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Abstract 
Plant mitochondria possess a gene expression system in which post-transcriptional 

events, such as transcript end maturation and turnover mechanisms play a key role in 

regulating the transcriptome. In addition, during early developmental stages of embryo 

germination, differing transcript profiles have been seen. This research focuses on two loci in 

wheat mitochondria, ccmFn-rpsl and rpl5-x¥rpsl4-cox3', to elucidate the transcription and 

post-transcriptional events involved in their expression. Northern analysis of the ccmFN-rpsl 

genes during early seed-to-seedling development reveals a 3.2 kb primary transcript and a 

2.7 kb bicistronic mRNA. A 0.7 kb monocistronic rpsl mRNA is detectable up to 2d but 

there is no detectable monocistronic ccmFN transcript during the stages examined. Transcript 

ends were mapped using circular-RT-PCR and phosphatase treatment at three different 

developmental stages and revealed two processing sites as well as a single 3' end common to 

all three transcripts. The 5' ends of the processed rpsl transcripts are heterogeneous and do 

not always include the start codon, questioning the rpsl transcript functionality. 

Gene order varies between plant species due to the high recombination rate in 

mitochondrial genomes, as is seen for rpl5-*¥rpsl4 in wheat and rice. In both plants, the 

functional rpsl 4 gene is encoded in the nucleus and the mitochondrial rpsl 4 copy is a 

pseudogene. In wheat, rpl5-^rpsl4 are co-transcribed with cox3 as two RNA species of 3.5 

kb and 2.7 kb at 24hr post-imbibition and exhibit developmentally-specific differences in 

abundance in seedlings. Two promoter regions were mapped in wheat upstream of rpl5 and 

both transcripts have the same 3' end. In rice 24hr and 6d however, rptf-^PrpsM are co-

transcribed as a 1.4 kb bicistronic mRNA. This presumably reflects the different regulatory 

signals used in different species. In addition, rpl5 has been subject to several independent 

gene transfers to the nucleus in the cereal lineages. For example, there is a functional copy of 

rpl5 in the mitochondria and the nucleus in wheat but it is absent from the mitochondria in 

rye and maize. In oat mitochondria, rpl5 appears to be a pseudogene and in barley, 

rearrangements at the 3' end and low transcript levels question its functionality. 

The characterization of transcription initiation sites, processing sites and 3' ends for 

these two loci reflect the relaxed nature and flexibility of signals exploited by plant 

mitochondria. This research supports the significant role of post-transcriptional events in the 

regulation of gene expression in plant mitochondria. 
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Regulation de l 'ARN des genes mitochondriaux ccmFN-rpsl et rplS-
*¥rspl4-cox3 pendant le developpement des graines de ble 

Resume 

Les genomes mitochondriaux des plantes possedent un systeme d'expression des 

genes ou les processus post-transcriptionnels, tels que la maturation des extremites 5' et 3' 

ainsi que les mecanismes de degradation, jouent un role majeur dans la regulation du 

transcriptome. Les profiles de transcription sont souvent plus complexes lors des premiers 

stades de developpement de la germination des graines. Cette recherche se concentre sur 

deux regions du genome du ble, ccmFN-rpsl et rpl5^rpsl4-cox3^ dans le but d'eclaircir les 

evenements transcriptionnels et post-transcriptionnels impliques dans l'expression de ces 

deux loci. Les analyses de Northern pendant le developpement de la graine en pousse 

revelent la presence d'un precurseur d'ARN de 3,2 kb et d'un ARN messager bicistronique de 

2,7 kb. Durant les stades de developpement precoces, un ARN messager de rpsl 

monocistronique de 0,7 kb est detectable jusqu'a 24h mais aucun ARN messager 

monocistronique de ccmFN n'a ete detecte. Les extremites 5' et 3' des transcrits ont ete 

etablies en faisant usage de la technique de la transcription inverse suivie de la replication en 

chaine de la polymerase (TR-RCP) circulaire et du traitement avec la phosphatase pendant 

les trois stades de developpement et revelent la presence de deux sites de clivage 5' ainsi 

qu'une extremite 3' commune aux trois transcrits. Comme l'extremite' 5' des transcrits 

secondaries monocistroniques de rpsl est heterogene et ne contient pas toujours le codon 

d'initiation, ceci remet en question leur fonctionnalite. 

La sequence genomique peut varier entre especes a cause du grand taux de 

recombinaison, tel qu' observe pour les genes rpl5-*¥rpsl4 dans le ble et le riz. Le gene 

fonctionnel de rpsl 4 se trouve dans le noyau et la copie mitochondriale de rpsl 4 est un 

pseudogene. Dans le ble, ils sont co-transcrits avec cox3 en deux formes d'ARN de 3,2 kb et 

2,7 kb apres 24h apres d'imbibition et demontre une transcription differente en abondance a 

6 jours. Deux promoteurs ont ete etablis en amont de rpl5 dans le ble et les deux transcrits 

ont la meme extremite 3'. Par ailleurs, dans le riz, rpl5-x¥rpsl4 sont co-transcrits en un ARN 

messager bicistronique de 1,4 kb a 24h et a 6 jours. De plus, rpl5 a ete sujet a plusieurs 

transferts vers le noyau dans les lignees de cereales. Une copie fonctionnelle de rpl5 est 

presente dans le genome mitochondrial et le genome nucleaire chez le ble mais rpl5 est 

absent dans les mitochondries du seigle et du mai's. rpl5 parait etre un pseudogene dans 
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l'avoine et dans l'orge ou des rearrangements a l'extremite 3' et les bas niveaux de transcrits 

remettent en question sa fonctionnalite. 

La caracterisation de sites d'initiation de transcription, de sites de clivages et des 

extremites 3' pour ces deux loci reflete la nature relachee et la flexibilite des signaux utilises 

dans les mitochondries des plantes. Cette recherche supporte le role crucial des evenements 

post-transcriptionnels dans la regulation de l'expression des genes dans les mitochondries des 

plantes. 
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Chapter 1: Introduction 

1.1 Plant mitochondrial genomes 

1.1.1 Origin of mitochondria, function and gene content 

Mitochondria arose after the engulfment of an cc-proteobacteria by a pre-eukaryotic 

cell or archaebacterial host, and this is known as the endosymbiont origin of mitochondria 

(reviewed in Gray et al. 1999; Martin and Koonin, 2006). Following this initial engulfment, 

the mitochondrial genome lost many genes required for free-living and many more genes 

were transferred over evolutionary time to the nucleus where they are now encoded. The 

products resulting from these genes are targeted back to the mitochondria in cases where 

their function still lies in the organelle. Mitochondria provide the energy of the cell through 

the production of ATP via the electron transport pathway: the oxidative phosphorylation 

pathway is composed of a series of five complexes (Table 1.1) which oxidize the products of 

the tricarboxylic acid cycle (TCA) and glycolysis. 

Present day plant mitochondrial genomes contain only about 30 protein-coding genes 

as well as ribosomal RNAs (18S, 5S and 26S) and some of the 20 tRNAs necessary for 

translation, while the rest are imported from the cytosol (reviewed in Knoop et al. 2004). 

Some ribosomal proteins of the large and small subunits are encoded in the mitochondria as 

well as components of the respiratory chain complexes (Table 1.1). Notably, respiration in 

plants can bypass some of these complexes via alternative oxidoreductase respiration 

pathways, changing the constraint on the bypassed complexes (Eubel et al. 2004). The set of 

genes encoded in the mitochondria in different plant species varies slightly due to ongoing 

gene transfer to the nucleus, which can also affect the functional status of the mitochondrial 

genes. Transferred gene remnants can be seen as pseudogenes Q¥) in the mitochondria (see 

section 1.2.10) 
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Table 1.1: Gene content in the wheat and rice mitochondrial genomes 

Gene content based on the complete mitochondrial genome sequences of wheat (AP008982, 
Ogihara et al, 2005) and rice (BA000029, Notsu et al, 2002). Genes are categorized by their 
function: members of the respiratory chain complexes, ribosomal proteins, structural RNAs 
(rRNA and tRNA) and others (mat-r, mttB). Members of the complex II (succinate 
dehydrogenase: CoQ), sdh genes are nuclear encoded in these two species. + means 
mitochondrially encoded. Numbers refer to the number of copies, mt: mitochondrial origin, 
¥ : pseudogene, cp: chloroplast origin, exons numbers (a-e) shown as cis spliced (-) or trans 
spliced ( , ) . Excluded from the rice genome are duplicate gene copies in repeated regions. 

2 



c o m m e n t s 
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1.1.2 Mitochondrial genome characteristics: size variation and gene 

organization 

Plant mitochondrial genome sizes range from about 180 kb to 2400 kb (reviewed in 

Kubo and Newton, 2008). Those genome sizes are big compared to animal mitochondrial 

genomes that are only -16 kb and where the genes are tightly packed. This variation in size 

among mitochondrial genomes is mostly due to the presence of lineage specific intergenic 

sequences that can account for 90% up to 98% of the genome size (Kubo and Newton, 

2008). Genes are spread around the genome and can be separated by long stretches of non-

coding sequence (up to several hundreds of kilobases). Gene linkages vary between closely 

related species but in a few cases genes have conserved the linkage found in bacteria like 

Escherichia coli (E. coli), such as the ribosomal protein linkages rpl5-rpsl4 and rps3-rpll6, 

reflecting their ancestral bacterial origin (reviewed in Gagliardi and Binder 2007, Kubo and 

Mikami, 2007). 

Plant mitochondrial genomes have a low nucleotide substitution rate compared to 

mammalian mitochondria (Wolfe et al. 1987) and exhibit a high degree of rearrangement. 

For example, in maize and wheat mitochondrial genomes there are 6 and 16 recombinational 

repeats respectively, which lead to the formation of many different subgenomic forms of the 

genome, present at different levels (Bendich, 1993), such that the master chromosome 

genome may not be seen as such in vivo. 

Rearrangements in the genome can shuffle sequences around genes that contain 

regulatory signals for transcription and/or translation, creating differing genomic contexts for 

the same gene in different species: for example rpl5-x¥rps!4 in wheat is linked to cox3-

tRNAE whereas rpl5-x¥rpsl4 are located far away from other genes and cox3 is linked with 

atp4 in rice (Ogihara et al. 2005, Notsu et al. 2002). 

Faced with these various constraints at the DNA level, plant mitochondrial genomes 

have evolved new and fascinating ways to express their genomes. Following transcription, 

the precursor RNAs undergo several post-transcriptional events leading to the mature 

messengers (Figure 1.1). These events are not fully understood as of yet but our knowledge 

and characterization of the steps and machineries involved are expanding. The goal of this 

study is to investigate the transcriptional and post-transcriptional events leading to the 
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Figure 1.1: Transcription and RNA processing events in plant mitochondria 

Processing events shown are 5' and 3' end maturation, polycistronic transcript cleavage, C-
to-U editing, group II intron splicing and RNA degradation. Filled boxes represent genes, 
grey lines denotes UTR sequences and black lines show group II type intron in the DNA and 
in its secondary structure in the RNA. The bent arrow represents the promoter and grey lines 
with arrow heads are endonucleolytic processing sites. AAAA shows the presence of poly(A) 
tail and half-moon represents presumed degradation machinery. Import of nuclear-encoded 
proteins is denoted by dashed arrow. Figure adapted from a lab schematic. 
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transcript profiles of two mitochondrial loci during early stages of wheat seedling 

development. 

1.2. Mitochondrial gene expression in plants 

1.2.1 Transcriptional machinery 

Despite its bacterial origin, plant mitochondrial transcription is achieved by a single 

subunit bacteriophage-type T3-T7 like enzyme, the RNA polymerase RpoTm, which is 

nuclear encoded (reviewed in Ikeda and Gray 1999a). A chloroplast specific RNA 

polymerase, RpoTp, is also present and originated from the duplication of RpoTm and 

plastid transcription is done by this polymerase as well as a eubacterial type RNA 

polymerase (Hedtke et al. 1997). In wheat two RNA polymerase genes have been identified 

(corresponding to RpoTm and RpoTp) (Ikeda and Gray 1999a). In Arabidopsis 

mitochondria, an additional RNA polymerase is also present, RpoTmp, which is dually 

targeted to the mitochondria and the chloroplast, and has diverged more recently from 

RpoTm than RpoTp (Hedtke et al. 1997, 2000). 

A study in Arabidopsis thaliana (Kuhn et al. 2007) demonstrated the in vitro activity 

of the three RNA polymerases of this species. Each purified recombinant enzyme was able to 

initiate transcription in vitro from mitochondrial and plastid promoter regions, at varying 

levels of efficiency. Although the enzymes seem to have intrinsic recognition properties in 

vitro, co-factors might be needed in vivo for proper and efficient transcription initiation. 

Auxiliary factors involved in transcription initiation are yet to be identified in plant 

mitochondria, although in wheat a potential co-factor of 63 kDa enhances in vitro specific 

transcription and is possibly involved in mtDNA binding (Ikeda and Gray 1999b). 

1.2.2 Promoter architecture 

In plant mitochondria, genes are spread around the genome and several promoters 

exist to transcribe them. Genes in plant mitochondrial genomes can also be closely linked 

and the presence of polycistronic transcripts is not unusual, reminiscent of bacterial operon-

like structure (Binder et al. 1996). 

In plant mitochondria, transcription initiation sites do not seem to follow a strictly 

conserved consensus sequence although the motif C/YRTA appears to be part of some higher 
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plant mitochondrial promoters. This motif is apparent among mapped transcription sites for 

some genes in the eudicot soybean (Brown et al. 1991) and in the monocot wheat (Covello 

and Gray, 1991), although other promoters in the same plants do not correspond to it (Fey 

and Marechal-Drouard, 1999). There is slightly more similarity among eudicot plants, 

extending the consensus to the nonanucleotide sequence CRTAAGAGA (reviewed in 

Gagliardi and Binder, 2007). Identification of transcript ends in several plants revealed the 

presence of several 5' ends and promoters per gene (Zhang and Liu, 2006 and reviewed in 

Gagliardi and Binder, 2007). Recent studies characterized the use of multiple promoters for a 

single gene in Arabidopsis thaliana (Kuhn et al. 2005, Forner et al. 2007), the former study 

identifying 9 out of 12 genes transcribed from multiple promoters. Certain motifs of 

promoter architecture were observed but more than half of the mapped promoters did not 

correspond to any consensus and no tissue-specific difference in promoter selection was 

observed between flower and leaf (Kuhn et al. 2005). It is therefore hard to predict promoter 

regions and transcription initiation sites based solely on sequence. The abundance of 

promoters and variation in promoter sequences suggest a relaxed specificity in promoter 

recognition. However caution should be exercised when looking at studies carried out with 

tissue culture material as they might not reflect activities in planta (Forner et al. 2007). 

Different promoter structures may reflect different transcription strength and hence serve a 

regulatory function, possibly in different developmental stages due to the import of co-

factors which might be delayed during early development (Mulligan et al. 1991) (see section 

1.2.8). In maize, two copies of cox2 are found downstream of a direct repeat and different 

promoters differentially regulate the expression of each copy (Lupoid 1999a). 

Thus plant mitochondrial transcription initiation differs from that in bacteria, where 

the RNA polymerase recognises a promoter region, a fairly conserved sequence (-35 

TTGACA and -10 TATAAT). Bacterial RNA does not typically undergo post-transcriptional 

processing. Genes are ordered in operon linkages which are transcribed together (reviewed in 

Browning and Busby, 2004). In human mitochondria on the other hand, the tightly packed 

genes are separated by tRNAs. Transcription from two promoters, one on each strand, 

creates long polycistronic transcripts, from which the tRNAs are processed, releasing the 

protein coding mRNAs (reviewed in Boore, 1999). 
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1.2.3 Transcript end maturation 

Plant mitochondrial primary transcripts can undergo several processing steps, 

resulting in the presence of intermediate precursor RNAs, before achieving mature ends 

essential for translation and/or stability (reviewed in Gagliardi and Binder 2007; figure 1.2). 

In Arabidopsis, 5' UTR length varies from ~20 nucleotides up to 1898 nt (atpl) with an 

average of -250 nts and 3' UTR length is also variable (Kuhn et al. 2005, Forner et al. 

2007), from 10 nt to 498 nt with an average of-130 nts. 

The machinery involved in the processing of transcripts is still under investigation. In 

addition to the RNaseP and Z enzymes involved in tRNA maturation (see section 1.2.3.1), 

two exonucleases in Arabidopsis, PNPase (polynucleotide phosphorylase, targeted to the 

mitochondria) and RNasell (ribonuclease, targeted to the mitochondria and the chloroplast), 

have been identified (Perrin et al. 2004a, b). The involvement of PNPase in Arabidopsis 

transcript degradation and turnover is discussed below in regards to rRNAs end processing 

and non-coding transcripts but there is no direct evidence implicating PNPase in other RNA 

post-transcriptional events. Proteins involved in the processing steps are nuclear encoded and 

imported from the cytosol. 

1.2.3.1 tRNA and rRNA processing 

The steps involved in the processing of plant mitochondrial tRNAs are best 

understood to date. Following transcription, the mature tRNA is generated by two successive 

endonucleolytic cuts occuring at the 5' and 3' ends and the addition of the triplet CCA at the 

3' end. An RNase-P-like enzyme cuts at the 5' end of the mature tRNA when it is folded in 

the typical clover-leaf structure. An RNase-Z-like enzyme cuts at the position of the mature 

3' end or one nucleotide downstream. A nucleotidyl transferase then adds the CCA at the 3' 

terminal sequence (reviewed in Gagliardi and Binder 2007). These enzyme activities have 

been characterized for their involvement in the tRNA maturation process although the 

enzyme themselves have not yet been isolated. 

Details about the maturation of the rRNA genes have been clarified in recent years, 

with work on mutant Arabidopsis plants where PNPase was downregulated (Perrin et al. 

2004b). In Arabidopsis, the 18S rRNA and 5S rRNA genes are co-transcribed. Two 

successive endonucleolytic cuts are made at the 5' end of both coding sequences and result in 
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Figure 1.2: RNA post-transcriptional events in plant mitochondria 

Filled boxes are genes, bent arrows denote promoter regions, tri- (PPP) and mono-(P) 
phosphate groups are shown at the 5' ends of transcripts and black lines with arrow heads 
represent processing sites. AAAA shows the presence of poly(A) tail and half-moon 
represents a putative polynucleotide phosphorylase. Question marks indicate processing 
events or secondary structures that are not seen in all transcripts or that are speculated. 
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two transcripts: one containing the 18S-rRNA precursor linked to the intergenic region 

transcript and one containing the 5S-rRNA transcript, as well as an RNA species containing 

the 18S 5' leader sequence. The latter and the intergenic region are polyadenylated at the 3' 

end and this acts as a tag for degradation by the PNPase enzyme (Perrin et al. 2004b, and 

reviewed in Gagliardi and Binder 2007). In PNP mutants, the 18S-rRNA precursor linked to 

the intergenic region accumulates as the intergenic region is no longer degraded (Perrin et al. 

2004b). 

1.2.3.2 5' end processing of protein-coding transcripts 

Plant mitochondrial genes often exhibit transcripts with several 5' ends, created by 

transcription initiation (or initiations) and 5' end processing event (or events) (Kuhn et al. 

