1. Identification of nadl gene segments.

DNA sequence analysis of the region extending
approximately 5 kb downstream of the rpsl3 gene has led to the
identification of two nadl exons (retrospectively named nadlb
and nadlc; Figure 2). Nadlb is located 946 bp downstream of
the rpsi3 gene (Bonen, 1987). These two exons encode 28 and 64
amino acids, respectively, which correspond to the central
one-third of the NAD1l polypeptide. They are 96% identical at
the DNA level to watermelon counterparts which have been found
on an EcoRI DNA fragment of 4.5 kb (Stern et al. 1986) and

share 51% derived amino acid sequence identity with the human
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Figure 2. Restriction map and Southern hybridization
analysis of the wheat mitochondrial nadl gene. A. The
restriction map shows the four wheat mitochondrial genomic
regions containing nadl coding segments (solid boxes). The
rrnl8, rrn5, atpé, rpsl3 and mat-r genes are indicated by
open bars. All BamHI (B) and Sall (S) restriction sites are
shown. Only EcoRI (E), HaeIII (Ha), HindIII (H), XbaI (Xb)
and XhoII (Xh) restriction sites that delimit the probes
used in panel C are shown. Probes were labelled by second
strand synthesis of M13 cloned DNA (arrows), or random
priming on isolated restriction fragments (double arrows).
Vertical arrows denote the 3' ends of recombinational repeat
elements located upstream of nadla and nadlb, respectively..
B. Hybridization experiments using exon-specific
oligonucleotides as probes were performed on EcoRI, BamHI
and HindIII restriction digests of wheat mtDNA. C.
Hybridization experiments using probes from nadl coding and
flanking sequences were performed on Sall restriction
digests of wheat mtDNA. The lane numbers correspond to the
probes shown in panel A. The size of markers is indicated in

kilobases.
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NDl‘counterpart (Anderson et al. 1981). The wheat nadlb and
nadlc exons are separated by a group II intron of 1422 bp
(Figure 2 and 3B, see alsé section 3.6) that is approximately
80% identical to the corresponding watermelon sequences. The
sequence homology with watermelon, however, abruptly ends 1.2
kb downstream of nadlic, and no sequence homology is observed
for at least 1 kb further downstream (Appendix IB). This
suggests that the 3' end of the nadl gene is unlikely to be
encoded in this region (section 3.1.3.).

Because the atpé and rpsi3 genes are located less than 3
kb upstream of nadlb sequences in wheat, and because
translation in three frames of this region did not reveal any
ORF with significant homology to the N-terminal portion of the
ND1 polypeptide from other organisms, the following approaches
were undertaken to examine whether the 5' nadi coding
sequences might be located at another site in the wheat
mitochondrial genome. Heterologous hybridizations using a
probe from the C. reinhardtii ND1 gene (Boer and Gray, 1988a)
were unsuccessful. In a second approach, a synthetic oligomer
that is complementary to nadlb (oligomer B2; note that,
through this work, oligomers are designated according to the
exon or region of the nadl gene that they specify), was used
as primer on wheat mtRNA template in reverse transcriptase
dideoxy sequencing experiments. Approximately equimolar
amounts of two sequences were observed (Figure 4A), one
corresponding to an unspliced RNA and the second, to a
processed RNA species.

This information was used for the synthesis of another
oligomer (oligo Al) which served as a hybridization probe on
Southern blots of restricted wheat mtDNA (Figure 2B). The

putative 5' nadl coding region was obtained from a partial
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Figure 3. Nucleotide sequence of the wheat nadil gene
segments and flanking regions: (A) nadla, (B) nadlb-nadic,
(C) nadid and (D) nadle (boxes). Amino acid sequences were
derived using the universal genetic code, but altered amino
acids (circled) are shown at positions of C-to-U RNA editing
sites (dots; see section 3.3). Group II intronic domain V
sequences are indicated by dashed boxes. Solid arrowheads
show the breakpoints in homology with broad bean
(Wahleithner et al. 1990) and Oenothera (Wissinger et al.
1991) sequences. Restriction sites: HindIII, BamHI, SstI,
SalI, EcoRI, PvuII, XhoI, SmaI, XbaI and XmnI are underlined
in the sequence. The HindIII site at the 5' end of the
sequence shown in panel B corresponds to the 3' HindIII
site (position 680) in Figure 2 of Bonen (1987). The EMBL
data bank accession numbers for these sequences are X57965-

X57968.

