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ABSTRACT

The endosymbiotic hypothesis for the origin of mitochondria invokes the transfer of many
genes from the respiring bacterium to the nucleus of the host cell early in the symbiotic
association. Recent evidence suggests that such transfer is an ongoing evolutionary process in the
plant lineage. This project focuses on the location and expression of genes coding for the
mitochondrial (mt) large ribosomal subunit protein L2 in different plants to gain knowledge
about their function and evolution. L2 is known to be one of the most conservative ribosomal
proteins present in prokaryotes and eukaryotes.

The rice mt genome was found to have a single copy of a functional rp/2 gene with a
group II intron whereas wheat has only a truncated p/2 pseudogene corresponding to the extreme
carboxyl terminus and no 7p/2 homologous sequences were detected in the soybean mt genome.
Nuclear-located transferred mt 7p/2 copies have been identified in wheat and they are found to be
transcribed. An RNA-mediated gene transfer is predicted since it lacks the mt intron at the
expected splice site. The wheat nuclear-located mt rpi2 is part of a small multigene family and
the two examined copies share 97% identity at the amino acid level. The transferred wheat mt
rpl2 sequences are found to be expressed differentially during development. They have higher
transcript accumulation in germinating embryos than seedlings in comparison to the cytosolic
rpl2 mRNA at these stages.

In rice, the mt rp/2 gene is transcribed, spliced and edited. The mRNA levels of the rice
mt 7p/2 are very low compared to typical respiratory chain genes and have higher transcript
accumulation in the germinating embryo stage than seedlings. The transcript profile is complex
and different between stages indicating different processing pathways in germinating embryos

and seedlings. Low steady state rp/2 mRNA levels compared to excised introns indicate a rapid



turnover of mRNA and a stable excised form of intron. However the excised introns appear to be
present as non-lariat forms by RT-PCR experiments. This observation suggests an initial
hydrolysis step in the splicing reaction. The rice mt rp/2-rps/9- nad4L gene cluster is transcribed
as a polycistronic molecule and processed to mature mRNAs. In addition, detection of
transcribed mt 7p/2 related sequences in the rice nuclear genome by hybridization experiments
also suggests a recent gene transfer to the nucleus.

Phylogenetic analyses on derived L2 and S12 protein sequences of mitochondria and
other compartments indicate a rapid evolution of mt L2 proteins in comparison to mt S12. The
transfer of mt genes to the nucleus points to an accelerated rate of evolution of L2 proteins. The
codon usage pattern of the transferred wheat nuclear-located mt rp/2 sequences is in agreement
with an adaptation to the pattern of other wheat nuclear genes. Although plants examined in this
study portray various steps involved in a gene transfer event, highly divergent mt 7p/2 sequences
in the Arabidopsis nuclear genome and the maintenance of a functional gene in the rice mt
genome suggest multiple and independent gene transfers.

This study illustrates the recent evolutionary transfer of functional mt genes to the
nucleus. It also indicates that the transferred genes may be modified to a certain extent during or
after transfer to the new environment. The presence of a mitochondrial as well as a transferred
nuclear copy may reflect the transition stage in a gene transfer event or the possibility of
maintenance of the mt copy for specialized functional regulation during different developmental
stages. The underlying coordinated regulation of mt and nuclear genes to produce a functional mt

ribosome is evident from these studies.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Origin of the eukaryotic cell and its organelles

All living organisms are believed to be evolved from a single primordial cell
originating more than 3 billion years ago. The cenancestral cell was very simple in structure and
composition and it multiplied and evolved into a rather complex cell to meet the changing
atmospheric demands. Approximately 1.5 billion years later, the eukaryotic cell is predicted to
have originated by the fusion of a protoeukaryotic (host) and a prokaryotic cell. The host cell did
not have the ability to use atmospheric O, by aerobic respiration, but gained that activity through
symbiotic association with another cell which evolved as a mitochondrion. The eukaryotic cell is
highly complex in structure and the information content is chimeric in nature, since many genes
from the endosymbiont were transferred to the nucleus during early endosymbiosis. This project
addresses the evolution of plant mitochondrial (mt) genes and the ongoing evolutionary transfer
of functional genes from mitochondria to the nucleus.

Among the several theories to explain the origin of the present eukaryotic cell and its
compartments, the “endosymbiont hypothesis” proposed by Margulis (1970) and summarized
above, is the widely accepted and best articulated theory for the evolution of the eukaryotic cell
(reviewed by Gray, 1992). Doolittle (1998a) summarizes the endosymbiont theory with the
following steps. 1. Some ancestral prokaryotic lineage developed an endomembrane system to
engulf and digest other bacteria for survival. 2. Some of the engulfed bacteria were beneficial to

the host and they were fixed as an endosymbiont rather than complete digestion. 3. The



2
endosymbiont, similar to the present day a-proteobacterium lineage, helped the host by providing
energy through aerobic respiration and the host in turn provided a niche for the bacterium. 4.
Genes required for the independent living of the a-proteobacterium were lost and many genes
involved in respiration and other functions were transferred to the host nucleus while a smalil
subset was retained. 5. As a result, the reduced endosymbiont became an organelle
(mitochondrion) in the cell.