2005, Forner et al. 2007). The comprehensive study in Arabidopsis by Forner et al. (2007) 

proposes mechanisms for the formation of processed 5' ends by endonucleolytic cleavage 

downstream of secondary structures. Mitochondrial endonucleases directly involved in these 

processes have not been isolated but RNaseZ and P are likely candidates. Two exonuclease 

genes in Arabidopsis (PNPase targeted to the mitochondria and RNasell to the mitochondria 

and the chloroplast) have been characterized (Perrin et al. 2004a, b), but no direct evidence 

for their role in 5' end formation has been seen as of yet. Searches for signals used for 

recognition of processing sites have so far failed to characterize a consensus sequence (Kuhn 

et al. 2005, Forner et al. 2007). Developmentally specific differences have not been assayed 

for processing sites and variation at different developmental time points might be seen since 

processing events are dependent upon imported proteins. Other accessory factors involved in 

5' end processing are still to be identified, as well as its temporal relationship with other 

RNA maturation events. 

1.2.3.3 3' end processing of protein-coding transcripts 

In contrast to the several 5' ends that can be found for a single gene, plant 

mitochondrial transcripts mostly exhibit a single 3' end. Transcription termination most 

likely occurs further downstream and processing at the 3' end takes place in the primary 

transcribed RNA (reviewed in Gagliardi and Binder, 2007) (Figure 1.2). Inverted repeats 

allowing the formation of stem loop structures are found at the 3' end of some transcripts 
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(e.g. Arabidopsis atp9, nadl, cox2; maize atp9) (Hanic-Joyce et al. 1990, Dombrowski et al. 

1997, Kuhn J et al. 2001, Fomer et al. 2007) and similarly to the formation of tRNAs 3' end, 

could be signals for an endonucleolytic cut. Although this model seems attractive, many 

genes in mitochondria are not followed by a sequence capable of folding in such 

recognizable structures as has been demonstrated by other mapped 3' ends (reviewed in 

Gagliardi and Binder, 2007). 

In Arabidopsis, the 3' ends of some transcripts are located upstream of the 

genomically encoded stop codon (nad6, ccmC): t-element structures were found to be located 

at the 3' terminal of their coding sequences (Forner et al. 2007). Surprisingly in Arabidopsis 

and cauliflower, nad6 and ccmC mRNAs, even though lacking a stop codon, are still 

functional and translated (Raczynska et al. 2006). 

1.2.4 C-to-U-editing 

C-to-U editing is a process in plant mitochondria and chloroplasts where specific C 

nucleotides are converted into U nucleotides in RNA molecules through a deamination 

process (Shikanai 2006). C-to-U editing is considered an early event in transcript processing 

(Gualberto et al. 1991). Approximately 10% of editing sites are silent (e.g. 3rd codon position) 

while -90% of sites are non-silent, usually restoring the codon to the conservative one, in 

regards to the amino acid sequence similarity with other organisms. In some cases it restores 

the initiating ATG start codon {nadl in wheat, Chapdelaine and Bonen, 1991) or forms a 

stop codon (atp9 in petunia mitochondria, Wintz and Hanson, 1991). The number of editing 

sites in plant mitochondria varies between species: 362 sites in Arabidopsis (Bentolila et al. 

2007), 427 in Brassica (Handa, 2003), 357 in Beta vulgaris (Mower and Palmer, 2006) and 

491 in rice (Notsu et al. 2002), although those numbers reflect editing sites mostly found in 

coding sequences as few have been looked at in intergenic, non-coding regions. Notable 

examples include the middle nucleotide of the 3 nts intergenic sequence between rpl2-rpsl9 

in cereals (Kubo et al. 1996) and two editing sites in the 5'UTR of rpsl of legumes (Hazle 

and Bonen, 2007a). 

No enzymes have been characterized in relation to this process but co-factors are 

speculated to be important, especially for specificity in site recognition (Mower, 2007). A 

phylogenetic approach proposes that a domain in the PPR protein family may act as the 
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catalytic domain in the editing machinery (Salone et al. 2007). Sequence context is important 

but no obvious shared motifs have been found (Choury et al. 2004, Neuwirt, 2005, Mulligan 

et al. 2007, Farre et al. 2007). 

1.2.5 RNA splicing 

In the mitochondria of flowering plants (angiosperms), introns are of the group II 

type. They are ribozymic mobile genetic elements and are speculated to have given rise to 

spliceosomal introns. Group II introns contain 6 domains and have a fairly conserved 

secondary structure (reviewed in Bonen and Vogel, 2001). Genes can be found in cis- or 

trans- configuration where in the latter the intron is split in two (usually within domain IV) 

and the exons are spread around the genomes. The correct coding sequence is restored 

through splicing at the RNA level where the two halves of the intron find each other to 

correctly splice and join the surrounding exons. 

Splicing occurs through two trans-esterification steps, where a bulged A nucleotide in 

domain VI attacks the upstream exon-intron junction. Subsequently, the 3' end of the 

upstream exon, now free, attacks the downstream exon-intron junction to join the two exons. 

The spliced intron is released in a lariat form (reviewed in Bonen and Vogel, 2001). New 

evidence for factors involved in the splicing machinery are emerging: a mutant nuclear 

encoded maturase-like protein shows impaired nad4 splicing (Nakagawa and Sakurai, 2007) 

and a PPR protein has been implicated in the trans-splicing of nadlinl in Arabidopsis 

thaliana (de Longevialle et al. 2007). A maturase type coding sequence (mat-r) is also found 

in flowering plant mitochondria. Its sequence is homologous with the reverse transcriptase 

and maturase of retroelements containing a RNA binding domain (Chapdelaine and Bonen 

1991). Other co-factors imported from the cytosol are thought to play a role (Bonen, 2008). 

Interestingly in plant mitochondria, aberrant forms of group II introns are found 

where the sequence in domain V and VI cannot fold into the usual secondary structure. 

Spliced introns are found in circular or linear forms (Li-Pook-Than and Bonen 2006) and 

other splicing mechanisms have to be invoked such as a hydrolytic pathway or the use of an 

external attacking nucleophile. Notably, editing sites are found in exons at or very close to 

the exon-intron junction. The "late" editing of these sites is consistent with the access to the 
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editing site being blocked by the presence of the intron or recognition site being created by 

the exon-exon junction (Li-Pook-Than et al. 2007). 

1.2.6 mRNA stability and turnover 

The post-transcriptional processing and turnover of transcripts are key in regulating 

the transcriptome of plant mitochondria (Giege et al. 2000, Holec et al. 2006 and Kuhn J et 

al. 2001). A study in Arabidopsis revealed that the different levels of transcriptional activity 

are balanced into similar steady state levels of RNA as determined by transcript degradation 

(Giege et al. 2000). Those steady state levels of RNA reflect the stoichiometry of the 

proteins in their functional subunits better than the transcription rates, demonstrating the 

important role of RNA turnover in regulating the transcriptome. 

The balance between stability and degradation of mRNAs is managed by various 

factors. Evidence for the involvement of the PNPase enzyme in the degradation of 

processing by-products and transcripts was seen in PNP down regulated Arabidopsis mutants 

(Perrin et al. 2004a, b and Holec et al. 2006) where there was a marked increase in the 

accumulation of rRNA processing by-products and in RNA originating from regions lacking 

known genes. Inverted repeats at the 3' end of transcripts might also form structures that 

would allow for the binding of proteins, conferring stability to the mRNA molecule as is 

seen in higher plant chloroplast mRNAs (reviewed in Herrin and Nickelsen 2004). 

The presence of non-encoded nucleotides has been reported at the 3' end of mRNAs. 

Polyadenylation of transcripts is thought to promote degradation of mRNAs (Holec et al. 

2006, Kuhn J et al. 2001, Lupoid et al. 1999b, Gagliardi and Leaver 1999). Although signals 

for polyadenylation of transcripts are still unknown, polynucleotides tails of diverse lengths 

can occur (from 1 nucleotide up to 25 have been observed, and in some cases up to 50-100 

nt; Forner et al. 2007), mostly comprised of A nts, a few nucleotides upstream of the 3' end 

(Kuhn J et al. 2001, Gagliardi et al. 2004). The presence of non-encoded nucleotides can be 

detected in experiments using the circular-RT-PCR method (see section 1.3.3) where A, C 

and sometimes T and G are present as short stretches at the 3' end of mRNAs. 

Organellar RNAs differ from their bacterial ancestor in that they exhibit relatively 

stable messengers and precursors despite the lack of the stabilizing effect of poly(A) tails, for 

example seen in eukaryotic mRNAs (reviewed in Gagliardi et al. 2004). Stability of mRNA 
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can be conferred through different means and it has been suggested that 5' UTRs play in role 

through secondary structure (Gagliardi et al. 2004) or binding of proteins at the 5' or 3 end 

(as in chloroplasts, reviewed in Herrin and Nickelsen 2004), although there is no direct 

evidence for this so far. 

Insight into chloroplast post-transcriptional events has been gained through work on 

higher plant plastids and the model system, Chlamydomonas reinhardtii, a green alga. In 

chloroplasts, stabilization of the mRNAs can be mediated through the interaction of proteins 

with cis-elements in the 5' and 3' UTRs (reviewed in Herrin and Nickelsen 2004). Stem loop 

structures at the 3' end of transcripts also block the progress of exoribonucleases. 

Polyadenylated mRNAs in chloroplasts are tagged for degradation, most likely with the help 

of a plastid PNPase enzyme and other components of a plastid degradosome. 

Polyadenylation sites can occur within the coding sequences of genes as well, signifying that 

endonucleolytic cuts in the mRNA happen first and are followed by poly(A) addition (the 

non-encoded stretch of nucleotides is not exclusively comprised of adenosines and can 

include up to 25% of guanosines) (reviewed in Schuster et al. 1999; Herrin and Nickelsen 

2004). 

In E. coli RNA degradation is carried out by endonucleolytic cleavage in the RNA 

molecules followed by the addition of short poly(A) tails, which are degraded by 

exonuclease activity. The degradosome contains PNPase and RNase E enzymes as well as 

other enzymes and proteins that work as a complex: for example the RhlB enzyme helps 

unwind the secondary structures of the RNA that impedes the 3' to 5' exonuclease activity by 

PNPase (Sarkar and Fisher, 2006). 

RNA processing and maturation is also of importance in Saccharomyces cerevisae 

mitochondria. Detailed mechanisms of 5' and 3' mRNA ends processing are not known 

(Gagliardi et al. 2004) but mRNAs are not capped or polyadenylated. Yeast mitochondria 

lack PNPase activity and RNA degradation is dependent on the mitochondrial degradosome 

as the main exoribonuclease: it is composed of two protein subunits, an RNasell-like 

exoribonuclease and a NTP-dependent RNA helicase, which unwinds dsRNA regions and 

degrades ssRNA in a 3' to 5' direction (Rogowska et al. 2006, Malecki et al. 2007). 
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1.2.7 Plant mitochondrial translation 

The translational machinery in plant mitochondria is encoded in both the 

mitochondria and the nucleus. All three ribosomal RNAs (26S, 18S and 5S) are encoded in 

the mitochondria. Plant mitochondria use the same genetic code as the cytoplasm translation 

system. There are three categories of tRNAs: mitochondrial-encoded, cytosol-imported of 

nuclear origin and mitochondrial-encoded of plastid origin. Ribosomal proteins are encoded 

in both compartments and their distribution in different plants varies due to gene transfer to 

the nucleus (see section 1.2.10). 

In bacteria, the recognition of the correct translation start codon is done through the 

binding of the 3' end of the SSU rRNA to an antisense sequence 6-7 nts upstream of the start 

codon, known as the Shine-Dalgarno motif (reviewed in Martinchev and Wagner, 2005). In 

eukaryotes, the ribosome recognizes capped mRNAs and scans the RNA until the initiation 

codon. In plant mitochondria however, no evident motif or consensus sequences for proper 

translation initiation recognition can be found upstream of genes. The 3' end sequence of the 

mt SSU rRNA has diverged from that in bacteria like E. coli and sequences corresponding to 

the antisense of the mt SSU rRNA are rarely found upstream of start codons in RNA 

transcripts (<25%, Hazle and Bonen, 2007b). Furthermore indels very close to the start 

codon are often seen upstream of protein-coding genes, showing a relaxed constraint on this 

region (Hazle and Bonen, 2007b). The machinery and signals used in translation hence seem 

to be varied and do not conform to the expected bacterial system. 

1.2.8 Early embryo-to-seedling stages of development: mitochondrial 

transcription/post-transcriptional events coupling 

Seed germination is a period of high mitochondrial biogenesis (Logan et al. 2001): 

embryos from dry seeds in maize contain two types of mitochondria (heavy/type 1 and 

light/type 2). At 0 hr the majority of mitochondria is of the light/type 2 kind and represents 

the remains of active mitochondria in the developing seeds (Logan et al. 2001). This 

mitochondrial fraction degrades during desiccation and contains a number of proteins for 

import but does not have a functional tricarboxylic acid (TCA) cycle. The heavy/type 1 

mitochondria (pro-mitochondria) are present in dry embryos but are not yet fully 

differentiated. Import of cytosolic components and synthesis of mitochondrial-encoded 
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proteins starts at the onset of imbibition and by 6hr they possess all the components for 

mitochondrial biogenesis. By 24hr these mitochondria are fully functional (functional TCA 

cycle and election transport chain) (Logan et al. 2001). A burst in oxygen uptake from 0 hr to 

24hr indicates the time of high mitochondrial biogenesis (Logan et al. 2001), also seen in 

wheat embryos (Khanam et al. 2007). 

Work done during early germination in rice suggests that the import apparatus is 

present in pro-mitochondria, before germination is initiated and that at later times the 

composition of the proteome shifts from components for import and assembly to components 

for the metabolic function (Howell et al. 2006). In the early stages of development, while 

awaiting the assembly of components of the respiratory chain (encoded in the nucleus and 

the mitochondria) respiration might be relying on the alternative pathways present (Howell et 

al. 2006). 

A tight coupling and close communication with cytosolic protein import are 

necessary to achieve proper expression since many post-transcriptional processing events 

undergone by mitochondrial transcripts are carried out by imported proteins. Although the 

nature of most proteins involved in those processes is still unknown (see above and reviewed 

in Gagliardi and Binder 2007), many candidates are found in the pentatricopeptide repeat 

(PPR) family of proteins. These nuclear encoded proteins are part of a very large family in 

higher plants [442 in Arabidopsis (Lurin et al. 2004) and 655 predicted in rice, (Andres et al. 

2007, Geddy and Brown 2007)] and PPR proteins have been found to be involved as specific 

trans-factors in many processes in the mitochondrion and chloroplast such as RNA 

degradation, cleavage and stabilisation (reviewed in Andres et al. 2007) and editing in 

chloroplast (Okuda et al. 2006, 2007). Notably, PPR proteins have been identified as 

restorers of cytoplasmic male sterility (CMS) in species such as Petunia, Brassica, radish and 

rice where aberrant transcripts from fused ORFs are degraded or cleaved (reviewed in Chase 

2007). 

Studying transcriptional and post-transcriptional events during seed germination is of 

particular interest since transcript profiles often appear more complex when observed during 

these developmental stages, with high relative abundances of precursors at the onset of 

germination (Li-Pook-Than et al. 2004). There is a shift between precursors and mRNA 

relative abundances over development, consistent with a lag in the coupling of these events. 
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Observations are compatible with a bottleneck due to a deficit in imported machinery: 

transcription and processing might not be properly coordinated in the early stages of 

development, while the machinery is being imported and made available. The efficiency of 

this coupling appears to increase over development. Transcripts present in dry embryos and 

during very early time of seed imbibition / rehydration represent stored messengers and not 

de novo transcribed RNA. Macroarray analysis of the wheat mitochondrial transcriptome 

reveals variability in transcript abundances during embryo germination (Khanam et al. 

2007). Until the start of de novo transcription during seed germination, the mitochondrion 

relies on stored messenger RNAs and the machinery in place that maintains respiration in dry 

embryos (Bewley, 1997). 

1.2.9 Effect of mitochondrial DNA rearrangements on gene expression 

The highly recombinogenic nature of plant mitochondrial DNA allows genes to be 

shuffled around the genomes and acquire new surrounding sequences. For a gene to be 

successfully relocated new regulatory signals must be present, whether gained or brought 

along during rearrangement (Adams and Palmer, 2003). Gene linkages are often disrupted 

and previously co-transcribed genes must acquire new expression signals. Plant 

mitochondrial genomes are comprised of a high amount of intergenic sequences and 

recruitment of expression signals can be done from these non-coding sequences. In some 

cases, "expression cassettes" are present upstream of several genes across species and within 

a genome, maybe representing a "good" set of expression signals (Hazle and Bonen 2007b). 

Indeed, copies of sequences upstream of functional genes (or part of sequences upstream of 

genes) are present in spacer regions (Hazle and Bonen 2007b). A rearrangement event could 

bring those previously unused signals in proximity of a gene, which would in turn be able to 

use this new context for expression. The presence of duplicated copies of upstream 

sequences also implies the potential expression of non-coding sequences throughout the 

genome; indeed in Arabidopsis a duplicated copy of the rrn26 promoter is functional and 

expresses the non-coding region it precedes but the resulting transcript is rapidly turned-over 

by PNPase activity in Arabidopsis, as inferred from PNP mutants (Holec et al. 2006). It 

should be noted that previously uncharacterized sequences can also play the role of 

regulatory signals after rearrangements occur in their proximity. The plasticity of the 
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regulatory signals allows these processes to be more prevalent among plant mitochondrial 

genomes. 

1.2.10 Gene transfer to the nucleus 

Plant mitochondrial genomes undergo ongoing gene transfer to the nucleus over 

evolutionary time, which results in slightly different gene content among species. Gene 

transfer can happen for most genes but is most rampant for the ribosomal protein genes 

(Adams et al. 2002a). A survey of 280 angiosperms (flowering plants) for the presence of 

ribosomal protein coding genes in the mitochondria reveals that some ribosomal protein 

genes appear to have been transferred to the nucleus several times independently (up to 33 

times in the case of rpsl) (Adams et al. 2002a). 

Transfer is hypothesized to occur when a mitochondrion (or several) bursts and genes 

are incorporated in the nuclear genome (Adams and Palmer, 2003). This is thought to occur 

via cDNA since mitochondrial genes in the nucleus are found without mitochondrial group II 

introns and in their edited form. Once the transferred gene is integrated in the nuclear 

genome, it acquires proper expression signalling, including a promoter for nuclear 

transcription, termination signals and translation signals as well as protein targeting signals 

to the mitochondria (Adams and Palmer, 2003). These might arise by the duplication of 

signals associated with another gene (e.g. upstream of wheat Rpl5, duplication of Rpl4 

preceding sequences, Sandoval et al. 2004) or the integration in the intron of a pre-existing 

gene and the use of alternative splicing during expression (e.g. Rpsl4 is located in the sdh2 

intron in cereal species, Figueroa et al. 1999 and Kubo et al. 1999). In some cases the 

transferred genes acquire regulatory signals from a sequence of unknown origin (maize Rpl5, 

Sandoval et al. 2004). When the nuclear copy is activated, there is a functional copy in the 

mitochondria and in the nucleus, a period called the transition stage. In wheat rpl5 is in a 

transition-state (Sandoval et al. 2004) and cox2 is an example of such a state persisting in 

legumes (Adams et al. 1999). At this time, either copy could take over and become the sole 

copy of the gene. The gene transfer is successful once the mitochondrial copy is deactivated 

and the functional copy used is encoded in the nucleus. It is possible to detect pseudogenes 

or gene remnants of transferred genes in the mitochondrial genome because of its low rate of 

nucleotide substitution (Wolfe et al. 1987). 
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In some cases, the mitochondrial copy is lost but the protein is functionally replaced 

by a chloroplast copy of the gene encoded in the nucleus or by a nuclear gene. In 

Arabidopsis, the mitochondrial genes rps8 and rpsl3 have been replaced by the cytosolic 

gene Rpsl5A and the chloroplast gene rpsl3 respectively (Adams et al. 2002b). 