43



6262 DIDOVOIIVLOIVVVIOOVLVVOOVVYONINVOLLLLIDLIVOLOSTIY
0882 u<83uao<wauo<<8¢£.o8<8Eunoauoiuﬁucﬁuocuouocouuuupu«wuuoaio<umiuﬁ&.oouuouovuﬁumcu<ua<ou<xuowokuua<wcﬁ<§<u
09Lz o...o<<auu<umaou<<uuoum¥<._.<<uiw§<uu§wou<u08<uw§n§miuo§oom§ua§§<étuuuuuuwauouaiuawogcﬁpc
(1214 uoacaiucunuﬁaouuoﬂ.ﬁuoocosunoaguéouﬁuuoaow.iu.E.uE.umuoaauoouuuccc._.oio._.wﬁauuuooumuucuucuuamooauouauguofﬁuu
ozse §<§u§<§9€ugﬁ<8oa§vuﬂi2<¥uﬁ<uuﬁ<&aa§<§wao<o§<uﬁ$¢u§§<ﬁe<uiouaiﬁ§u§uu

u<uman@mtzzau<a@@u®~:>n>uuqmuu@:uozocz
082 oﬁoouoiunuuv—uagopuouauccuwyaiaugutoocauaow@mﬂ<§w§2<=82<auwuuu._.._.o.r_.uovﬂﬁucuwa§<a<u<oo<<<<uuucu._.<uauﬁ

nm@zo@m>0u.~>a_

0972 [VOVOLOVORLINVLOL S LOOVIOLOLVLVVLOVLOLOYLVLODOIIINGDDD: ....:wmuioopw&mwu.mww@.kwmwkwwﬂwﬁm@wmuwmwu<uuo<ou§a<8o«uuouuﬁoo
oroz guaocuéﬁuugv-.oouoﬁaauﬁuﬁausuuﬁfuaua§<<§<x0<u<§uuuku<auuu<uauc._.kucﬁovwoﬁooﬁuuztoogouuuguuu
0zst u<2u<8§vc§uuuo~oeou§3aﬁ<aua<o§uuuuoﬁumoﬂuouc.ﬂ.wugucus_.muiuuuu%wu:ocouoonuuo:uo<um<u<oo...u._.uwu<u<ou<oo
0081 442.80.:35495§<o<u§ﬁu§uvw§guu<wauu._.ouﬁ.uwuéouucuuwzu._.u._..—.uoo.mgv?uuuamuuoaguuam<uuao<uo<w<ca<uE¢
0891 u.n<uoa<utu~uu<uao§nco§<32..8434088u@guwunt.uuooﬁocnuyﬂauauafuﬁﬂﬁcuunacﬁoououoouau.ﬂcau._.<.—<u<._.<u<<auu<aoo
09ST DD0DID0D00YY ......usucooooucmoucuoﬁcumuaﬁuou<umou<ucoacuguciuuun._.ﬁuﬁuﬁwooauuoaﬁfhuoccusuwfuuacooguagu
09T VOLODLILLIJIOLOVOLVOLOVO: ¥V VY L OOV OOV OV 0DV EVV YO LD LIV LDV ODDDOVY DL LD DD IPOVVNOLND LY DINOV IV 0BT IOV I00L
0zet §og¢§<ﬁgza<u§<=uaauoaw.«nououooamuauuﬁuauwougScomuoououu._.omﬁuaquwuaEuuuuwuuua<ua<om<._.<uo<uua
00z gi.uuqcuonocuutuﬁ.&.couuuvuuﬁucocﬁcouvauacoﬁga89_.5.ua<utuuoo<<ouuooou<ooon<u<oua9rﬂooocuoui_«uuooauuuofauéﬁf
080T a§a§~<§o§oﬁﬁsuaoouwoau§u<u<waﬁ§<uvm<u<<uoo<uwo<u<ucuo<§<uc<<uu.muo<uv<§n<uu<<uuu<wa¢§<<8mu<9ruu<<u
096 gtgguogamsuuugmuaggwg0.52uoam<uuoocuuumuuioccuuwkoo:uuuﬁ.w<auo.«ou.uowo<<u<83muvau<ooauw§oo3o<
org aﬁagcgguamuaus300*09585586035@84uoouccmu<<uocuuowcuouﬁsoumo.ﬂua<3umuoua<<uuum<uuouv«<u