An alternate hypothesis for the origin of the eukaryotic cell, the “hydrogen hypothesis™ has
been proposed recently by Martin and Muller (1998). The hydrogen hypothesis and endosymbiont
hypothesis are in agreement with the a-proteobacterial symbiont as the ancestor of
mitochondrion. The hydrogen hypothesis states that an autotropic, hydrogen dependent,
anaerobic archaebacterium (the host) had an association with a eubacterium that generated
hydrogen as a waste product in its anaerobic heterotropic metabolism (Martin and Muller, 1998).
In the absence of the outside source of hydrogen, the host became dependent on the symbiont and
created a tight physical association. Genes from the symbiont were transferred to the host which
provided a source for the membrane proteins needed for the import of enzymes and substrates of
glycolysis. Finally, the host was able to perform oxidative phosphorylation and the symbiont
became a mitochondrion or it was converted to a hydrogenosome. In some cases, the
endosymbiont was lost and this hypothesis readily explains the energy metabolism of eukaryotes
that lack mitochondria and the presence of bacterial genes in the heterotrophic archaeal lineage.
However, the origin of unique eukaryotic structures such as cytoskeleton could not be explained
by this hypothesis.

According to the endosymbiotic theory, an initial ‘burst of quantum evolution’ (Cavalier-
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Smith, 1987) was assumed in the eukaryotic cell development. The massive transfer of organellar
genes might have been inevitable during early endosymbiosis since the symbiont and the host were
dependent on each other. Recent evidence in plant mt systems points to an ongoing evolutionary
transfer of mt genes to the nucleus (see section 1.4.5). These transfers can be random events and
fixed by drift. In contrast, animal and fungal mt genomes have fixed genes because their genetic
code is different from their nuclear genomes. Mitochondrial genomes are present in multiple
copies compared to a single nuclear genome in a cell. This increases the possibility of the transfer
from mitochondrion to the nucleus being more frequent than from the nucleus to the
mitochondrion.

Recently, Doolittle (1998b) has proposed the “ food hypothesis” for the evolution of a
reduced endosymbiont (mitochondrion) and the replacement of nuclear genes by bacterial genes.
He compares the process of gene transfer in one direction to a ratchet model of operation.
Accordingly, the necessary steps in a gene transfer process are organelle lysis, genomic
incorporation and expression, stochastic fixation and elimination of the resident homologue in the
mitochondrion. Though the gene transfer ratchet model was proposed for both the mt gene
 transfer and replacement of resident nuclear genes determining cytosolic function, gene
replacement is expected to be frequent since it involves fewer steps. As discussed in section 1.4.6,
mt gene transfer requires the addition of target sequences to direct the protein to mitochondria.
This model provides an explanation for mt-type genes in the amitochondriate organisms and
predicts when and how genes could have been transferred from the engulfed bacterium and
replaced the nuclear genes. In addition, random lysis of mitochondria provides the source of mt

DNA for the ongoing evolutionary gene transfer in plant mt systems.



Whether gene transfer from organelles to the nucleus is an early or recent event, the
process is believed to be the same. Hence, knowledge about the recent gene transfer events going
on in flowering plant evolution may help us to better understand earlier events in the evolution of
mt genomes.

1.2 Plant mitochondrial genome and its complexity
1.2.1 Genome size diversity

One unusual feature of the plant mt genome is its large size and diversity among species. It
varies in size from 208 kb (Brassica hirta) to 2400 kb (Cucumis melo) (reviewed by Bonen,
1998). There can be a 10 fold difference observed between species belonging to the same family.
On the contrary, the animal mt genomes are very small (16-20 kb) with less variability. The
unusually large size of the plant mt genome is not reflective of its relative coding capacity
(reviewed by Gray et al., 1998). The completely sequenced Arabidopsis mt genome is 367 kb
(Unseld et al., 1997) and codes an estimated 57 genes, whereas the human mt genome is 16 kb
(Anderson et al., 1981) with 37 genes (Table 1). Nearly 62% of the Arabidopsis mt genome
consists of non-coding sequences. They are contributed by duplications caused by recombination
events, imported foreign DNA and the extensive presence of unrecognizable and apparently
functionless sequences. When the mt genomes of Arabidopsis, human, protists and algae were
compared for their size and coding sequences, it was found that the size increase of mt genomes is
colinear with an increase in non-coding sequences (Unseld et al., 1997). To date, Reclinomonas
americana, a flagellate protozoan, has the largest set of genes (97) in its mt genome of 69 kb
(Lang et al., 1997). The gene content of several different mt genomes (Arabidopsis, liverwort,

human, yeast and Reclinomonas) are summarized in Table 1. Among the hundreds of gene
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products required for the mt function, only a small fraction of them are encoded in the mt genome
and the vast majority of them are located in the nucleus. Approximately 5 % (296) of the
estimated 6086 genes of the completely sequenced yeast genome codes for mt proteins
(Proteome Inc.1999-Proteome Inc. http. WWW.proteome.com YPDCYC7.html).