Once a mitochondrial copy is a pseudogene and no longer under constraint, 

rearrangements can occur that may cause the loss of this gene from the mitochondrial 

genome. Interestingly since mitochondrial genes can be closely linked, if one of the genes is 

a pseudogene it is possibly being kept because of the close association with the functional 

upstream or downstream gene: such speculation is made for *¥rpsl4 in the grass lineages 

(Ong and Palmer 2006). 

1.3 Analyzing RNA in plant mitochondria 

In order to look at the transcriptional and post-transcriptional events in plant 

mitochondria, several experimental approaches can be used. Key aspects of the RNA 

analysis done in this study include mapping ends of transcripts, differentiating between 

primary and processed transcripts and identifying sites of transcription initiation. Old and 

new methodologies have been exploited and central techniques used in this study will be 

further described here (Figure 1.3). 

1.3.1 Primer extension 

The primer extension experiment is a common technique to determine the 5' end of a 

transcript (Figure 1.3A). A radioactive end-labelled oligomer is used in a reverse-

transcriptase reaction on mitochondrial RNA. The product extends to the 5' end of the RNA. 

The resulting cDNA is denatured and electrophoresed on a polyacrylamide denaturing gel. 

This technique does not differentiate between primary and processed transcripts but precisely 

maps the 5' end to the nucleotide. However cDNA extension can be affected by RNA 

secondary structures in regions resulting in premature extension termination (Sambrook et al. 

1989). This technique was used in mapping the ends of the ccmFN-rpsl transcript in 6d 

wheat seedlings (Gonzalez et al. 1993). 
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Figure 1.3: Schematic of the experimental techniques used to study RNA in plant 
mitochondria 

A) Primer extension analysis B) Nuclease protection assays C) Phosphatase circular RT-PCR 
and D) Guanylyltransferase capping experiment. Filled boxes represent genes, tri- (PPP) and 
mono-(P) phosphate groups are shown at the 5' end of transcripts, horizontal arrow heads are 
oligomers. Hybrid formation and probe annealing are shown with hydrogen bond lines. In C 
and D, blue lines are primary transcripts, red lines are processed transcripts. Red stars 
represent radioactive labelling. Experimental steps are boxed on the right. R represents 
restriction sites in the DNA sequence 
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1.3.2 Nuclease protection assays 

Determining the 5' and 3' ends of RNA transcripts is also possible using nuclease 

protection assays, where a radioactive labelled DNA fragment (or antisense RNA) is placed 

in hybrid with RNA and the single stranded molecules not in hybrid are digested by the 

nuclease enzyme. The protected product is then denatured and electrophoresed on a 

polyacrylamide denaturing gel (Figure 1.3B). 

A common experiment involves SI nuclease, which can digest single stranded RNA 

or DNA molecules. A gene specific PCR product or restriction fragment is generated to be 

longer than where the ends of the RNA are expected to be. These products are uniformly 

labelled or 5' end labelled respectively denatured and placed in hybrid with mitochondrial 

RNA. Once the RNA ends are protected by being annealed in hybrid, the single stranded 

RNA and DNA not in hybrid are digested by SI nuclease leaving a labelled protected 

fragment. This product is electrophoresed next to a size marker. This maps the 5' or 3' ends 

of transcripts precisely (Sambrook et al. 1989). This technique was used in mapping the ends 

of the cox3 transcript in 6d wheat seedlings (Gualberto et al. 1990). 

1.3.3 Circular-RT-PCR 

This method allows the identification of both 5' and 3' ends at once (Figure 1.3C). 

RNA samples are treated with T4 RNA ligase to circularize the transcripts, in a mono-

molecular fashion. RNA ligation requires a di- or mono-phosphate 5' end, excluding the 

ligation of primary transcripts which have a tri-phosphate at their 5' end. After ligation, a 

gene specific RT-PCR is performed to amplify products over the newly formed 5'-3' 

junction (cr-RT-PCR), which are then cloned and sequenced (Kuhn and Binder, 2002). This 

technique was used in mapping the ends of rpsl2, cox2 and atp9 transcripts in maize 

mitochondria (Williams et al. 2000). 

1.3.4 Differentiating between primary and processed transcripts: Tobacco-

acid-phosphatase-cr-RT-PCR and guanylyltransferase-capping 

The methods described previously do not allow the identification of transcription 

initiation sites specifically. The guanylyltransferase enzyme is used in order to add a labelled 

GTP to the 5' end of tri-phosphate primary transcripts (similar to the G-cap of eukaryotic 
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cytosolic mRNAs) and this labelled RNA is used in a nuclease protection experiment, in 

hybrid with PCR products or restriction fragments of the region of interest. The signal seen 

corresponds to the 5' end of primary transcripts only (Figure 1.3D) (Sambrook et al. 1989). 

This technique was used in the definitive mapping of transcription initiation sites in wheat 

(Covello and Gray 1991). 

Primary transcripts have a tri-phosphate 5' end whereas processed transcripts have a 

mono-phosphate. A new method exploits this difference in 5' end chemistry to allow to 

experimentally differentiate between primary and processed transcripts when using circular-

RT-PCR (Figure 1.3C). Tri-phosphate transcripts are not able to undergo RNA ligation. In 

order to ligate such primary transcripts, RNA samples are first treated with tobacco acid 

phosphatase (TAP) which removes the outer most phosphate, hence allowing circularisation. 

Followed by gene specific cr-RT-PCR, the products are a mixed population of primary and 

processed 5' ends. The phosphatase treatment was in a slightly different ligation reaction by 

Kuhn et al. (2005) to map the 5' ends of Arabidopsis thaliana transcripts. Since T4 RNA 

ligase is able to ligate di-phosphate 5' ends, a small amount of damage at the 5' end would 

allow ligation (Forner et al. 2007) Differences in TAP treated and non-TAP treated samples 

must hence be interpreted carefully. 

1.4 Objectives 

The objectives of my thesis are to learn more about RNA processing events in plant 

mitochondria during early seed-to-seedling development. Sequences of whole mitochondrial 

genomes are becoming available and sequence comparisons between species have revealed 

gene linkages that have been conserved over long evolutionary time, notably ccmFN-rpsl-

mat-rnadle-nad5c in rice, wheat and maize (Clifton et al. 2004). Previous work on ccmFN-

rpsl in wheat led us to investigate this region further, particularly in regards to its transcript 

profile during early embryo development. Studies of mitochondrial gene transfer to the 

nucleus have identified genes in transition state in mitochondrial genomes. This is the case of 

rpl5 in wheat (Sandoval et al. 2004) which prompted our interest in characterizing its 

transcript profile in mitochondria. My organism of interest is primarily the cereal species 

wheat (Tricitum aestivum), an important crop plant worldwide and widely used in studying 

mitochondrial type events. Studies with other cereal species, notably rice (Oryza sativa) have 
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also been included to provide comparative data and assess the conservation of signals and 

cis-elements. 

How do the transcript profiles of the ccmFN-rpsl and rpl5- vFrpsl4-cox3 loci in wheat 

mitochondria differ during early embryo-to-seedling development? In wheat 6d seedlings, 

ccmFN-rpsl are co-transcribed as described by Gonzalez et al. (1993) and no monocistronic 

transcripts for either gene are detectable. A northern hybridization of 2d wheat mtRNA (T. 

Hazle, a former Ph.D. graduate in our laboratory, unpublished results) revealed a more 

complex transcript profile however, prompting us to investigate this locus in wheat 

mitochondrial RNA during early seed-to-seedling developmental stages. In wheat, rpl5 is in 

a transition state and its co-transcription with x¥rpsl4 has been characterized (Sandoval et al. 

2004). They are linked downstream to cox3, for which a promoter has been identified 

(Covello and Gray, 1992). The expression profiles of the rpl5- ff,ps!4-cox3 loci during early 

times of development will be examined. 

What are the regulatory signals and processing events leading to the formation of discrete 

transcripts for these loci? By mapping the ends of the transcripts for ccmFN-rpsl and rpl5-
x¥rpsl4-cox3 loci, we hope to discover the regulatory signals for these regions and how the 

processing events are linked to form their respective transcript profiles. The identification of 

cis-elements for these two gene loci and their processing over development will help us 

understand how mitochondrial RNA species are processed post-transcriptionally. 

How are rpl5 and WpsM transcribed in two closely related plants, wheat and rice, with 

different genomic context? In wheat, the rpl5- 1fpsl4 locus is found ~600 bp upstream of 

cox3, whereas in rice these genes are located far from other genes. We are interested in 

comparing the RNA processing pathways in wheat and rice who have diverged ~50 MY A, 

since they share a certain amount of surrounding sequences. In addition, rplS is in a 

transition-state in wheat (Sandoval et al. 2004). What is the status of these genes in other 

closely related plants like oats and barley? Furthermore, in wheat and rice rpsl4 was 

transferred to the nucleus in a common gene transfer event and the rpsl4 pseudogene has 

persisted in the mitochondrial genome of most cereals. Does it hold a specific role in the 

transcription of rpl5? 
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Chapter 2 Materials and methods 

2.1 Plant material 
Wheat (Tricitum aestivum var. Frederick), oat (Avena sativa AC Goslin) and barley 

(Hordeum vulgare OAC Kippen) seeds were kindly provided by Dr R. Pandeya (Agriculture 

and Agri-food Canada). Rice (Oryza sativa var. Drew), rye (Secale cereale var. Gazelle), 

orchard grass (Dactylis glomeratd), brome (brome grass, Bromus) and lolium (perennial rye 

grass, Lolium perenne) seeds were commercially purchased from Ritchie Feed and Seeds 

Inc. (Ottawa, ON, Canada). Maize seeds (Zea mays var. D39) were kindly provided by 

Direct Seeds, Inc. (Chatham, ON, Canada) 

2.2 Mitochondrial nucleic acid isolation 

50g of seeds were surface-sterilized in 1:6 dilution of Javex in distilled water and in 

lOmN HC1 then rinsed in distilled water, and embryos were dissected from the endosperm 

prior to imbibition on 3mm filter paper in petri dishes with sterile water (6hr, 12hr, 18hr and 

24hr) or germination of whole seeds in vermiculite (2d and 6d seedlings) in the dark at room 

temperature. 

Mitochondrial DNA and RNA were isolated using procedures as previously 

described (Subramanian et al. 2001). Briefly, after homogenization in cold buffer I (0.44M 

sucrose, 50 mM Tris pH 8.0, 3mM EDTA, ImM p-mercaptoethanol, 0.1% BSA) using cold 

mortar and pestle and filtration through cheesecloth and Miracloth (Calbiochem), crude 

mitochondria were isolated using differential centrifugation (twice five minutes at 500g and 

once 25min at 12000g) to remove cytosolic contaminants. 

For DNA isolation, the crude mitochondrial pellet was resuspended in Buffer II 

(50mM Tris pH 8.0, 20 mM EDTA) and mitochondria were lysed using Buffer III (20mM 

Tris pH 8.0, 100 uM EDTA, 200mM NaCl, 2% SDS, 200 mM p-mercatoethanol) at 65°C for 

20 minutes. DNA was subsequently precipitated with KOAc, isopropanol with NH4OAc, 

ethanol and isopropanol with NaOAc. After collection of the pellet by centrifugation and 

vaccum drying, mtDNA was resuspended in TE buffer (10 mM Tris pH 7.5, ImM EDTA) 

and stored at -20°C. Yield from this extraction was typically between 0.5 and 1 jag per gram 
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of wet weight tissue, with varying amount of nuclear DNA contamination depending on the 

species used. 

RNA isolation of crude mitochondrial pellets obtained from differential 

centrifugation (as previously described in Subramanian et al. 2001) was done as follows. 

Pellets were resuspended in Buffer IV (lOmM Tris pH 7.5, 50mM KC1, lOmM MgCl2) and 

Buffer IV with 8% Triton-X 100. Mitochondria were lysed using detergent mix (2% tri-

isopropylnapthalene sulfanate, 12% sodium p-aminosalicytate, 0.1M NaCl, 20mM Tris pH 

7.4) and RNA was extracted twice with phenol (1.5 volume of phenol saturated in TE). 

Precipitation of nucleic acids was done using 0.1 volume 5M NaCl and 2 volumes 95% 

EtOH. Yields were typically between 5-1 Oug of RNA per gram of wet weight tissue. 

RNA samples were treated with FPLC pure, RNAse-free DNAsel (Pharmacia) with 

IX DNAse buffer (40mM Tris, pH 7.5), 6 mM MgCl2) and 20 units of RNase Inhibitor 

(Promega) for 30minutes at 37°C. Sampled were subsequently extracted once with equal 

volume of TE-saturated phenol and once with phenol-chloroform-IAA (25:24:1) before 

ethanol precipitation overnight in 2.5X volume EtOH and 0.1 volume 5M NaCl. 

2.3 Southern and northern hybridization 

2.3.1 Southern and northern blots 

Procedures were adapted from standard protocols (Sambrook et al. 1989). 

For Southern blots, ~1 to 2ug of mtDNA was cut with restriction enzymes ( as per 

standard protocol, Sambrook et al. 1989) and electrophoresed on 0.8% agarose gels in IX 

TBE. Gels were ethidium bromide stained and photographed. Treatment with 0.25N HC1 for 

15 minutes was followed by denaturation 20min in 1.5M NaCl and 0.5M NaOH and 

neutralization 30 min in 3M NaOAc (pH 5.5). Transfer to a nylon membrane was done 

overnight by capillary action to a stack of paper in 20X SSC buffer (6M NaCl, 0.6M sodium 

citrate, pH 7.0), air dried the next day and UV cross-linked lminute. 

For northern blots approximately 5ug mtRNA was denatured in loading buffer 

containing IX MOPS buffer pH 7.0 (40mM 3-N-morpholino-propane-sulphonic acid, lOmM 

sodium acetate, ImM EDTA pH 8.0), 6.6% formaldehyde, 50% formamide, RNA loading 

buffer (50% glycerol, ImM EDTA, bromophenol blue) and 40ng Et-Br by heating at 70°C 

lOmin with frequent vortexing. The RNA was electrophoresed in a submarine gel system on 
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a denaturing 1.25% agarose gel with 7.2% (v/v) formamide in IX MOPS buffer which was 

pre-run for 1 hour at 60V (~24mA). Electrophoresis was performed for the first hour at the 

same voltage/amperage then increased to 80-100 V for up to 3 hours. The RNA gel was then 

transferred to a nylon membrane overnight by capillary action to a stack of paper in 20X 

SSC buffer (6M NaCl, 0.6M sodium citrate, pH 7.0), air dried the next day and UV cross-

linked 1 minute. 

2.3.2 Southern and northern hybridization 

Southern and northern membranes were pre-hybridized 2 hours in 10-15 ml of the 

appropriate hybridization buffer in rotating hybridization ovens at 40-42°C, before 

hybridization overnight, with 1-3 ml fresh hybridization buffer and 5-15 ul of radiolabelled 

probe. Hybridizations with end labelled oligomers were done overnight in oligo-mix (5% 

deionized formamide, 5X SSC, 0.1% SDS, 50ug/ml yeast tRNA) and random labelled 

probes were hybridized overnight using alpha-hybridization mix (5X Denhardt's solution, 

5X SSC, 1% sodium dodecyl sulphate (SDS), 50mM NaP04, pH 7.0 and 250 ug of 

denatured herring sperm DNA). 

Membranes were then washed twice in 20ml 20X SSC, 0.1% SDS for 20 minutes at 

the same hybridization temperature in order to remove non-hybridized probe. Exposure for 

the appropriate amount of time was done either on phosphoimaging screens (Kodak) at room 

temperature or on X-ray films (Kodak) at -80°C. Phosphoimaging screens were scanned in 

the phosphoimager scanner (Bio-rad Molecular imager FX) and X-ray films were developed 

using Kodak developer and fixer reagents. 

2.4 Radiolabeled probes for hybridization 

Two types of 32P probes were used for hybridization: 5' end-labelled oligomers and 

random-labelled PCR products. 

Oligomer probes were prepared using 100 ng of 20 nt oligomers incubated with 40 

uCi y-32P-ATP (3000 Ci/mmol, Amersham), 5 units of T4 polynucleotide kinase (Invitrogen) 

and IX kinase buffer (50mM Tris pH 9.5, 10 mM MgCl2, 5mM DTT) for 45 minutes at 

37°C. 37.5 (J.1 of TE was added to stop the reaction prior to spinning through a Sephadex G-

50 column (previously equilibrated with TE pH 8.0) in order to remove unincorporated 

radioactive label. 50 ul TE was passed twice more through the column in order to get three 
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eluants. The eluant with the highest specificity as measured by Geiger counter (1 or 2n ) 

was used for hybridization. 

Random-labelled PCR product probes were prepared using the Megaprime labelling 

system (Amersham Biosciences). Approximately 25ng of PCR product was boiled 5 mins 

with the recommended amount of random nonamer primers from the kit and placed on ice 5 

mins. The labelling reaction was done at 37°C for 45 minutes with lunit of DNA polymerase 

I (Klenow) in the kit's buffer, dCTP, dTTP, dGTP and 25uCi a-32P dATP (3000Ci/mmol, 

Amersham), according the kit's protocol. The reaction was stopped by the addition of 75.5^1 

TE and spun through a Sephadex G-50 column in order to remove unincorporated 

radioactive label. Activity of the probe and column was assayed with a Geiger counter and 

typically showed a 40-50% incorporation. Before use in hybridization experiments, probes 

were boiled 5mins and placed on ice 5 mins. 

2.5 Phosphatase and RNA ligase treatment, reverse-transcriptase and 
polymerase chain reaction of mtRNA (cr-RT-PCR) 

Wheat mtRNA (~5u,g) was incubated in IX supplied tobacco acid phosphatase 

reaction buffer, BSA and 0.16U/ul tobacco acid phosphatase (TAP) (Epicentre, Madison, 

WI), as per supplier's protocol, supplemented with 1.3U/ul RNAsin (Promega) at 37°C for 

lh, subsequently extracted with phenol:chloroform:IAA (1:1:25), and precipitated with 2.5 

vol 95% EtOH and 0.5 vol 5M NaCl. After recovery, wheat mtRNA was circularized and 

RT-PCR was performed as previously described by Li-Pook-Than et al. (2006). Briefly, 

mtRNA was incubated overnight at 14°C with T4 RNA ligase (New England Biolabs), 0.1 

vol 10X supplied T4 RNA ligase buffer, supplemented with BSA (50ng/ml) and 0.5U/ul 

RNAsin (Promega) and once again precipitated with 2.5 vol of 95% EtOH and 0.5 vol of 

5mM NaCl precipated. 

After denaturation of the RNA lOmin at 70°C, reverse transcriptase reactions were 

performed as recommended by supplier using 10U/ul Superscript II (Invitrogen), 0.2vol 5X 

1st strand buffer, lOmM DTT and 0.5mM dNTPs for lh30 at 42-45°C, using appropriate 

primers and a control. PCR reaction were performed as recommended by the supplier with 

DNA Taq polymerase (Invitrogen) for 30 cycles (94°C 30s, 50-60°C 30s-lmin and 72°C 

30s-1 min) with selected primers and in some instances reamplified with nested primers, for 

verification of products. Products were analyzed on 1.2%-1.5% agarose gels with appropriate 
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DNA size markers (MBI Fermentas). The 3 RNA treatments are: with tobacco acid 

phosphatase (TAP) and with RNA ligase (+T+L), without TAP and with RNA ligase (- +L) 

and without TAP and without RNA ligase (-T-L, negative control). Oligomers (Table 2.1) 

were designed based on sequences from the NCBI databank (Table 2.2) and ordered from 

Invitrogen, ON, Canada. 