_ :Auqunm>ur@>=c<<m¢q<unm<»zwz~

ozt UEUU‘QU‘UN§08§<§<EB§H¢.~.80&0224@0Wg§528<§Uk<00199400‘84.59«.9&08&4930@4&.0&&0&00‘408
009 LIV L Y LN O VN L O S L S S S D Y S50 30 AV D3 BV SV VL 990D L L DD LLOVV SN DY 200DV IOIY DDV D5
[1:12 ‘U¢U§<U~U<§UUEMUU<U§8RUUUU&U<E<UUUO<<UUO.HM<Uh<._..UE8§<F<U§§¢8K288¢F<¥BE<U<FUKUEU‘UUUU‘UUOU<ODU
09¢ HOFUF‘UEF‘Q(U.HéUUU“UU¢MU<808<8<§<<F<0‘<89ﬂ¢”08<08<0&<8<Uhtu.ﬂﬁsu.ﬂhtéagzUGEEUthgEtu
(1] 74 §<F<U<kkﬂ§<9£<<gtutout2200&‘@&220&(0&&.258&&QUGUEOUNUQUUUk..—.UOKHUOUngMUPHtOUk&<UUS§UUKBS<<8<<

ozt hUCUGUUF‘UKH80‘804‘000009:UW&.—.OO&U§K<UU.E9~.UK&UHUUH<&£E<¢H&<<.—.w<u.o.—=_.UEnlv._.UQU.—.‘(UUMEUQU&U<@U¢UUU<<U<MUO§QU¢<

|3 A N 2 5 ¥V A 4 3 v
00pz ﬁ..:.339—@80505@043956&2888@2508&oouou.ﬂvnmg.racs_.i.mauosoucamSuuouo.aﬁicﬁu.nimﬁooocggﬁfuao
A1

PSTT 999000LIOVLLLYIVVLVLOOVYVOVLLIDILLOVIVODYVOYVOVLVIVLODOVIVVDOOVODVVVIOVOVD
ogot 525:85284«9305452un._.ucoc._.uﬁu.ﬂéau.uonaouﬁcog322305452085..—830539.:u<uuo<uu8<a§ma<uauﬁuu
096 uvruuuc.«uquucguoouuﬁaugmsu<u<._.o<u<...u<._.uuu3c<h08§a§awklkvou<ﬂ<u§uiuggnoo.:_Eu<muuu§3uuunuu<3<<
ore 848034259«&203342.@?%2535uﬂgueﬂ<au<oawauoauofoaoaaouﬁuunfuiuﬁuaﬁc&.vuﬁouﬁgg
0zL ﬂéogﬁuaéog<uuan§ovoouu§u<uauwua§c<<uﬁurioEmEuuugm<uauouc<awooc<u¢F§uaoo<umué.u._.uﬁu

I's s W5V 1ITTIGORXAD
009 LY N L oY 2020 QL LoD VY VYL 0DL LV Y DOV DDV LV N ALV DD DD DD D DQODIOODDIV VY LOVEILORLL DOV IOVLY LIV INVODEVLLLOL 90
18 S I ¥JdTiTTO I N@AGs TAMND 2042478 RYVYATS THI LA -Y
08 o0V YIOOLLL LI LV LI OV L DD OV LV OV D ALV OV DL OLLY L DDLU VL SN L IVOL L L OV DL D0 000D LI AL OEOLOVVLLOLYLL LYo VLODOLOVIDL
:xmq@mz<mm.~mHmuzquqnquo<n._o....ummu>>nmuxz
09€ FINV OV LI )0 AL DL LIV V0L OV LOVY QoYL LIV L NN OV VWY L L LV L LV V¥ DL LL O OV DDV LI IOV ON LI OV DD LLOD LN DIDL OV L LN AL IS OODNNVONL,

¢0>h‘=>:~—m<4>ﬂh<>u.~dﬂmﬂH.—UJuu<h><uﬁ@
1124 UuigEgihUskUUﬁU@8<.~.8—.0‘5UUOtFU‘8