2.6 Cloning of PCR products and sequencing 
PCR products were gel extracted using UltraClean 15 kit (MoBio Laboratories Inc.) 

and ligated overnight at 4°C into pGem-T-easy plasmid vectors with the pGem-T-easy vector 

system (Promega). The ligated products were cloned in competent TBI strain E.coli cells, 

prepared according to Sambrook et al. 1989. Plasmids were isolated from bacterial colonies 

with the QIAprep spin Miniprep kit (Quiagen). 

2.7 SI nuclease protection assay 
PCR products for SI nuclease protection assays were either 5' end labeled or 

uniformly labeled. The uniformly labeled products were done as follows: PCR reactions 

were set up with 1 ng mtDNA, IX PCR buffer, 1.5 mM MgCl2, O.OlmM dNTPs, 125ng of 

each primer, 0.5U Taq polymerase (Invitrogen) and 15uCi a-32P dATP (3000Ci/mmol, 

Amersham) and run for 30 cycles (94°C 30s, 52°C 30s, 72°C lmin). The reaction was filtered 

through a Sephadex G-50 column in order to remove unincorporated radioactive label. 

Approximately 5 ug of mtRNA dissolved in 5ul water and 3ul 5X PIPES buffer (0.2 

M PIPES pH 6.5, 5 mM EDTA, 2 M NaCl) was dried and resuspended in 12 ul deionized 

formamide and mixed with 3 ul (-10 ng) of the denatured probe. Incubation at 85°C for 

15min was followed by a slow cooling to 47°C and hybrids were allowed to form overnight. 

The RNA/DNA hybrids were then cooled down further to 43°C over ~45 min and placed on 

ice before adding 300 ul cold SI buffer (0.25 M NaCl, 30 mM NaOAc pH 5.5, 1 mM zinc 

acetate, 20 |j,g/ml denatured herring sperm DNA). The reaction was divided in 4 tubes with 

0, 5, 10 and 25 Units of SI nuclease (Invitrogen) respectively and incubated 30 min at 30°C. 

25ul of stop buffer (4M NH4OAC, 50 mM EDTA, 0.05 ug/ul tRNA) was added and 

precipitation of nucleic acids was done with 240 ul 95% EtOH at -20°C overnight. 

RNA/DNA hybrids were pelleted by centrifugation 20 minutes and washed once in 95% 

EtOH before drying 10 min at 60°C and resuspension in 4ul TE and 8ul loading buffer. The 
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Table 2.1: Sequence and position of oligomer used in this study. 

Oligomers name, position and direction referred to in figure 2.1, location based on accession 
number given. Oligomers were ordered from Invitrogen (CA, USA) 
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Location Position Sequence (5'-3') Orientation Accession no. 
A) ccmFN 
LB469 
LB461 
LB247 
LB468 
LB387 
LB465 

51865-52243 
52262-52243 
215-234 
447-428 
526-507 
1539-1558 

upstream ccmFN 
upstream ccmFN 
5' end ccmFN 
5' end ccmFN 
5' end ccmFN 
3' end ccmFN 

TTTCTACAACAGGTGCTTGG 
TTTCTTCAGTCTCACAAGCG 
GTGCAGCACTTGCATTTTGG 
TGAGACATTATGGCTTTGGG 
GTTGGAGAGATAGAATGGAG 
TCTTCATTCTTGGACCTCGC 

sense 
antisense 
sense 
antisense 
antisense 
sense 

AP008982 
AP008982 
X69205 
X69205 
X69205 
X69205 

B)rpsl 
LB933 
LB243 
LB487 
LB386 
LB440 
LB388 
LB244 
LB446 
LB462 
LB438 
LB447 
LB437 
LB449 
LB450 

1961-1942 
2010-1991 
2099-2080 
2186-2167 
2380-2399 
2407-2426 
2501-2482 
42928-49209 
48966-48985 
48385-48376 
48299-48318 
47382-47401 
47380-47361 
137-114 

intergenic ccmFN-rpsl 
5' end rpsl 
5' end rpsl 
5' end rpsl 
3' end rpsl 
3' end rpsl 
3' end rpsl 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 
rpsl-mat-r intergenic 

ATCAGAAGTATCCAGCAGCG 
TCGACTCCAATAGATGCTCA 
TCTTCCCTTAAGCGTAAGCG 
CCTGGTGGCTCGGTTGATTG 
TCAGACAAAACCGAGCTTGG 
TGAAGAAGATTTGGCGAACG 
AGTAGTAAGACCCGCGATGG 
ATCATGCGTGACTGGCGGAG 
TTCAGTAAACTGACCTTGGC 
TTGATTCCGTTCGTTCCTGC 
TTACCCACGAGAGTCAGAGG 
ACACAAGCGGCAATCATCCG 
AATTTCATTGCTGTGGGTCC 
AAGGCTCTTTAAGGAAGTAGTCCC 

antisense 
antisense 
antisense 
antisense 
sense 
sense 
antisense 
sense 
antisense 
sense 
antisense 
antisense 
sense 
antisense 

X69205 
X69205 
X69205 
X69205 
X69205 
X69205 
X69205 
AP008982 
AP008982 
AP008982 
AP008982 
AP008982 
AP008982 
X57965 

C) mat-r 
LB439 
LB52 

LB463 

558-539 
1190-1215 

1746-1727 

mat-r 
mat-r 

mat-r 

TTCTCACCCCCTACGAGTCG 
CGATATGCCGACGACTTACTACTG 
GG 
TTCTTCAGGACACTCATGCC 

antisense 
sense 

antisense 

X57965 
X57965 

X57965 
C)rpl5 
LB509 
LB406 
LB510 
LB352 

30759-30778 
30658-30677 
277-258 
319-300 

upstream rpl5 
upstream rpl5 
5' end rpl5 
5' end rpi5 

AGGACTAGAGTGCTAAGCAG 
TTCGATATTTCACTCCGTGG 
TGGAGTGGAAACATCATGGC 
TTGAGCAACAGATCCTGACG 

antisense 
antisense 
antisense 
antisense 

AP008982 
AP008982 
AJ535507 
AJ535507 

D) rpsU 
LB283 
LB489 
LB313 

862-881 
992-1111 
1233-1214 

5' end rpsl4 
3' end rpsl4 
intergenic rpsl4-cox3 

CACAAACGTAGATTGCTCGC 
ATGGCACGAGTAAGAAACCG 
ATGACTCCGTTAGTTTCGGT 

sense 
sense 
antisense 

AJ535507 
AJ535507 
AJ535507 

E) cox3-tRNAE 

LB345 
LB314 
LB350 
LB346 
LB511 
LB407 
LB374 

652-633 
999-980 
739-758 
1267-1286 
1347-1366 
27325-27344 
27060-27079 

5' end cox3 
middle of cox3 
3' end cox3 
3' end cox3 
3' end Co*.? 
intergenic cox3-tRNAH 

tRNAE 

GTACATCACACCTCCTACGG 
ATGAGCCCAAGTTACGGCAG 
TCTACGTGAATGCACGTTGG 
AGCTGCATGGTACTGGCATT 
AGAAGGGAACGAATAAGTGG 
TGAATGGCTCGTGTTGCGCT 
AATCGAACCCGTGTCTTCGA 

antisense 
antisense 
sense 
sense 
sense 
antisense 
antisense 

X15944 
XI5944 
X15944 
X15944 
XI5944 
AP008982 
AP008982 

D) 18S rRNA 
LB211 56895-56914 18rRNA GTGATCATTGGTCCGATGCT antisense AP008982 
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Figure 2.1: Schematic showing the positions of the oligomers used in this study 

Based on the wheat mtDNA (AP008982) for the genomic regions A) ccmFN-rpsl-mat-r-
nadle-nad5c and B) rpl5- WpsM-coxS. Filled boxes represent genes, oligomer names 
referred to in Table 2.1. Arrow heads represent oligomers with orientation. Names of genes 
and sizes of the coding sequences and intergenic spaces are written below 
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protected products were electrophoresed on a 7% urea denaturing polyacrylamide gels (7 M 

urea, 5X TBE (25mM Tris pH 8.0, ImM EDTA, lOmM boric acid, 7% acrylamide) as per 

standard procedures (Sambrook et al. 1989). 

2.8 Primer extension analysis 

Primer extension analysis was done using ~5ug of mtRNA dissolved in 6ul low TE 

with 5ul (~10 ng) of 32P end-labelled oligomers. The mix was incubated at 70°C for lOmin 

before adding 4 ul 5X first strand buffer (Invitrogen), 2 ul 100 mM DTT, 1 ul 10 mM 

dNTPs and 1 jLtl (40 U) RNasin® (Promega) and incubation at 37°C for 2min. The reaction 

was incubated 1.5 hr at 37°C with 1 ul (200 U) M-MLV Reverse Transcriptase (Invitrogen) 

and stopped by adding 10 ul loading buffer. Products were denatured by boiling 5 mins 

before a quick cool on ice and were then electrophoresed on a 7% urea denaturing 

polyacrylamide gels as previously described. 

2.9 DNA sequencing 

Automated sequencing of isolated clones was done by the Ontario Health Research 

Institute DNA sequencing facility (OHRI, StemCore laboratories) or the McGill University/ 

Genome Quebec Innovation Center (Montreal). 

For assessing editing status, RT-PCR products were sequenced directly by dideoxy 

chain termination using the Sequenase version 2.0 DNA sequencing kit (US Biochemicals) 

and a- S-dATP as per supplier's instruction. Sequencing products were electrophoresed on 

7% urea denaturing polyacrylamide gels as previously described. 

2.10 Bioinformatics analysis 

Sequences were obtained from the NCBI (National Institute of Biotechnology 

Information) databank for primer design (http://www.ncbi.nlm.nih.gov) and sequence 

analysis. Accession numbers used are given in table 2.2. BLAST searches were done using 

the NCBI website online (Altschul et al. 1990, http://www.ncbi.nlm.nih.gov/blast). ClustalW 

alignements were done online at the European Bioinformatics Institute website (Chenna et 

al. 2003; http://www.ebi.ac.uk/Tools/clustalw/index.html). MultiPipmaker analyses were 

done online using the Multipipmaker software (Schwartz et al. 2000): this program aligns 
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regions of similar identity between two or more nucleotide sequences and results are shown 

as a percent identity plot (pip). 

RNA secondary structure predictions were done online with 

RNAfold (Hofacker et al. 1994; http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), 

mfold (Zuker, 2003; http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.html) and 

GeneBee (http://www.genebee.msu.su/genebee.html). 

50 and 100 nts around 5' and 3' ends were used in secondary structure prediction programs 

and settings for the RNA folding programs were used as follows: 

RNAfold: Fold algorithm partition and pair probabilities using preset RNA parameters, at 

37°C, avoid isolated base pairs. 

mfold: linear RNA, at 37°C, 5 percent free energy increment delta(G), 1 M Na+, 0 M Mg2+, 

50 maximum number of foldings to be computed, no structure annotation, 0 structure 

rotation angle and 5' base number 1. 

Genebee: Greedy method, energy threshold for helices -4.0, conserved factor (Coefficient of 

increasing free energy for conservativeness of a pair of complementary position): 2 

Kkal/mol, compensated factor (Coefficient of increasing free energy for a pair of 

complementary positions, having compensatory changes in the alignment): 4 Kkal/mol, 

cluster factor 2, greedy factor (Number of variants, tried out for inclusion into the structure 

on every step of the greedy algorithm): 2 Kkal/mol, using all the sequence. 
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Table 2.2 Accession numbers of sequences used in this study. 

Accession numbers correspond to those in the NCBI databank (National Center of 
Biotechnology Information, National Institute of Health, USA). Species, locus and literature 
references are given. Gene names with capital letter refer to nuclear encoded genes as 
opposed to gene names without capital letter that are mitochondrially encoded. 
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Species 
Accession 

number (NCBI 
databank) 

References 

wheat 
rice 
maize 
Arabidopsis 
Brassica 
tobacco 
sugarbeet 

mitochondrial genome AP008982 
BA000029 
AY506529 
NC 001284 
AP006444 
NC 006581 
BA000009 

Ogihara et al,, 2005 
Notsu et al,, 2002 
Clifton et al„ 2004 
Unseldefa/,, 1997 
Handa, 2003 
Sugiyama et al,, 2005 
Kuboefa/,,2000 

Locus 
wheat 

6C 

it 

wheat 
wheat 
wheat 
wheat 

a 

cc 

a 

a 

barlev 
a 

a 

a 

u 

oats 

ccmFN -rpsl 
mat-r-nadle 
nad5c 
rplS-^rpsH 
cox3 
rps2 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 
Rpl5 

X69205 
X57965 
M74158 
AJ535507 
XI5944 
AB158222 
BJ269357 
BQ806344 
BJ269331 
CD919000 
BJ269357 
BM368977 
BU973461 
CV053501 
B1779154 
BE602472 
CN821212 

Gonzalez et al,, 1993 
Chapdelaine and Bonen, 1991 
Pereira de Souza et al„ 1991 
Sandoval et al„ 2004 
Gualberto<tfa/„ 1990 
Kubo etal,, 2005 
EST others databank 

a 

a 

a 

a 

a 

u 

a 

a 

a 

46 
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Chapter 3 Characterization of transcript profiles for the ccmFN-

rpsl locus in wheat mitochondria 

3.1 Rationale 
The mitochondrial ccmFN-rpsl genes encode a cytochrome c maturation protein and 

the ribosomal protein SI, and are part of a conserved linkage in wheat, rice and maize. In 

wheat 6d seedlings, the ends of a 2.7 kb bicistronic transcript were characterized (Gonzalez 

et al. 1993). However preliminary northern analysis from our group at an earlier 

developmental stage revealed a more complex transcript profile, including a precursor RNA 

and a monocistronic rpsl species in 2d wheat (T. Hazle unpublished data), prompting our 

interest in studying this region for post-transcriptional events during seed-to-seedling 

development. Furthermore, this locus is part of a longer linkage of ~10 kb (ccmFN-rpsl-mat-

r-nadle-nad5c, including a group II intronic maturase and exons 4 and 3 of nadl and nad5 

genes of the NADH complex) conserved between wheat, rice and maize which raises 

interesting questions about the conservation of potential processing and regulatory signals in 

the intergenic region between rpsl and mat-r. This chapter is currently being prepared as a 

manuscript. 

3.2 Transcript profiles of the ccmFN-rpsl locus in wheat during early seed 
germination 

Wheat mitochondrial RNAs from different developmental stages during embryo-to-

seedling development (6hr, 12hr, 18hr, 24hr, 2d and 6d after imbibition) were extracted and 

northern analysis of the ccmFN-rpsl region was performed using random-labelled PCR 

fragment and end-labelled oligomers (Figure 3.1 A and B). Transcript profiles of ccmFN and 

rpsl between 6hr and 6d show two high molecular weight bicistronic transcripts of ~ 3.2 kb 

and ~2.7 kb and a rpsl monocistronic transcript of -0.7 kb (Figures 3.1A and IB). A 

random-labeled PCR probe was used for the ccmFN gene, which could potentially hybridize 

to antisense transcripts coming from the same region but no difference was seen between 

such a probe and an oligomer-probe (data not shown).The coding sequence of ccmFN is 

1770 bp and the rpsl coding sequence is 638 bp, when using the genomically encoded stop 

codon (cf. an edit site at nucleotide 619 creates an early stop codon in wheat, Gonzalez et al. 

41 



Figure 3.1: Northern blot analysis of the ccmFN-rpsl locus for wheat mtRNA during 
embryo-to-seedling development (6h, 12h 

Sizes in kilobases (kb) of the transcripts are given on the right. The filled bars below 
represent the genes in the wheat mitochondrial genome, with arrow heads showing the 
position of the random-labelled (LB247-387 PCR product) and end-labelled oligomer 
(LB244) probes used, ccmFN'm panel A, rpsl in panel B. Hybridization with 18S rRNA was 
used as standardization for RNA loading (panel C). 
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1993). As proposed by Hazle and Bonen (2007a) using comparative analysis between 

monocot and eudicot species, the rpsl start codon is actually believed to be 11 lbp upstream 

of the one reported in the literature, in which a sequencing error caused a frameshift 

(Gonzalez et al. 1993). The wheat ccmFN-rpsl intergenic distance is 135 bp (Figure 3.1 A). 

These sizes allow about 650 nt and 200 nt for total UTR length for the 3.2 kb and 2.7 kb 

transcripts respectively. 

The abundances of the three transcripts shift over development (Figure 3.1 A and B): 

in early development (6hr) only the rpsl monocistronic transcript is detected and it is 

abundant until about 24hr and is no longer detected at 6d. At 18 hr after imbibition, the two 

high molecular weight transcripts are detectable. In 6d seedlings, only the 2.7 kb mRNA is 

seen and the 3.2 kb precursor transcript is no longer detectable; it might no longer be de novo 

transcribed or is processed quickly into the 2.7 kb mRNA. 

In order to determine whether the 500 nt difference between the two high molecular 

weight transcripts is due to a difference in length of the 5' end or the 3' end, end labelled 

oligomer hybridizations were done with probes specific to the 500nt upstream and 

downstream of the 5' and 3' ends of the 2.7 kb transcript, based on the published data 

(Gonzalez et al. 1993): the upstream one hybridized to the 3.2 kb transcript in 24hr wheat 

mtRNA (Figure 3.2A) and in earlier stages of development (data not shown), indicating that 

the difference between the two transcripts includes at least part of the 5' UTR. 

3.3 Determining the precise 5' ends of the two ccmFN-rpsl bicistronic 
transcripts in wheat 

To map the transcript ends of the two ccmFN-rpsl transcripts in wheat mtRNA at 

12hr and 24hr post-imbibition, where both high molecular weight transcripts and the 

monocistronic rpsl transcript are detected, phosphatase-circular-RT-PCR experiments were 

done (Figure 3.3). The RNA is first treated with tobacco acid phosphatase (TAP) to remove 

the 5' a phosphate of primary transcripts enabling their circularization in the subsequent 

step. The reaction with T4 RNA ligase circularizes TAP-treated primary transcripts and as 

well as processed transcripts that have a 5' monophosphate (Figure 1.2 C for details). RT-

PCR over the newly formed 5'-3' junction of the self-ligated RNA is performed with 

transcript specific primers, providing simultaneous information about the 5' and 3' ends. 

44 



Figure 3.2: Northern blot analysis of the ccmFN-rpsl locus and the region upstream for 
wheat mtRNA at 24hr embryos and 6d seedlings 

Sizes in kilobases (kb) of the transcripts are given on the right. The filled bars below 
represent the genes in the wheat mitochondrial genome, with arrowheads showing the 
position of the end-labelled oligomer probes used, upstream of ccmFN in panel A, rpsl in 
panel B (same blot A and B), ccmFN-rpsl intergenic in panel C (different blot). 
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Figure 3.3: cr-RT-PCR analysis for the ccmFN-rpsl locus for the two major ccmFN-rpsl 
transcripts and the rpsl monocistronic transcript and sequence chromatogram of an 
exemplar cDNA sequence (B) 

TAP-circular-RT-PCR analysis of the ccmFN-rpsl transcripts in wheat mtRNA on agarose 
gels with sizes given on the left. The three RNA treatments are given above: with tobacco 
acid phosphatase (TAP) and with RNA ligase (+T +L), without TAP and with RNA ligase (-
T +L) and without TAP and without RNA ligase (-T -L, negative control). M signifies the 
DNA ladder lane. Arrows point to the products extracted from the gel and cloned for 
sequencing. 
(B) Chromatogram sequence of a cr-RT-PCR clone from TAP treated 24hr wheat for the 2.7 
kb ccmFN-rpsl transcript. Arrow heads demark the 5' and 3' ends of the transcript and a 
bracket denoted the non-encoded nucleotides found at the junction. The wheat mtDNA 
sequence is shown underneath with small caps letter representing nucleotides not in the cr-
RT-PCR clone. 
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A cr-RT-PCR product for the 3.2 kb transcript of -500 bp was expected and was 

yielded in the +TAP/+ligase samples. Sequencing of clones of + TAP cr-RT-PCR products 

of 12hr and 24hr post-imbibition wheat mtRNA template reveal that a major 5' end of the 3.2 

kb transcript is located 589 nt upstream of the ccmFN start codon (Table 3.1 and Figure 3.5). 

Faint products were sometimes seen in -TAP/+ligase samples (Figure 3.3A) and clones from 

-TAP treated samples had 5' ends that mapped to the A nucleotides between -588 and -585 

and are likely representatives of transcripts that have undergone 5' exonuclease degradation 

(Table 3.1). Four clones had longer 5' ends: one at -596, two at -614 and one at -615 nt 

upstream of the ccmFN start codon (Table 3.1). This might represent processing products 

from a longer primary transcript. Although there was no sign of a longer transcript in the 

northern analysis, its under-representation in clones might indicate its existence at low levels. 

It is also possible that the 3.2 kb transcript seen in the northern analysis represents two 

different transcripts whose sizes would be slightly different and undifferentiable with 

northern-level resolution and whose cr-RT-PCR product sizes would be similar. 

SI nuclease assays for the 3.2 kb dicistronic transcript from 24hr wheat mtRNA 

confirmed the two 5' ends at -588 and -615, the latter represented by a weaker band (Figure 

3.4). It is a possibility that there is a longer transcript with a processing site at -615. The 

probe used in this nuclease protection assay experiment extended 759 nt upstream of the 

ccmFN start codon and would have detected 5' ends in this region but it is possible that the 

5' end of a longer transcript is further upstream. 

The 2.7 kb transcript was expected to give rise to cr-RT-PCR products of -600 bp 

(Figure 3.3B) and this was reproducibly found in +TAP/+ligase and -TAPAHigase 

treatments, indicating processed ends for these transcripts or a mixture of processed and 

primary transcripts. The 5' end of the 2.7 kb transcript at -23 upstream of the ccmFN coding 

sequence in all three developmental stages examined (12hr, 24hr and 6d) agrees with the data 

from 6d seedlings (Gonzalez et al. 1993) (Table 3.1 and Figure 3.5) and its presence in 

+TAP and -TAP treated RNA confirms it as a processing site (Figure 3.3B and Table 3.1). 

Two clones out of 10 showing shorter 5' ends at -10 and +9 most likely represent 

degradation products (Table 3.1). 
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Table 3.1: Table showing the sequences from cr-RT-PCR clones for ccmFN-rpsl major 
transcripts, aligned with the wheat mtDNA sequence. 

Clones are categorized by developmental stage (12hr, 24hr and 6d), and mtRNA treatment 
with or without tobacco acid phosphatase TAP (+ / -). 
Based on the wheat mtDNA sequence, AP008982, start codon highlighted in grey, and 5' 
and 3' ends in italics (Gonzalez et al. 1993), depicting the 5' and 3' ends determined in this 
study (highlighted) of the 3.2 kb, 2.7 kb and 0.7 kb ccmFN-rpsl transcripts. Non-encoded 
nucleotides (nts) found at the 5'-3' junction were removed from the sequence for alignment 
purposes and are shown on the right. Small caps t nucleotide in a 0.7 kb clone sequence show 
where an extra T nucleotide was found. 
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Figure 3.4: SI nuclease protection analysis with 24hr wheat mtRNAfor the 3.2kb ccmFN-
rpsl co-transcript 

Sizes in nucleotides are given on the left. The filled bars below represent the genes in the 
wheat mitochondrial genome, with arrow heads showing the position of the random-labelled 
PCR product used in the hybrid annealing. Light gray boxes represent the protected products. 
Block arrow heads show the two 5' ends at -589 and -615 relative to the ccmFN start codon. 
Units of SI nuclease enzyme used in each lane are written on top and sequencing reaction of 
the LB465-461 PCR product was used as a size marker (C, T, A, G refer to the 
dideoxyribonucleotide used in the sequencing reaction) 
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3.4 Analysis of the two ccmFN-rpsl bicistronic transcripts 

The noticeably different transcript profiles between 6hr up to 6d for the ccmFN-rpsl 

locus is consistent with previous observations that during early development there is a lag 

between transcription and RNA processing (Li-Pook-Than et al. 2004), in that precursors of 

intron-containing genes in wheat were abundant between 0 and 24hr but no longer detectable 

by northern analysis in 6d seedlings. During early germination and embryo development, the 

machinery used for transcription and RNA processing is hypothetically being assembled and 

not yet fully efficient. While the components for de novo transcription are being put into 

place, mitochondria rely on stored mRNAs in the seeds. The rpsl monocistronic transcripts 

are particularly abundant in early developmental stages (6hr), and like the monocistronic 

rps7 transcripts present in 0 hr (Li-Pook-Than et al. 2004), might represent stored messenger 

RNAs. At later stages primary transcripts appear to be quickly processed into messenger 

RNAs and are no longer detectable by northern analysis. 

The characterization of two tentative promoter regions upstream of ccmFN reveal that 

neither the -615 nt nor the -589 nt ccmFN-rpsl 5' ends exhibit the monocot C/YRTA 

promoter consensus sometimes seen at transcription initiation sites in plant mitochondria 

(Figure 3.5 and Table 3.1; reviewed in Gagliardi and Binder 2007). The -589 promoter is 

preceded by a slightly modified version of this motif, namely TCTA (one nucleotide 

upstream). The -589 promoter is in a relatively AT rich region (62% in the 50nt downstream 

of the -589 promoter of ccmFN), a DNA sequence that can easily denature, consistent with 

the accessibility and positioning of the transcription machinery. In Arabidopsis, promoter 

core motifs were often preceded by an A/T rich sequence (Kuhn et al. 2005). Furthermore, 

the two transcription initiation sites for ccmFN-rpsl did not share sequence similarity 

(except for an adenosine at position -2) and were not found elsewhere in the wheat 

mitochondrial genome through BLAST searches. The presence of gene specific promoters is 

not unusual and different promoter structures may reflect different transcription strength and 

hence serve a regulatory function (Mulligan 1991, Gray 1992). 

In Arabidopsis thaliana, the 5' ends of some transcripts are speculated to be 

generated by cleavage at the 3' ends of a t-element or stem-loop structures by the 

endonucleolytic enzymes RNaseZ or P (Forner et al. 2007). No evident secondary structures 

or t-element structures were found close to the -23 position or at the -615 position if this is a 
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Figure 3.5: Schematic of the ccmFN-rpsl genes in the wheat genome and the three major 
transcripts of 3.2 kb, 2.7 kb and 0.7 kb seen during embryo-to-seedling development, 
showing C-to-U editing sites and transcript ends 

The bent arrow represents the promoter upstream of ccmFN and filled block arrows show 
processing sites at the 5' and 3' ends with position in nucleotide relative to start and stop 
codons respectively, empty block arrow denotes a putative processing site. Primer positions 
used in cr-RT-PCR are shown by horizontal arrow heads. Sequence at the promoter and the 
5' end processing sites are shown underneath with 5' end nucleotide boxed. Editing sites 
based on Gonzalez et al, 1993. Editing sites examined in the cr-RT-PCR products are shown 
in the transcripts, where half filled circles represent partial editing and filled circles represent 
complete editing, with the number of clones shown underneath. An indicates the presence of 
non-encoded nucleotides with the number of clones shown underneath. 
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processing site as well. Processing signals could also be conferred by long-range RNA 

interactions or proteins binding to cis-elements. 

3.5 Determining the 5' end of the monocistronic rpsl transcripts in wheat 
The 0.7 kb transcript was expected to give rise to cr-RT-PCR products of -400 bp 

(Figure 3.3C) and this was reproducibly found in +TAP/+ligase and -TAP/+ligase 

treatments, indicating that processed ends are found for these transcripts or arise from a 

mixture of processed and primary transcripts. Results from cr-RT-PCR revealed that the 5' 

ends of the monocistronic rpsl transcripts at 12 hr and 24hr are heterogeneous (from -17 

upstream of the rpsl start codon to +60 downstream of the rpsl start codon) (Table 3.1 and 

Figure 3.5). cr-RT-PCR products for the rpsl monocistronic transcript were always seen as 

smears on the agarose gels, using different primer pairs, RT-PCR conditions and mtRNA 

preparations (see material and methods section). The presence of 0.7 kb rpsl monocistronic 

transcripts in 6d wheat mtRNA was also investigated using cr-RT-PCR, in case of low 

steady-state levels not seen in northern analysis but it consistently yielded no products (data 

not shown). Unexpectedly, sequencing revealed that 10/16 cr-RT-PCR clones of the 0.7 kb 

rpsl transcript did not include the start codon and are thus unlikely to represent functional 

transcripts. If a downstream in-frame ATG is considered, although all the clones contain this 

second in frame start codon, the 5' ends of the transcripts are heterogeneous. 

Preliminary data on the 0.7 kb rpsl transcript on 24hr wheat mtRNA using primer 

extension experiments show several 5' ends at +2, -15 and -42. Preliminary data with SI 

nuclease assay on the 0.7 kb rpsl transcript on 24hr wheat show a 5' end at the start codon. 

This agrees with the heterogeneous nature of the rpsl transcript 5' end (Appendix 2 A and 

B). In northern hybridization, the 0.7 kb rpsl transcript is a broad band possibly representing 

a heterogeneous population of rpsl monocistronic transcripts (Figure 3.IB). To verify that 

the 0.7 kb rpsl RNA species seen in the northern analysis did not include transcripts with 5' 

ends upstream of the most upstream 5' end from the clones sequenced, an end labelled 

oligomer specific to the ccmFN-rpsl intergenic region (31bp upstream of the rpsl start 

codon) was used in a northern blot hybridization and did not hybridize to the 0.7 kb rpsl 

transcript (Figure 3.2 C) 
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3.6 Analysis of the rpsl monocistronic transcript 

Taken together the data about the 0.7 kb rpsl transcript raises questions about its 

origin: it may be a stored mRNA in the seed and is being degraded during early 

development. Later developmental times might then be expected to contain rpsl transcripts 

with more 5' end degradation. However there was no difference at the 5' ends of rpsl 

transcripts between 12h and 24hr developmental stages (Table 3.1). Northern analyses 

revealed a slight shift in the size of the monocistronic transcript at 2d (Figure 3. IB). It would 

be of interest to characterize the ends of the transcript at this stage of development. 

During embryo-to-seedling development, either the 3.2 kb precursor or the 2.7 kb 

ccmFN-rpsl mRNA could be processed by endonucleolytic cleavage into a stable 0.7 kb 

rpsl transcript and an unstable, quickly turned-over monocistronic ccmFN transcript. We 

noticed the absence of a ccmFN monocistronic transcript (Figure 3.1 A), which indicates that 

the 2.7 kb transcript can be considered the bicistronic mature messenger RNA for ccmFN. 

The presence of a ccmFN monocistronic transcript was examined using ccmFN specific 

primers in the cr-RT-PCR reaction: no product was detected under different conditions, with 

different mtRNA preparations and with different primer pairs (data not shown, see material 

and methods section). Dicistronic transcripts in Arabidopsis {rpl5-cob, rpl2-mttB, nad3-

rpsl2, nad4L-atp4 and rps3-rpll6) were investigated for monocistronic products by cr-RT-

PCR and failed to yield products in 9/10 cases, only rpl2 seem to give rise to potential 

monocistronic transcripts (Forner et al. 2007). Another technique to detect if an 

endonucleolytic cleavage takes place upstream of rpsl would involve the ligation of an 

anchor to the 3' end of the mtRNA population followed by RT-PCR using an antisense 

oligomer specific to the anchor and a sense oligomer specific to the sequence upstream of the 

cleavage site, in this case specific to the ccmFN coding sequence. 

The 0.7 kb rpsl transcript could also be a primary transcript driven by a promoter in 

the ccmFN-rpsl intergenic sequence, possibly used only during early developmental stages 

or during seed biogenesis. Although cr-RT-PCR products were yielded reproducibly with 

and without TAP treatment (Figure 3.3C), the 0.7 kb rpsl transcript might be a primary 

transcript that is susceptible to 5'-to-3' exonuclease degradation. At later times it might no 

longer be de novo transcribed, which would explain the absence of the 0.7 kb transcript at 6d 

post-imbibition. 
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If a processing event does take place in the ccmFN-rpsl intergenic sequence, there 

are several possibilities that can explain the absence of a stable monocistronic ccmFN, the 

counterpart of the monocistronic rpsl transcript. The latter might have inherent 

characteristics that render it stable such as secondary structures at its 3' end. It might be due 

to association of proteins at the 3' end, as seen for chloroplast transcripts (Herrin and 

Nickelsen 2004). A hypothetical ccmFN monocistronic transcript would be quickly-turned 

over, maybe due to a lack of stabilising structures. The cis-element conferring the signal for 

processing is unknown due to the heterogeneous nature of the rpsl 5' end. The 135bp 

ccmFN-rpsl intergenic sequence in wheat is unique in the genome. In maize and rice, the 

two genes are also linked but the ccmFN stop codon is further downstream due to indels of 4 

and 5 bp and although the sequence is homologous, the length of the intergenic sequence is 

different (135bp wheat, 73bp rice and 29bp maize, figure 3.6). It would be of interest to look 

at the transcript profiles for these cereal species to see whether a monocistronic rpsl 

transcript exists. Preliminary northern analysis on rice 24hr and 6d mtRNA show putative 

low level ccmFN-rpsl transcripts of similar sizes to those present in wheat (Appendix 3) but 

no abundant monocistronic rpsl transcript. 

Transcriptional analysis of the rpsl gene in other plants such as legumes reveals the 

presence of a monocistronic transcript in rest harrow only but not for soybean, pea or bean 

(Hazle and Bonen 2007a). Its 5' end is upstream of the breakpoint between eudicots and 

monocots (60-70bp), meaning that in more distantly related plants there is no evidence for a 

processing signal or a promoter in the common sequence upstream of rpsl. Interestingly in 

the eudicot Oenothera, rpsl is co-transcribed with atp9 but lacks stable monocistronic 

transcripts and is not edited (Mundel and Schuster 1996). 

3.7 Determining the 3' ends of the three transcripts from the ccmFN-rpsl 
locus in wheat 

Based on cr-RT-PCR data for the two ccmFN-rpsl transcripts and the rpsl transcripts 

a common 3 ' end was found for the three major transcripts (as well as the products with a 

longer 5' end at -615). It is located 65 nt downstream of the rpsl stop codon, with a slight 

scattering of 3' ends around this region, and agrees with the 3' end mapped by Gonzalez et 

al. 1993 (Table 3.1 and Figure 3.5). 5/39 and 3/39 clones (-20%) had a shorter and a longer 

3' end respectively, which may represent degradation products and improper 3' end 
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Figure 3,6: Alignment of the ccmFN-rpsl intergenic sequence from wheat, rice and maize 
mitochondrial genomes (A) and ccmFN C-terminus amino acid alignment between wheat, 
rice, maize and Aradidopsis thaliana (B) 

ClustalW alignment. The ccmFN stop codon is highlighted in red and the rpsl start codon is 
shown in green. 
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wheat CCGTTATGTTATGTTATGGAAGAATTBiCTTCTTGCTGGGCTGGTTATTCAGAGCCAGC 60 
rice CC GTTATGTTATGGAAGAATTTAGCTTATTGCTGGGCTGGTTATTCAGAGCCAGC 55 
maize CC GTTATGTTATGGAAGAATTTAGCTTCTTGCTGGGCTGGTTATTCCGAGCCAGC 55 
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processing respectively (Table 3.1). The 3' end at +65 is most likely the site of a processing 

event, transcription termination having occurred further downstream. 

Interestingly, non-encoded nucleotides were found at the junction of circularized 

transcripts in about 50% of cr-RT-PCR clones (23/44 clones) (Table 3.1 and Figure 3.5). Of 

these clones, ~80% contained a series of A nucleotides as non-encoded nucleotides (1 to 6) 

but in 3 cases there was a C nucleotide and in one case the stretch AAAATGGT was seen. 

Similar results were seen for genes in Arabidopsis thaliana, where a number of circular-RT-

PCR clones had non-encoded As and sometimes Cs at the 5'-3' junction: 58% of clones of 

mRNA and rRNA transcripts, between 1 and 19 non-encoded nucleotides (Former et al. 

2007). This study also included clones from flanking regions and intergenic spaces, where 

53% and 45% of the clones respectively had non-encoded nucleotides, mostly less than 10 

but up to 56 nt and 101 nt in length (Forner et al. 2007). These non-encoded stretches could 

be polynucleotide tails added as degradation signals, as has been hypothesized previously 

(Kuhn et al. 2001, Holec et al. 2006, Binder and Brennicke 2002, Marchenfeld 2004). 

However, in our study most of the clones with non-encoded nucleotides were for the mature 

2.7 kb ccmFN-rpsl messenger RNA which is functional and would not be expected to be 

tagged for degradation, whereas the 0.7 kb rpsl transcript where at least some of the clones 

did not appear to be functional transcripts had the least number of clones with non-encoded 

nucleotides. The significance of these non-encoded nucleotides is unclear to date. 

3.8 Analysis of the 3 ' end of the ccmFN-rpsl transcripts and the presence 
of non-encoded nucleotides 

The signals conferring 3' end maturation are unknown for this locus and a secondary 

structure is shown as a possible processing recognition site (Figure 3.7). The sequence 

downstream of the 3' end of rpsl in wheat has a 7 nt inverted repeat, creating a single stem 

loop. The 3* end of the transcripts is located at the end of the loop region (Figure 3.6). Other 

studies have suggested that stem loop structures and t-element-like signals provide 

processing signals for the 3' end processing at the 3' end of those structures ((Forner et al. 

2007), reviewed in Gagliardi and Binder, 2007), reminiscient of tRNA processing. This is 

unlike what is shown here, where the endonucleolytic cut would be made in the loop region 

(Figure 3.6). No other probable secondary structures were evident in the 3' UTR using RNA 

folding programs (RNAfold, Genebee, mfold). The 3' UTR of ccmFN-rpsl transcripts is 
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Figure 3.7: Putative secondary structure at the 3' end of the three ccmFn-rpsl major 
transcripts 

Structure based on Genebee RNA folding program. Sequence of the wheat mtDNA with the 
3' end of the transcripts boxed, and the regions participating in the stem loop base pairing 
underlined. Hydrogen bond is shown as a line and o represents a wobble G-U pair in the 
stem loop structure. Position shown relative to stop codon. 
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very A rich (50% in 66 nucleotides), reducing the chances to have stable secondary 

structures. RNA stability signals are not well understood and might be due to association of 

proteins at the 3' end as is seen in chloroplast mRNAs (Gagliardi and Binder, 2007). 

The 3' UTR sequence is unique in the wheat mitochondrial genome (BLAST search, 

data not shown) (short stretches of simple sequence were found elsewhere but they were not 

located close to genes). The sequence downstream of rpsl is conserved between cereals but 

the breakpoint with more distantly related species such as soybean and tobacco is only a few 

nucleotides from the genomically encoded stop codon. In wheat, rice and maize, the ccmFN-

rpsl is part of a longer conserved gene linkage with matr-nadle-nad5c (~3 kb downstream 

of rpsl). The conservation of a gene linkage, including the ~3 kb rpsl-mat-r intergenic 

region, for ~50 million years is quite unusual. This points towards this region being under 

constraint, perhaps due to the conservation of other regulatory signals or small non-coding 

RNAs encoded in this region (see section 5.4). 

The presence of non-encoded nucleotides at the 5'-3' junction of circularized 

transcripts has been seen for other mitochondrial transcripts. Using a similar method with 

RNA ligase (where an anchor was ligated to the 3' end of transcripts, using the same T4 

RNA ligase enzyme), Williams et al. (2000) found non-encoded nucleotides at the 3' end of 

mature atp9 mRNA as well as cox2 and rpsl2 RNAs involved in the degradation process in 

maize (Williams et al. 2000). They pointed towards the role of the modifying enzymes in the 

3' modification: the sequence and structure of the RNA prior to the ligation might affect the 

reaction, and the RNA ligase requires a single unpaired nucleotide at the 3' terminus for the 

reaction (Williams et al. 2000). The T4 RNA ligase buffer contains ATP for the enzyme 

reactivity. Since there are cases where only 1 or 2 As were seen in our data set, it is not 

excluded that these are experimental artefacts. It should be noted that only 2/23 cr-RT-PCR 

clones from the rpl5-rpsl4 transcripts obtained in this study (Chapter 4, section 4.6) 

contained non-encoded nucleotides, which speaks to this phenomenon being more than just 

experimental artefact due to RNA ligase. In addition two cr-RT-PCR clones from the 

ccmFN-rpsl transcripts included fragments of rRNA at the junction (Table 3.1), which were 

most likely added in vitro. RNA fragments coming from the processing of rRNA transcripts 

are present in high abundance in mitochondria and would be free to be ligated to the 

transcripts before circularization occurred in vitro (Perrin et al. 2004b). The nature of 
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mitochondrial RNA extraction used in this study should exclude the precipitation of small 

fragments and free nucleotides, however rRNAs represent up to 90% of the total 

transcriptome and their high concentrations increases the chance of their presence in mtRNA 

preparations. Potentially a RNA ligation reaction done in a higher volume would dilute the 

free nucleotides and DNA/RNA fragment and limit the number of in vitro ligations of these 

prior to transcript circularization. 

3.9 Editing status of the three ccmFN-rpsl transcripts at 24hr and 12hr 
post-imbibition 

The editing levels of certain editing sites in the ccmFN-rpsl and rpsl transcripts were 

also examined since predicted editing sites were included in cr-RT-PCR products sequenced 

(Figure 3.5). Based on the sequence published by Gonzalez et al. (1992), there are 32 editing 

sites in ccmFN (sites #1 to 8 were available in my cr-RT-PCR products) and 6 in rpsl (sites 

#1, 2, 3, 5 and 6 available). Gonzalez et al.(1992) refer to the rpsl editing sites #1 and 2 as 

being in the intergenic sequence, however the start codon being upstream of the one they 

refer to, these sites are in the coding sequence presented here. The site #6 in rpsl creates a 

stop codon 12nt upstream of the genomically encoded stop codon. 

The 2.7 kb transcript was fully edited at all time points and at all editing sites 

examined in both ccmFNmd rpsl coding sequences (not shown and Figure 3.5) as expected 

for a mature messenger RNA, since C-to-U editing is regarded as an early event in transcript 

processing (Gualberto et al. 1991). In the 3.2 kb ccmFN-rpsl transcript, two rpsl sites at the 

3' end [#5 and 6 (stop)] were not fully edited which is consistent with this transcript being an 

immature RNA. 

The cr-RT-PCR clones for the monocistronic 0.7 kb rpsl transcript had 4 or 5 editing 

sites (depending on the oligomer used for RT) available for observation. 4/15 clones were 

not fully edited (3 at 24hr and 1 at 12hr), two of which were not edited at the stop codon site. 

The monocistronic rpsl transcript would be expected to be fully edited if this transcript is 

processed from the mature 2.7 kb messenger, which is completely edited. Editing levels 

might vary if it came from the processing of the 3.2 kb ccmFN-rpsl precursor transcript, 

which is not fully edited. Editing of the 0.7 kb transcript would therefore happen after the 

processing event. If it arose from its own promoter, partial editing could represent non-
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mature transcripts. These clones might represent monocistronic rpsl transcripts that were 

wrongly processed at the 3' or 5' end and were not fully edited or tagged for degradation. 

3.10 Future directions 
Information gained from this study of wheat mtRNA for the ccmFN-rpsl locus can 

be complemented by further study. Characterizing the 5' end of the rpsl monocistronic 

transcript at earlier developmental times (Ohr, 6hr) would help define its nature as a 

processed or a primary transcript. The presence of a longer precursor ccmFn-rpsl transcript 

is also of interest: a promoter further upstream of the one identified here might be used in 

other developmental times or under different conditions. Mutational analysis of sequences 

surrounding the processing site at -23 would help determine the cis-signals essential in the 

recognition of the processing site, although this is limited by the lack of the mitochondrial 

transformation system. 

Additional cr-RT-PCR experiments on earlier (Ohr) and later (6d) developmental 

times would be of interest in regards to the presence of non-encoded nucleotides. To look at 

in vivo levels of transcripts with non-encoded stretches, a modified nuclease protection assay 

can be performed: using a labelled probe encoding the transcript 3'end with an additional 

poly(A) tail in hybrid with the transcript population to protect the RNA species containing 

non-encoded adenosine stretches. The in vivo representation of the poly(A) tail containing 

transcripts will give us clues about whether they hold a biological function in the 

mitochondrial transcript regulation. 

The observations made in this study point towards a relaxed transcriptional system 

where post-transcriptional events like processing and RNA stability regulation are control 

mechanisms used in monitoring the levels of transcripts in the mitochondria (Giege et al. 

2000, Holec et al. 2006, Kuhn et al. 2005). The machinery involved in post-transcriptional 

RNA processing events is not well known but is imported from the cytosol, requiring proper 

mitochondrial-nuclear cross-talk. Proteins such as members of the PPR (pentatricopeptide 

repeat) gene family are good candidates as proteins involved in post-transcriptional RNA 

processing (reviewed in Andres et al. 2007). Future work on plant mitochondrial transcripts 

will help us determine the role of post-transcriptional events in the regulation and control of 

gene expression as well as the coupling of cytosolic machinery with mitochondrial 

expression events over development in plant mitochondria. 
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Chapter 4 Characterization of transcript profiles of the rpl5-
Wrpsl4 locus in wheat and rice 

4.1 Rationale 
The organization of genes in plant mitochondrial genomes can vary between species 

due to the highly recombinogenic nature of the genomes, however bacterial-ancestral-type 

linkages are sometimes seen in present day species. Such an example is the rpl5-rpsl4 

transcriptional unit, which is spaced by one nucleotide only and encodes or is a pseudogene 

copy of ribosomal proteins of the large and small subunits respectively. This linkage is 

conserved among flowering plants. The genomic context surrounding the two genes is 

different in wheat and rice: in wheat rp!5-\\irpsl4 are co-transcribed with downstream cox3 

while in rice rpl5-\yrpsl4 stand alone. We are interested in the transcript profiles and 

regulatory signals used in these two species to transcribe rpl5-^rpsl4 and subsequent RNA 

processing of the transcript (transcripts). This ancestral linkage is of interest in cereals where 

rpsl4 is a pseudogene (due to frameshift mutations) after a common gene transfer to the 

nucleus (Sandoval et al. 2004). Co-transcription of mitochondrial rpl5 and rpsl4 in wheat 

was first noted by Sandoval et al. (2004) using RT-PCR experiments. Furthermore, rpl5 was 

functionally transferred to the nucleus in wheat and thus this gene seems to be in a transition 

state where both nuclear and mitochondrial copies are functional (Sandoval et al, 2004), 

whereas in rice rpl5 is functional in the mitochondria. 

4.2 Transcript profiles of rpl5- WrpsM-coxS in wheat mitochondria 
Using northern hybridization, the transcript profiles of the rpl5- ff-psl4 region in the 

wheat and rice mitochondrial genomes were investigated (Figure 4.1). For wheat mt RNA of 

24hr embryos, probes for rpl5 and rpsl4 genes hybridized to RNA species of-3.5 kb and 2.7 

kb. Hybridizations with rpl5 and rpsl4 probes did not show either a rpl5-rpsl4 bi-cistronic 

mRNA or monocistronic transcripts for either gene (Figure 4.1 B and C). In 6d wheat 

seedlings, a co-transcript of- 3.2 kb was seen (Figure 4.1 B and C) and its abundance is 

lower compared to the transcripts seen in 24hr. This aspect is of interest regarding the 

transition-state of rpl5 (see section 4.7). A random-labeled PCR probe was used for the rpl5 

gene, which could potentially hybridize to antisense transcripts coming from the same region 

but no difference was seen between such a probe and an oligomer-probe (data not shown). 
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Figure 4.1: Northern blot analysis of the rpl5- Wrpsl4 locus in wheat and rice for 24hr and 
6dmtRNA 

A) upstream of rpl5, B) rpl5, C) rpsl4, D) cox3, E) downstream of coxS. Hybridization with 
18S rRNA was used as standardization for RNA loading (F). Sizes in kilobases (kb) are 
shown on the right side (wheat) and left side (rice). Filled boxes below show the gene 
organization in the wheat mitochondrial genome, with sizes in nucleotides, arrow heads 
representing the position of the end-labelled oligomers used and lines with asterisks showing 
position of the random-labelled probes used. 
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The cox3 gene is found 628 bp downstream ofrpl5-rpsl4 (as first noted by Sandoval 

et al. 2004). Northern hybridizations with cox3 oligomer probes revealed that it is co-

transcribed with rpl5-rpsl4 in the two high molecular weight RNA species (Figure 4.ID). 

Hybridizations also revealed an abundant 1.2 kb monocistronic cox3 transcript (Figure 4.1 

D). Previous studies have demonstrated that cox3 has a promoter at -323 nt upstream of cox3 

and the 3' end of the monocistronic transcripts is located at +55 (Gualberto et al., 1990 and 

Covello and Gray, 1991; figure 4.2). The rpl5-x¥rpsl4-cox3 co-transcription is unexpected 

since cox3 expression is driven by its own promoter but it may be due to a loss of 

transcription termination and 3' end processing signals downstream of rpsl4 in wheat. 

In order to determine whether the length difference between the two rpl5- xFrpsl4-

cox3 transcripts in wheat is due to a difference in length of the 5' or 3 ' UTR, hybridizations 

with probes 300 bp upstream of rpl5 and 700 bp downstream of cox3 were done (Figure 4.1 

A and E): the upstream probe hybridized to the 3.5 kb RNA species, indicating that the two 

transcripts have a different 5' end. This oligomer also hybridized to the 3.2 kb RNA species 

found in 6d wheat (Figure 4.1 A). The downstream probe did not hybridize to any stable, 

steady-state level RNA species (Figure 4. IE). 

In the wheat mitochondrial genome, the tRNA-Glu gene is found 913 bp downstream 

of cox3. The 3.5 kb RNA species could represent a mixed population of transcripts: rpl5-

rpsl4-cox3 with a longer 5'UTR and rpl5-rpsl4-cox3-trnaE. However northern 

hybridizations with a trnaE specific oligomer did not hybridize to the 3.5 kb high molecular 

weight transcript (data not shown). Although there is no sign of a longer RNA species 

containing all four genes and previous work on cox3 transcription did not show co-

transcription with this tRNA gene, it is not excluded that there exists a large RNA precursor 

that is quickly processed to release the trnaE RNA (see section 1.2.3.1 for details on tRNA 

processing events). Northern blot analysis with a probe specific to the cox3-trnaE intergenic 

sequence did not show hybridization with a precursor RNA or a processing by-product 

containing the intergenic sequence at 24hr and 6d wheat mtRNA (Figure 4.IE), although it 

cannot be excluded that it is present at earlier times, at very low steady-state levels or quickly 

turned-over. 

72 



Figure 4.2: Schematic of the rpl5-ff-psl4 genes in the wheat (A) and rice (B) mitochondrial 
genomes and their major transcripts during embryo-to-seedling development (light gray 
boxes) 

Sizes are given in kilobases (kb) on the right. The bent arrow represents the promoters 
upstream of rpl5 and arrow heads show the processing sites at the 3' ends or mapped 5' ends 
with position in nucleotide relative to start and stop codons respectively. Transcript ends of 
cox3 based on Gualberto et al, 1990a and atp4-cox3 in rice based on Liu et al, 1992. 
Sequence at the promoter and the 5' end processing sites are shown underneath with 5' end 
nucleotide boxed and putative YRTA promoter sequence underlined. Empty block arrow 
heads underneath demonstrate the breakpoint in homology between rice and wheat. Editing 
sites in rpl5 and rpl4 are shown by filled dots based on Sandoval et al, 2004. 
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4.3 Transcript profiles oirpl5- ^rpsl4 in rice mitochondria 
Northern analysis with rpl5 and rpsl4 probes using 24hr and 6d rice mtRNA show a 

messenger RNA of - 1.4 kb and no monocistronic transcript for either gene (Figure 4.1 B 

and C). Total UTR length for the mRNA would be ~530 nt based on the rpl5 and rpsl4 

coding sequence. The messenger RNA is more abundant in 24hr than in 6d. The LB406 

oligomer upstream of rpl5 detects a faint hybridization signal to a larger RNA species of ~ 

2.4 kb, also seen with rpl5 probes but not with rpsl4 probes. This RNA species could 

correspond to a RNA transcript with ~1.6kb of total UTR length. 

In rice, cox3 is co-transcribed with atp4 (formerly called orf25) (Liu et al. 1992). 

The wheat cox3 promoter region in wheat is upstream of the breakpoint with rice and in rice 

rearrangements have place cox3 downstream of atp4 creating a new co-transcriptional unit 

(Liu et al, 1992) (Figure 4.3). 

4.4 Mapping the 5' and 3' ends of the rpl5- x¥rpsl4-cox5 transcripts in 
wheat 

Circular-RT-PCR experiments were used to map the 5' and 3' ends of the 3.5 kb and 

2.7 kb rpl5- tFrpsl4-cox3 polycistronic transcripts in 24hr wheat embryos. Circular-RT-PCR 

products corresponding to both transcripts were obtained in TAP-treated mtRNA samples 

(Figure 4.3A). Faint cr-RT-PCR products were sometimes seen in non-TAP treated samples 

although these products were not seen in all experiments. This leads us to believe that the 

rpl5- x¥rpsl4-cox3 transcripts are primary transcripts. Sequencing of these products revealed 

two major 5' ends at -743 (PI) and -299 (P2) upstream from the rpl5 start codon (Table 

4.1 A). 1/6 clone of 24hr TAP treated wheat mtRNA had a 5' end at -790. Sequencing of the 

non-TAP treated cr-RT-PCR revealed that 2/7 clones had shorter 5' ends (clone no. 10 and 

13), suggestive of 5' to 3 ' exonuclease, and two had the same 5' end as clones from TAP 

treated samples (clone no. 11 and 12) (Table 4.1 A). Since T4 RNA ligase is able to ligate di­

phosphate 5' ends and a small amount of damage at the 5' end would allow ligation, the 

latter two clones might represent primary transcripts that were damaged in such a way. 

Notably, 3/7 clones of 24hr wheat non-TAP treated had 5' ends around -86. These clones 

could represent a processing site although more clones are needed to verify this, as products 

from non-TAP treated wheat RNA were not reproducible. Circular-RT-PCR data from 6d 

wheat mtRNA is needed to determine the end of the -3.2 kb transcript. Preliminary attempts 
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Table 4.1: Table showing the sequences from cr-RT-PCR clones ofrpl5- Wpsl4-cox3 co-
transcripts in 24hr wheat mtRNA and rpl5- fi'psM transcripts for 24hr and 7d rice mtRNA, 
aligned with the wheat and rice mtDNA sequences. 

Based on the wheat and rice mtDNA sequence (AP008982 and BA000029, bold) depicting 
the 5' (A) and 3' (B) ends determined in this study (grey highlight) of the rpl5-rpsl4-cox3 
transcripts in wheat and rpl5-rpsl4 transcript in rice, with precise end position written in the 
right. Non-encoded nucleotides found at the 5'-3' junction were removed from the sequence 
for better alignment purposes and are shown on the right. Clones are categorized by 
developmental stage (24hr and 7d), and mtRNA treatment with tobacco acid phosphatase 
TAP (+ / -). Clone number (clone no.) shown on the right denote corresponding clones 
between A and B. Small caps a nucleotide in a rice rpl5-rpsl4 clone sequence show where 
an extra A nucleotide was found. 
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Figure 4.3: cr-RT-PCR analysis of the rpl5- x¥rpsl4-cox3 co-transcripts in 24hr wheat 
mtRNA (A) andrpl5- t¥rpsl4 transcripts for 24hr and 7d rice mtRNA 

The three RNA treatments are given above: with tobacco acid phosphatase (TAP) and with 
RNA ligase (+T +L), without TAP and with RNA ligase (-T +L) and without TAP and 
without RNA ligase (-T -L, negative control). M signifies the DNA ladder lane and oligomer 
used in PCR are written below. Arrows point to the products extracted from the gel and 
cloned for sequencing. Filled bars below represent gene organization in the wheat 
mitochondrial genome and arrow heads show oligomers position. 

79 



+T-T -T 
+L +L -L 

+T -T -T 
+L +L -L 

- i IK m 
• • & * $ •>•• ••-•} 

LB406-346 LB352-346 
24hr wheat 

B +T-T-T +T-T-T 
+L +L -L M +L +L -L 

24hr rice 7d rice 
LB352-489 

LB406 LB352 LB489 

wheat mtDNA 
rpl5 rps14 

LB346 

3_ 
cox3 

80 



to do this experiment failed to give products as of yet, and adjustments should be done to 

account for the low level of rpl5- x¥rpsl4-cox3 transcript at 6d (Figure 3.1 A and B). At later 

developmental times only one promoter might be used and maybe this is due to the proteins 

and machinery available, which could be used by one promoter only. Analysis of the 

sequences around these two promoters upstream of rpl5 in wheat reveal that the -743 PI 

transcription initiation site is preceded by TGTA 5 nucleotides upstream and the -299 P2 

transcription initiation site is preceded by TATA, sequences corresponding to the YRTA 

promoter consensus (Figure 4.2 A). The second promoter is located in a A/T rich region 

(74% in the downstream 50nt) while the first promoter is followed by a sequence of typical 

plant mitochondrial genome G/C composition (average 44% G/C) (46% in the downstream 

50nt) (Chaw et al 2008). 

The 3' ends of all the 24hr mtRNA wheat cr-RT-PCR clones were the same at +58 

downstream from the cox3 stop codon (with a slight scattering around this position +55 to 

+59, table 4.1B). Furthermore this 3' end is close to the 3' ends from +54 to +57 of the cox3 

mRNA previously mapped by Gualberto et al. 1990. A putative stem loop structure was 

found downstream of the cox3 3' end by Gualberto et al. which puts the 3' end 

endonucleolytic cut at the 6th nucleotide from the base of the hairpin (Gualberto et al. 1990) 

4.5 Mapping the 5' and 3' ends of the rpl5-tfij)sl4 transcripts in rice 
The same technique of cr-RT-PCR was used on 24hr and 7d rice mtRNAs to map the 

end of the major 1.4 kb rpl5- ftps 14 transcript. Products were obtained with and without 

TAP treatment (Figure 4.3B). A major end was seen at - 82 upstream of rpl5 in 24hr rice 

(Table 4.1 A and Figure 4.2B). Clones from experiments without TAP generally exhibited 

shorter 5' ends (Table 4.1). Clones from 7d rice mtRNA also exhibited shorter 5' ends, 

possibly showing a degree of 5' to 3' exonuclease activity. More clones are needed to 

definitively characterize the 5' end in rice. 

Northern analysis indicated that the probe located upstream of rpl5, hybridizes to a 

faint ~2.4 kb high molecular weight rp!5-^rpsl4 transcript in rice (Figure 4.1 A). This low 

level higher molecular weight transcript could represent a primary transcript. Preliminary 

attempts at cr-RT-PCR using the oligomer upstream of rpl5 primer failed to give products. If 

the 3' end is the same as for the 1.4 kb transcript (see below), it would map the 5' end of this 
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transcript roughly -1.2 kb upstream of the rpl5 start codon (based on rice mt genome 

sequence, BA000029) and primers further upstream would be necessary to use in cr-RT-PCR 

experiments in order to amplify this larger product. 

The breakpoints in homology around rpl5-rpsl4 between rice and wheat are -488 

upstream of the rpl5 start codon and +148 downstream of rpsl4 (Figure 4.2). The sequence 

of the P2 promoter is hence also present in rice (there is no indels or point mutation in the 

100 bp regions around it) but does not appear to initiate transcription in this plant. 

The rice 5' end of rpl5- Trpsl4 at -82 is not a predominant 5' end in wheat (Table 

4.1 A). It is to be noted that there is a point mutation between rice and wheat at -85. It is 

possible that this caused the loss/gain of a regulatory cis-signal (for processing or for 

transcription initiation) and is responsible for the difference in expression signals used at this 

site between the two plants. 

Circular-RT-PCR clones map the 3' end of the 1.4kb rpl5-rpsl4 transcript in rice at 

+433 downstream of rpsl'4 (Table 4.IB and Figure 4.2B). No evident secondary structure 

was found at this position using RNA folding program for the lOOnt and 50nt sequence 

around the 3' end (RNAfold, Genebee, mfold). 

The breakpoint in homology downstream of rpsl 4 between rice and wheat is located 

at +148 bp. Since the rpsl4 3' end in rice maps downstream of this breakpoint, the 148 bp 

sequence downstream of rpsl 4 shared between rice and wheat does not contain signals for 3' 

end processing. 

The rpl5-rpsl4-cox3 3'end in wheat at +58 maps 3 nts downstream of the breakpoint 

in homology between rice and wheat (Figure 4.2A). Rice cox3 has undergone a 

rearrangement and is now located downstream of atp4, with which it is co-transcribed (Liu et 

al. 1992). The major 3' end of the atp4-cox3 co-transcript is at +61, 6 nts downstream of the 

breakpoint in homology with wheat (Figure 4.2B; Liu et al. 1992). Despite new downstream 

context to cox3, the wheat/rice common sequence may be providing signals for 3' end 

processing or be of importance for the stability of the mRNA. The 56 bp sequence 

downstream of the cox3 3' end has undergone duplication in the wheat mitochondrial 

genome and is located downstream of the two copies of atp6 (Gualberto et al. 1990). In 

wheat, the 3' ends of the atp6 transcripts are located 49 nt upstream of the region of 

rearrangement, within the recombinational unit (Bonen et al. 1992). This indicates that the 
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sequence downstream of the cox3 3' end is not involved in the formation of the 3' end. It is 

to be noted that Gualberto et al. also characterized a rearrangement region upstream of cox3 

between cob and cox3, and cob is found downstream of rpl5-rpsl4 in eudicot species 

(Hoffman etal. 1999) 

4.6 Minor occurrence of non-encoded nucleotides in cr-RT-PCR 

products from the rpl5-Wrpsl4 loci in wheat and rice 

Only two clones out of 23 in wheat and rice were found to have non encoded 

nucleotides, namely A and AA (clones for both rice and wheat, one clones for each species, 

clone no.3 and 23, both from TAP treated samples, table 4.IB). Both of these clones 

exhibited shorter 5' ends, indicating that these transcripts might be on the path to 

degradation. Since the relative amount of mtRNA used in each experiment was the same as 

in experiments for the ccmFN-rpsl transcripts where non-encoded nucleotides were found in 

-50% of the clones, the difference in the presence of non-encoded nucleotides might be due 

to the difference in relative concentrations of transcripts present in vivo, where transcripts 

present in higher amount would be self-circularized more easily or the nature of the 3' end is 

more apt to RNA ligation, as was discussed in chapter 3. 

4.7 Status of the rpl5 and rpsl4 genes in the mitochondria of other 

cereal species 

4.7.1 The transition state ofrplS in wheat mitochondria 

The rpl5 gene has undergone several independent gene transfers to the nucleus in the 

cereal lineage including wheat, and in wheat rpl5 has a functional copy in both the 

mitochondria and in the nucleus, a stage in gene transfer known as the transition state 

(Sandoval et al., 2004). This poses interesting questions regarding the expression of the 

functional copy in the mitochondria. Northern hybridization analysis showed that the rpl5-

ffpsl4-cox3 co-transcripts in 6d wheat seedlings were less abundant than the transcripts 

seen in 24hr embryos. The transition state of rpl5 in wheat might be affecting its expression 

in different developmental times. 
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The functionality of a gene can be assessed through its editing status in mitochondria. 

Previously published work in wheat 24hr embryos showed that the editing sites in rpl5 and 

rpsl4 demonstrated 50% editing (two non-silent rpl5 edit sites), 71% (generating rpsl4 stop 

codon in wheat), 21% for the second rpsl4 editing sites and 33% for the 3" UTR editing site 

in RT-PCR clones (Sandoval et al, 2004). We examined the level of editing of rpl5-rps14-

cox3 RNA species population by direct sequencing of RT-PCR products (J. Hardy 

unpublished results, figure 4.4 A and B). Our results on mt RNA populations are consistent 

with these results: the four sites showed a degree of editing; -50% edited in the RNA 

population (the third editing site in the 3' UTR was not examined in our experiment). 

Interestingly, rpsl4 is also a pseudogene in potato and Arabidopsis (albeit arising from 

different gene transfer events) but rpsl4 transcripts were not edited in any position in potato 

mitochondria (Quinones et al, 1996), while in Arabidopsis rpsl4 transcripts were edited at 3 

positions (Aubert et al. 1992). This demonstrates the variation in constraints for editing of 

pseudogene transcripts in mitochondria. The editing status of rpl5- Yrpsl4-cox3 transcripts 

in 6d wheat seedlings would be of interest to assess its functionality as well. 

4.7.2 Status ofrpl5 and rpsl4 in oats and barley 

Work on the status of mitochondrial rpl5 in cereals was initiated previously by a 4th 

year honours student in our laboratory, Alain Toutloff. The following results corroborate 

those from his honours thesis. A Southern blot of wheat, rice, barley and oats mtDNAs was 

successively hybridized with oligomers and random labelled probes for rpl5, rpsl4 and coxS 

(Figure 4.5). Notably, Southern analysis revealed the absence of rpl5 and rpsl4 in rye 

(Figure 4.5A), a close relative of wheat (~5 MY A, Gaut et al, 2002) and the absence of 

rpsl4 in barley (Figure 4.5B). rpl5 coding sequences are present in oats and barley (Figure 

4.5 A). Several bands are seen in the EcoRI lanes of oats, rice, wheat and barley with the rpl5 

random-labelled PCR fragment probe due to the presence of an EcoRI site in the sequence 

spanning the probe (Figure 4.5A). Signals at the top of the wheat lanes are seen for each 

probe used and due to improper mtDNA electrophoresis (Figure 4.5). 

The barley rpl5 coding sequence was cloned and sequencing revealed that the 

extreme 3' end of rpl5 has been disrupted by a 547 bp DNA sequence of chloroplast origin. 

This insertion has modified the rpl5 coding sequence at the 3' end by 30 bp and provides a 
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Figure 4.4: Sequencing gel ofrpl5-W-psl4-cox3 RT-PCR products from 24hr wheat mtRNA 

Editing sites are shown by dots, filled representing complete editing and half-filled 
representing partial editing (A) and blow-ups are shown for the two rplS (top and middle) 
and the two rpsl4 editing sites (bottom) (B). Editing sites are based on Sandoval et al, 2004 
(rpl5-rpsl4) and Gualberto et al, 1990a (cox3). Data from J. Hardy (former technician in 
Bonen lab) 
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Figure 4.5: Southern blot analysis of the rpl5, rpsl4 andcox3 genes in cereal species 
mtDNA 

Southern blot was successively probed with oligomers for rpl5 (A), rpsl4 (B) and cox3 (C), 
as indicated below. mtDNAs of oats, rice, wheat, barley, rye and maize were digested by 
EcoRI (E) and Pstl( P). Filled boxes below represent gene organization in wheat and show 
end-labelled oligomer or random- labelled probes position. 
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stop codon (Figure 4.7 A). The translated barley rpl5 ORF is one amino acid longer than the 

functional mitochondrial rpl5 found in rice and wheat (Figure 4.7A, A. Toutloff, 2003). The 

547 bp chloroplast sequence corresponds to a portion of the psaA gene in chloroplast and has 

been inserted 821 bp upstream of rps2 (AB158222, Kubo et al, 2005). 

This work has been extended by northern hybridization of rice, wheat, barley, oats 

and rye mtRNAs. mtRNAs from 24hr embryos and 6d seedlings for these 5 species were 

successively hybridized with random-labeled probes of the rpl5 and rpsl4 coding sequences 

and end-labeled cox3 oligomer probe (Figure 4.6). Rice and wheat displayed transcript 

profiles as discussed above. Oat and barley mtRNA exhibited hardly any detectable 

transcripts for rpl5 (and for rpsl4 in oat) (Figure 4.6 A and B). 

The oat rpl5- WrpsH sequence revealed that rpsl4 is a pseudogene in this species and 

shares common inactivation frameshifts with rice and wheat rpsl4 sequences (K. Mellet 

unpublished results and S. Calixte). This agrees with previous results demonstrating that a 

common rpsl4 transfer event took place before the divergence of cereals (Kubo et al, 1999, 

Sandoval et al. 2004, Ong and Palmer, 2006). The oat rpl5 sequence revealed a 4 nt deletion 

at the 3 ' end of the coding sequence which translates into a different C-terminus for the 

RPL5 protein (Figure 4.7A). In order to assess whether this variation in C-terminus might be 

expected to have deleterious effects on the RPL5 protein, an alignment of the coding 

sequences at the 3'end of the functional rpl5 gene in rice, Arabidopsis and Marchantia was 

done. It shows high conservation of the C-terminal sequence (Figure 4.7B), which argues for 

a disadvantageous effect of the indels in oats. The oat mitochondrial rpl5 gene also contains 

two in-frame deletions in the 5' end of the coding sequence (Figure 4.7A). 

Attempts to look at the editing status of rpl5-rpsl4 in oats and rpl5 in barley were 

done to assess their functionality. Low levels of transcripts in oats and barley made RT-PCR 

difficult as well as the possibility of DNA contamination high. Three RT-PCR clones in oats 

and one clone in barley showed no editing (data not shown). 

Interestingly in oats, rpl5*¥-rpsl4 is also followed by cox3 in the mitochondrial 

genome, as was seen by PCR amplification (data not shown). Despite sharing this linkage, 

oat cox3 transcript profiles do not appear to have higher molecular weight RNA species that 

could correspond to rpl5-x¥rpsl4-cox3 co-transcripts (Figure 4.6C). There is no sequence 

data available for the sequences upstream of rplS in oats and this region might provide 
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Figure 4.6: Northern analysis of the rpl5, rpsl4 and cox3 genes in various cereal species 
(rice, wheat, rye, oats, and barley) mtRNA 

Northern blot was successively probed with oligomers for rpl5 (A), rpsl4 (B) and cox3 (C). 
Filled boxes below represent gene organization in wheat and show end-labelled oligomer or 
random- labelled probes position. mtRNA samples of rice, wheat, rye, oats and barley were 
taken at 24hr and 6d post-imbibition. D)18SrRNA hybridization is shown as a loading 
control. Hybridization with 18S rRNA was used as standardization for RNA loading (D) 
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Figure 4.7: Clustal alignment of nuclear and mitochondrial L5 cereal amino acid sequences 

Sequences are from the NCBI databank: translated from EST accessions (wheat mt, rice mt, 
Marchantia mt, Araibidopsis mt, oats nuc), consensus of translated accessions (Table 2.2) 
(wheat, barley nuclear) or sequencing of PCR products (oats and barley mt). The pink 
highlight indicates the common N-terminal extension of rpl5 nuclear copies in wheat and 
barley, the yellow highlights indicates the N-terminal extension in the maize nuclear copy. 
Arrow head show nuclear intron position. Red boxes denote common nuclear-specific indels 
in wheat, barley and oats. Purple oval show the position of the editing sites based on 
Sandoval et al, 2004. Green highlight represents chloroplast DNA insertion in the barley 
mitochondrial copy and oat-specific deletion is show in blue box, blue highlight showing the 
resulting frame shift in the oats mitochondrial amino acid sequence. Alignment of the C-
terminus of the rice, Arabidopsis and Marchantia rpl5 mitochondrial sequences is boxed 
underneath and teal highlight denotes amino acid conservation. 
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Figure 4.8: Phylogenetic tree showing presence/absence of mitochondrial rpl5 andrpsl4 
genes in cereal species 

Filled boxes represent coding sequences, hatched bar is DNA sequence of chloroplast origin 
and dotted white box represents indels. Dashes on DNA sequence represent a break in 
distance. Gene names are written above. Divergence times are based on Chaw et al, 2004. 
The eudicot Brassica linkage is shown as an outgroup. Red and green arrows represent 
possible times of gene transfer to the nucleus for rpl5 and rpsl4, respectively. 
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different transcriptional and post-transcriptional signals for the expression of this region. In 

oats, cox3 is transcribed into a ~ 1.2 kb RNA species which suggests it shares the 

transcriptional signals with those present in wheat. 

We looked for a nuclear copy of Rpl5 in barley by BLAST searches against the 

ESTothers (nr) databank. Five expressed sequenced tags (EST) were found for a barley 

nuclear Rpl5 (accession numbers in table 2.2). Alignments of these EST sequences with five 

EST sequences for the wheat Rpl5 nuclear copy (Sandoval et al, 2004) show that they share 

a common pre-sequence (amino-terminal sequence acquired after transfer to the nucleus, 

possibly involved in the targeting of the protein to the mitochondria) indicating a common 

transfer event (Figure 4.7A). The barley and wheat Rpl5 pre-sequence originated from a 

duplication of the pre-sequence upstream of Rpl4 (Sandoval et al. 2004). It should be noted 

that the maize nuclear Rpl5 arose from an independent gene transfer event and its 

presequence is of unknown origin (Sandoval et al. 2004). 

For oats, one EST sequence for a Rpl5 nuclear copy was found that does not extend 

to the N-terminus (Accession number in table 2.2, Table 4.7A). However this sequence 

shares two indels with the wheat and the barley Rpl5 nuclear copies and appears to have 

arisen from the same transfer event. It also contains other in-frame mutations which points 

towards it not being of wheat or barley origin. 

The nuclear copies of Rpl5 in barley and oats place the rpl5 gene transfer event after 

their divergence from rice and as being the same event as in wheat (Figure 4.8), suggesting 

that the transition stage for rpl5 persisted for at least 25 MYA (Gaut et al, 2002). Mutations 

in the oats and barley mitochondrial copies are not the same, indicating the copies have 

diverged in species-specific ways. The functional status of mitochondrial rpl5 in oats and 

barley is in question due to indels in both plants and low transcript levels. 

4.8 Future directions 

Future work on wheat rpl5-¥tpsl4-cox3 transcripts should be done to definitively 

map the ends of these transcripts. The slightly smaller co-transcript seen at 6d is of particular 

interest since it may represent a processing of the larger precursor (from promoter PI) while 

there appears to be no transcript initiated at the P2 promoter or processed at that site in 6d 

seedlings. Circular-RT-PCR experiments and guanylyltransferase-capping followed by 
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nuclease protection assays will help differentiate between promoters and processing sites 

(see Chapter 3). In organello transcription run-on experiments would help determine the 

relative activity of the promoters in 24hr, 6d and in earlier developmental time points. 

Preliminary northern analyses at earlier time points show the presence of the higher 

molecular weight transcripts as early as 6hr and the second molecular weight transcript 

becomes detectable between -12 hr and ~24hr. This suggests that transcription is initiated 

from the PI promoter during early development and at later stages while the P2 promoter is 

used between 12hr and 24hr (Appendix 4, J. Li-Pook-Than unpublished data). 

In wheat it is likely that there is a processing site as well as a promoter in the rpsl4-

cox3 intergenic region. The 1.2 kb monocistronic cox3 transcript could represent a mixed 

population of processed and primary transcripts, with varying ratios in different 

developmental stages. Since the 3' end of the co-transcripts are the same as the ones mapped 

for the monocistronic cox3 transcript (Gualberto et al, 1990) no further 3' end processing 

appears to occur. Processing and transcription initiation might be used differentially 

depending on the developmental stage: the co-factors involved in transcription initiation and 

5' end processing are unknown but are imported from the nucleus. Northern analysis of 

wheat mtRNA from 0 hr to 6d shows that in the earlier stages of development there is a low 

level of the 3.2 kb rpl5-rpsl4-cox3 co-transcript but abundant cox3 monocistronic mRNAs 

(Appendix 4, J. Li-Pook-Than unpublished data). These transcripts could be stored or ones 

arising from the use of the cox3 promoter. The cox3 promoter was mapped using 24hr wheat 

embryos (Covello and Gray 1991), indicating it is used at that time. The lack of rpl5-rps14 

bicistronic transcripts and the presence of a possibly processed cox3 messenger RNA are 

reminiscent of the ccmFN-rpsl transcript profile (chapter 3). 

The putative presence of a larger transcript in rice should also be investigated in order 

to map a promoter upstream in rice. Once again cr-RT-PCR, guanylyltransferase-capping 

experiments and nuclease protection assays would precisely map the ends of rpl5-rpsl4 in 

rice. 

Although there has been no report of such a case, it is possible that rpl5 in transition 

state is expressed early in development from the mitochondria and from the nucleus at later 

times in development. The protein encoded by the nuclear copy has some slight amino acid 

differences (Figure 4.7A) due to the adaptation to the nuclear genome of the transferred 
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copy. There might be a specialization of the nuclear Rpl5 protein although it still maintains 

the same function as the mitochondrial-encoded copy. The expression profile of the nuclear 

Rpl5 and direct sequencing of mitochondrial RT-PCR populations in 6d wheat will help us 

look at the functionality of the rpl5-rpsl4-cox3 transcript in later stages of development. 
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Chapter 5 General discussion 

5.1 Expression of the co-transcribed genes ccmFN-rpsl and rpl5-
YrpsM-coxS loci in wheat mitochondria during early embryo to 
seedling development 

The transcript profiles exhibited by the two loci examined here reflect the many post-

transcriptional steps involved in the formation of the mature messenger RNAs in plant 

mitochondria. The presence of relatively abundant precursor RNAs during early stages of 

embryo-to-seedling development is in accordance with previous observations where the 

association between transcription and post-transcriptional processes appears to be delayed 

(Li-Pook-Than and Bonen, 2006). 

Events leading to the formation of secondary 5' ends and transcript 3' ends can be 

hypothesized. We failed to identify t-elements at the 3' ends of the transcripts examined 

here. Putative single stem loops can be seen just downstream of the ccmFN-rpsl V end (this 

study) and of coxS in wheat (Gualberto et al. 1990). If these structures are involved in 3' end 

formation it would imply a endonucleolytic cut at the 5' end of the structure, possibly by a 

RNase P-like enzyme, such as the one used in tRNA 5' end formation. However the stem 

loops cannot be implicated in mRNA stability mechanism since they are not found in the 

mature transcripts. No evident secondary structure was found at the 5' end processing site -

23 upstream of ccmFN. Site specific recognition of this processing site presumably is 

achieved through other mechanisms, possibly through binding of auxiliary factors. 

Of the three promoter regions analysed here two contain the motif YRTA: TGTA (PI 

rpl5) and TATA (P2 rpl5) and the third promoter region includes TCTA (-589 ccmFN). This 

variation in promoter motif is not unusual as many mitochondrial promoters mapped in 

monocots and in eudicots diverge from this consensus (reviewed in Gagliardi and Binder 

2007, Zhang and Liu 2006). The transcription machinery recognition component must hence 

be flexible to recognize transcription initiation site and the varying sequences of promoter 

regions. It might be that the plasticity of the signals used has evolved to contend with the 

high rate of rearrangements in plant mitochondrial genomes or vice-versa. 
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5.2 Rearrangement effect on expression and transcription of genes, 
especially ones in a transition state 

Rice and wheat have diverged about 50 million years ago (Gaut et al. 2002). 

Although their gene content varies, they share a relatively small amount of conserved 

sequence surrounding genes (Figure 5.2 and Appendix 1) but hardly any common intergenic 

non-coding sequence (Kubo and Mikami, 2007). Gene linkage conservation is also limited to 

a few very closely linked genes such as rpl5-rpsl4, rps3-rpll6, nad3-rpsl2 and trrnl8S-

trrn5S. The exceptional case of ccmFN-rpsl-mat-r-nadle-nad5c will be discussed below. 

Rearrangements in these highly recombinogenic genomes create new gene linkages (e.g. 

rpl5-rpsl4-cox3 in wheat versus atp4-cox3 and rps3-rpll6-nad3-rpsl2 in rice) and gene 

transfer to the nucleus affects not only gene content but the loss of a gene might disrupt the 

mitochondrial genomic context of genes close by. Sequence conservation between plants can 

be due to constraint on specific cis-elements or signals for transcription or translation. For a 

rearrangement to be successful, functional regulatory signals need to be in place to allow for 

gene expression. One set of signals should not be preferentially selected for as long as the 

new signals are functional. In this study we have seen the example of rpl5-rpsl4 in rice and 

wheat, in which the common sequence between rice and wheat upstream of rpl5 provides a 

regulatory signal in rice (-82, promoter or processing site) but not in wheat. Wheat-specific 

upstream sequences have brought in two new promoters that are used. Also a short sequence 

downstream of rpsl4 has been conserved between rice and wheat but does not contain 

signals for transcription termination or transcript 3'end formation. 

5.3 Secondary structures 

Using RNA folding prediction software, the flanking regions and UTRs of the genes 

were examined for putative secondary structures. The results were analysed to look for 

inverted repeats. For the sequences analysed, the results seen did not give rise to consistent 

secondary structures. An example is given in Figure 5.1 for the 100 nt downstream of the 

ccmFN -589 5' end of the 3.2 kb ccmFN-rpsl transcript. Mfold found a 6 nucleotide stem-

loop and RNAfold showed a 9 nucleotide hairpin (in the same region but with different 

nucleotides) but Genebee did not find either pair. The surrounding sequence was found to be 

folded in different ways. Other structures generated with the mfold program had similar delta 

G values between -19 kcal/mol and -18 kcal/mol. 
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Figure 5.1: Illustrative examples ofRNA secondary structures by mfold, RNAfoldand 
GeneBee RNA folding programs. 

Secondary structures found with RNA folding programs: A, mfold (Zuker, 2003); B, 
RNAfold (Hofacker et al. 1994) and C, Genebee (http://www.genebee.msu.su) for the lOOnt 
immediately downstream of the ccmFN-5%9 (3.2 kb transcript) 5' end. Results are given as 
displayed by the programs. A red highlight was added to show the position of a 5nt sequence 
for comparison purposes. 
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5.4 Alignment of plant mitochondrial genomes to search for long conserved 
regions 

Intergenic sequences are usually species-specific (Kubo and Mikami, 2007). To look 

for intergenic regions conserved between species, alignments of the seven completely 

sequenced mitochondrial genomes were performed using the MultipPipmaker program 

(Schwartz et al. 2000, Appendix 1) using each sequence once as input and the rest as query 

sequences. Alignments of the seven fully sequenced mitochondrial genomes (namely wheat, 

rice, maize, sugarbeet, tobacco, Brassica and Arabidopsis; Table 2.2) were done with the 

MultiPipmaker alignment program (Schwartz et al, 2000) (Figure 5.2). This program uses an 

input sequence with coding sequence coordinates and searches for homologous sequences in 

query sequences. The program does not however take into account gene linkage in the query 

sequences, only presence of homologous sequences and one must refer to the original query 

sequences for gene order. A few repeated regions in intergenic spacers were present in all 

three species and exceeded a few hundred base pairs (Appendix 1, wheat as query), such as a 

-500 bp stretch homologous to the atpA sequence of chloroplast origin. This region is also 

present in tobacco and Arabidopsis, which signifies an early duplication and integration of 

the plastid sequence. 

The longest linkage region was found between Brassica and Arabidopsis, the two 

most closely related species examined (~20 MY A, based on molecular clock behaviour) 

(Koch et al. 2000): the rpl2-orjx(mttB)-nad4 loci has a conserved 3.3kb intergenic sequence 

between orfa and nad4 (Figure 5.2; 95% identity with indels). The mitochondrial rpl2 copy 

is co-transcribed with orfK(mttB) with no detectable monocistronic transcripts for either gene 

(Forner et al. 2007). It would be of interest to study this region in Arabidopsis and Brassica 

to characterize their transcript profiles and examine the intergenic region in detail. 

Alignments of the seven fully sequenced plant mitochondrial genomes show that the 

linkage ccmFn-rpsl-mat-r-nadle-nad5c is conserved between maize, rice and wheat but not 

with the eudicot species. The gene mat-r is found in the domain IV of the group II intron4 of 

nadl. This intron is found in cis- (broad bean, Oenethera) and trans- (wheat, rice, maize) 

configuration and when in trans- the intron is split before (wheat) or after (potato) domain IV 

(Begu et al. 1998), which places mat-r in the half intron either upstream of nadle or 

downstream of nadl d. A previous study of the nadld and nadSc (trans exons 4 and 3 of the 
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Figure 5.2: MultiPipmaker alignment of the rpl2-orfXfmttB>)-nad4 locus in Arabidopsis 
mtDNA with the Arabidopsis, Brassica, tobacco, sugarbeet, maize, rice and wheat 
mitochondrial genomes 

Lengths of sequences are given below in kilobases (kb). Input sequence is the 24 kb region 
around the rpl2-orfX(mttB)-nad4 locus from the Arabidopsis thaliana mitochondrial genome 
(NC001284) and query sequences are the seven complete mitochondrial genomes 
(accession numbers found in table 2.2). Filled boxes represent genes, small grey boxes are 
CpG islands and similarity is scored from 50% to 90% on the vertical axis. 
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nadl and nad5 genes of NADH complex, respectively) transcript profile characterized two 

promoters: one at -44 upstream of mat-r and one at +1404 in the mat-r coding sequence 

(Farre and Araya, 1999) demonstrating the co-transcription of these three coding-sequences. 

The percentage identity for the 9833 bp ccmFn-rpsl-mat-r-nadle-nad5c conserved 

region is 95% between maize, rice and wheat (98% between rice and wheat) including the 

coding sequences and 94% between the three plants (96% between rice and wheat) in the 3.1 

kb rpsl-mat-r intergenic region (Figure 5.3). This linkage was first noted by the 

mitochondrial genome sequencing of the maize genome (Clifton et al. 2004) and comparison 

with the mitochondrial genomes of wheat and rice. The linkage conservation extends to rye, 

oats, barley, lolium and orchard grass species as detected by PCR analysis (Figure 5.4). 

Linkage in brome however seems to have been disrupted (Figure 5.4). 

This unusual level of conservation might prove of interest in the search for novel 

non-coding RNAs or in the comprehension of the function and role of intergenic sequences 

in genome expression (Figure 5.3). The maintenance of the linkage might be due to the 

importance of this intergenic region, whether to achieve correct expression of this region or 

because of the presence of non-coding RNAs. Alternatively, this region might simply be less 

prone to rearrangements. The G/C composition of the 3132 bp sequence between rpsl and 

mat-r is 45%, slightly lower than the average of-44% G/C usually found in flowering plant 

mitochondrial genomes (Chaw et al. 2008), and does not exhibit a pronounced nucleotide 

composition bias. 

5.5 Conservation of an intergenic region between wheat, rice and maize 

In preliminary attempts to characterize the expression of rpsl-mat-r intergenic 

region, RT-PCR and northern analysis have been done to look for a longer transcriptional 

unit, perhaps even one containing all 5 coding sequences in wheat mtRNA. Co-transcription 

of mat-r and nadle and nadSc has been previously described (Farre and Araya, 1999) and 

RT-PCR was performed on 24hr wheat mitochondrial RNA using an antisense oligomer in 

the mat-r coding sequence and different primer pairs spanning the rpsl-mat-r intergenic 

region up to rpsl (Figure 5.5). Wheat mt RNA from 24hr imbibed embryos was used since in 

earlier developmental times precursor transcripts might be present if not processed yet. DNA 

contamination was unlikely as the control samples without RT showed no products (Figure 

5.5) but RT-PCR results must be taken with caution nonetheless, as only sequencing of the 
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Figure 5.3: MultiPipmaker alignment of the ccmFN-rpsl-mat-r-nadle-nad5c, rpl5- *Prpsl4-
cox3-tRNAE and atp6-rpsl3-nadlbc loci in wheat mtDNA with the wheat, rice and maize 
mitochondrial genomes 

Lengths of sequences are given below in kilobases (kb). Input sequence is wheat 
mitochondrial genome (AP008982) and query sequences are wheat mitochondrial genome, 
rice mitochondrial genome (BA000029) and maize mitochondrial genome (AY506529). 
Filled boxes represent genes, grey boxes are CpG islands and sequence similarity is scored 
from 50% to 90% on the vertical axis. 
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Figure 5.4: PCR analysis of the rpsl-mat-r linkage in cereal species 

Agarose gel analysis of PCR products of wheat, oat, barly, brome, lolium and orchard grass 
mtDNAs, whose relationship is shown on the phylogenetic tree on the right (Chaw et al. 
2004). Underlined are species with fully sequenced mitochondrial genomes. Size markers are 
written in kilobases (kb) on the left and approximate product size on the right. Schematic of 
gene organization in the wheat mitochondrial genome is show underneath, where filled boxes 
are genes and arrow heads show the location of the primer used in PCR. 
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RT-PCR products and identification of the edit sites can definitely differentiate DNA and 

RNA (when no intron is present). RT-PCR products were obtained for three primer pairs 

from the mat-r coding sequences up to ~950bp downstream of rpsl. Primer pairs using a 

sense oligomer in either rpsl or ccmFN did not give products. This might be due to 

experimental problems due to the long size of the transcript for which the antisense oligomer 

RT reaction may not have extended far enough or that biologically there is no transcript 

including all five coding regions but that transcription is initiated downstream of rpsl, 

including at least part of the intergenic region and the downstream genes. In accordance with 

the relaxed transcriptional system present in plant mitochondria, it is also possible such a 

transcript represents a low amount of ccmFN-rpsl co-transcripts that did not terminate 

downstream of rpsl but does not necessarily represent a biologically meaningful transcript. 

Northern analyses were also done on 24hr and 6d wheat mtRNA (Figure 5.6). A 

series of long (~lkb) random labelled probes were used together in northern hybridization 

experiments (Figure 5.6). If long co-transcripts exist for this region their size would exceed 

9.8kb and although they would not be accurately sized by northern blotting, they might 

appear as detectable signals by hybridization if abundant enough. No such transcript was 

reproducibly found in these preliminary experiments. A long co-transcript might however be 

unstable or present at very low-levels in the developmental times used here. Control for the 

northern hybridization was done with a ccmFN end-labelled oligomer, however a control for 

the presence of a long co-transcript (such as the -9.5 kb nad4 precursor, N. Niknejad M.Sc. 

thesis) should also be done to verify the integrity of the northern blot. 

A conserved intergenic sequence might also give rise to the transcription of non-

coding RNAs. The presence of small non-coding RNAs have long been speculated (Bonnet 

et al. 2006) and recent work using Arabidopsis mutants deficient in the PNPase enzyme, 

involved in RNA degradation (Kuhn et al. 2001) has shown the accumulation of seemingly 

non-coding regions of the mitochondrial genome. The authors hypothesized that transcription 

can initiate at various locations in the genome and give rise to transcripts which under 

normal conditions would be quickly turned-over. Such an example is a 500 nt RNA species 

that accumulated in PNP mutants and demonstrated signs of editing (Kuhn et al. 2001). In 

the search for non-coding RNA species arising from this intergenic region in wheat, northern 

hybridizations with random-labelled probes spanning the whole 3 kb intergenic region were 
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Figure 5.5: RT-PCR analysis of the ccmFN-rpsl-mat-r-nadle-nad5c locus in DNasel treated 
wheat 24hr mtRNA 

Filled boxes represent genes, bent arrows are promoter regions (based on this study and Farre 
and Araya, 1999) and arrow heads show the location of the oligomer used in the RT (black) 
and PCR (grey) reactions, with predicted products shown underneath (1,2,3). Size marker 
(M) is shown in the right. Samples were treated with (+) or without (-) reverse transcriptase, 
with no products in the - RT lanes. 
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Figure 5.6: Northern blot analysis of ccmFN and the rpsl-mat-r inter genie region in 24hr 
and 6d wheat mtRNA 

Northern blot was successively probes with a ccmFN oligomer probe (A) and a pool of three 
random-labelled PCR probes spanning the rpsl-mat-r intergenic region (B). Size markers in 
kilobases (kb) are on the left. Position of the end-labelled oligomer (arrow head) and 
random-labelled (line with asterisks) probes used are given underneath in the schematic of 
the loci in the wheat genome, where filled boxes represent genes. 
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also analyzed for small-sized transcripts (Figure 5.6). There was no indication of small-sized 

transcripts in the northern used here but other RNA gel systems such as polyacrylamide 

denaturing gel would be more sensitive for small-sized transcripts and give better separation. 

Another experimental approach is the in organello transcription run-on method, 

which would detect transcription initiation in this region (Giege et al. 2000). Purified 

mitochondria are incubated with radioactive UTP (usually UTP is used since only RNA 

being synthesized will incorporate it) which will be incorporated in any newly transcribed 

RNA. This pool of labeled RNA is then used as a probe on a Southern blot of known DNA 

regions or in nuclease protection assays. An attempt of this technique was done using a 

Southern hybridization of clones for the region of interest (ccmFN-rpsl-mat-r-nadle-na5c) 

as well as the control (18Srrn-5Srrri) and the rpl5-rpsl4-cox3 region. Since rRNAs genes 

have strong promoters and their transcripts represent up to 90% of the RNA present in plant 

mitochondria, a strong signal was expected for the control and a weaker signal would be 

expected for all other transcription initiation sites. Weak signals on the Southern 

hybridization were seen for the rRNA genes (data not shown) but no signals were seen for 

other regions. Although the positive control did give results agreeing with previous work (P. 

Garber, previous Bonen lab member, unpublished results), the low level of signal seen could 

be due to a low amount of mitochondria isolated and hence low levels of RNA extracted. 

Attempts with more embryos and more intact mitochondria should be done. The labelled, in 

vivo newly transcribed extracted RNA could be also be used in nuclease protection assays. 

5.6 Concluding remarks 
Much is still to be learned about transcriptional and post-transcriptional processes in 

plant mitochondria. The gene expression system seems to exploit a flexible array of signals 

and the characterization of transcription initiation and processing sites for different genes in 

different species in the present study is expanding this set. It would be of interest to study the 

factors potentially regulating transcription initiation in more detail such as the effect of 

development, light cycle, environment and stress as well as identifying trans-factors involved 

in this process. 

The recent advances in molecular techniques for plant mitochondrial analysis such as 

the use of electroporation to introduce DNA sequences into isolated mitochondria and study 

their expression and the availability of a number of Arabidopsis mutants (e.g. CMS mutants, 
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PPR protein mutants) will be a great help in elucidating more of these processes. Work 

carried out using these tools during the earliest time of embryo development could allow us 

to catch intermediate states of RNA processing to further understand these events. Work 

done using tissue cultures is also of great value in pointing out processing events (Forner et 

al. 2007) and revealing interesting patterns of expression. However caution must be used in 

interpreting these results as they do not reflect inplanta situations. 

The machinery involved in post-transcriptional RNA processing events is not well 

known but most components are believed to be nuclear-encoded and imported from the 

cytosol. Proteins such as members of the PPR family have been implicated in mitochondrial 

RNA processing events (reviewed in Andres et al. 2007) and more interestingly as cytoplasm 

male sterility (CMS) restorers (Wang et al. 2006). Identification of PPR proteins as auxiliary 

factors for transcript specific post-transcriptional events will greatly help us understand the 

complex interactions taking place in plant mitochondria. Although much hope is placed in 

nuclear encoded proteins, the role of mitochondrial small RNAs in processing events should 

also be investigated, as they have been shown to be of great importance in other systems 

(Bonnetsal. 2006) 

Plant mitochondrial genomes display unique features in their gene expression system, 

including a relaxed transcriptional system where post-transcriptional events like processing 

as well as RNA stability are important control mechanisms (Giege et al. 2000, Holec et al. 

2006, Kuhn et al. 2007). Plant mitochondrial RNA level events are extremely complex and 

expanding knowledge of gene specific processes is a necessary means by which to 

understand plant mitochondria gene expression as a whole. 
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Appendices 

Appendix 1: Multipipmaker alignment of the wheat mitochondrial genome with the seven 
completely sequenced mitochondrial genomes 

Input sequence is the wheat mitochondrial genome (AP008982, Ogihara et al. 2005) and 
query sequences are wheat (AP008982), rice (BA000029, Notsu et al. 2002), maize 
(AY506529, Clifton etal. 2004), Arabidopsis (NC_001284, Unseld etal. 1997), Brassica 
(AP006444, Handa 2003), tobacco (NC_006581, Sugiyama et al. 2005) and sugarbeet 
(BA000009, Kubo et al. 2000). Filled boxes represent genes, with name above and 
coordinates on the wheat genomes in kilobases (kb) on the horizontal axis. Small grey boxes 
are CpG islands as defined by the Pipmaker software. 
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Appendix 2: Primer extension analysis (A) and SI nuclease protection assay (B) of the rpsl 
monocistronic transcript in 24hr wheat mtRNA. 

Filled boxes represent genes, with arrow head showing the location of the labelled oligomer 
and the labelled PCR probe used in experiment. A) Sizes of extension products relative to the 
start codon are written in nucleotide on the left and products are shown by arrow head. 
Sequencing reaction of a rpsl PCR product is used as a size marker and deoxy-nucleotides 
used in sequencing reactions at the top. 
B) Sizes of protected products relative to the start codon are written in nucleotide on the left 
and products are shown by arrow head. Sequencing reaction of a ccmFNPCR. product is 
used as a size marker and deoxy-nucleotides used in sequencing reactions at the top 
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Appendix 3: Northern blot analysis of the rpsl gene in rice mtRNA at 24hr and 6d post-
imbibition. 

Filled boxes represent genes, end-labelled rpsl oligomer used and sizes of putative 
transcripts are written in kilobases (kb) on the right. Wheat 24hr mtRNA is shown as a 
control. 
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Appendix 4: Northern analysis of the rplS-^rpsH-coxS locus in wheat mtRNA during early 
seed-to-seedling development (Ohr to 6d). 

Filled boxes represent gene and arrow heads denote the position of the end-labelled 
oligomers used for rpl5 (A) and rpsl4 (B). Sizes of transcripts are written on the right. 
Mishydridization signals are show with empty arrow heads. Data from J. Li-Pook-Than. 
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