1.2.2 Structure of plant mt DNA

The structure of the plant mt genome is complex and it appears to exist as a collection of
multiple circular molecules differing in size and stoichiometry. In contrast, animals contain
multiple copies of identical circular DNA molecules (Anderson et al., 1981). The complexity of
plant mt genomes depends on the number, location, and orientation of recombinogenic repeats
which vary from species to species (reviewed by Gray et al., 1998). The smallest piant mt
genome, that of B. hirta, does not have any repeat elements (Palmer and Herbon, 1987). In
contrast the wheat (430 kb; Bonen, 1995) and rice (492 kb; Zeltz et al., 1996) mt genomes have
7-10 repeat elements based on their cytotypes. The largest circular plant mt DNA molecule (186
kb) observed so far using electron microscopic techniques is that of the nonvascular plant
Marchantia polymorpha (Oda et al., 1992). According to Bendich, (1996) most plant mt DNAs
exist as complex branched structures or linear molecules derived from the complex forms, but not
as circular molecules. However the presence of small circular forms of mt DNA has been seen in
maize by PFGE in combination with infrequently cutting enzymes (Andre and Walbot, 1995).
1.2.3 Gene content of mt genomes

A list of genes present in the completely-sequenced mt genomes of A. thaliana (Unseld et
al., 1997), M. polymorpha (Oda et al., 1992), Homo sapiens (Anderson et al., 1981), R.

americana (Lang et al., 1997) and Saccharomyces cerevisiae (Grivell, 1995) is given in Table 1.



Table 1 Compilation of mitochondrial genes in different organisms

Arabidopsis Liverwort Human Yeast R. americana

Structural RNA genes

rRNA (168. 23S) 2 2 2 2 2

rRNA (55) 1 1 0 0 1

transfer RNA 22 27 22 24 26
Regulatory protein genes

translation elongation factor 0 0 0 0 1

RNA polymerase (rpo A,B,C &D) 0 0 0 0 4

Ribosomal protein genes

Large subunit 3 12 0 0 15
Small subunit 4 4 0 1* 12
Respiratory protein genes

complex [ (nad) 9 8 7 0 12
complex II (sdh) 1 2 0 0 3

complex III (cob) 1 1 1 1 1

complex [V (cox) 3 3 3 3 3

complex V (atp) 4 4 2 3 5

Protein import/maturation

cytochrome c biogenesis 5 3 0 0 4

cytochrome oxidase assembly 0 0 0 0 1

protein import (sec Y) 0 0 0 0 1

ORFs 86* 28 0 0 3

Groupl intronic ORFs 0 2 0 s 0

Group II intronic ORFs 1 8 0 2 0

Protein coding genes 28 37 13 8 62
Total identified genes 56 67 37 34 91
Genome size kb 367 187 17 75 69

* .var] which has no bacterial counterpart. ® -all open reading frames with >100 codons including
orf25 and orfx which were listed as identified genes by Unseld et al. (1997). Note that orf95 and
orfB have now been identified as sdh4 (Giege et al., 1998) and atp8 (Gray et al., 1998)
respectively. ©-all open reading frames with >60 codons. Table adapted from Palmer (1997).



The rRNA genes coding for the 26S rRNA, 18S rRNA and 5S rRNA are present
invariably in all the plants examined including the nonvascular plant M. polymorpha and the green
alga Prototheca wickerhamii (Unseld et al., 1997). However animals, fungi and most protists lack
the 5S rRNA gene and they have smaller rRNAs for example the16S & 12S rRNAs in animals are
smaller than the bacterial 23S and 18S rRNAs (reviewed by Gray et al., 1998). Animal mt
genomes have a complete set of tRNA genes whereas plants do not have a complete set to
support the translation (reviewed by Veronica et al., 1996). The completely sequenced
Arabidopsis mt genome lacks 6 tRNA genes and these tRNAs have to be imported from the
cytoplasm (Unseld et al., 1997). Similarly in potato 11 out of 31 tRNA species are found to be
imported from the cytosol (reviewed by Bonen, 1998).

At least one or several respiratory chain protein coding genes for all five complexes are
present in plants but animal and fungal mt genomes lack genes for complex IT (succinate
dehydrogenase) (reviewed by Gray et al., 1998). At least ten genes with unidentified functions
named ORFs (open reading frames) are conserved between different plant mt genomes (reviewed
by Brennicke et al., 1993). Thorough comparative and functional analysis on these ORFs should
lead to the identification of the encoded proteins.

Plant mt genomes encode a higher number of ribosomal protein (rp) genes (16 in
liverwort) compared to fungi such as yeast (varl) and Neurospora (S5) which encode only one rp
gene and animals with none (reviewed by Schuster and Brennicke, 1994). In flowering plants at
least 14 rp genes have been identified so far in different species which is a subset of the 16 rp

genes located in the liverwort mt genome (Takemura et al., 1992). However, the number of rp



Table 2 List of mitochondrial ribosomal protein genes identified in mitochondrial and

nuclear genomes of different plants

protein | Liverwort | Arabidopsis | Oenothera pea wheat rice
mt nu |{mt nu mt  nu mt nu mt  nu mt nu

S1 + - +? +? +

S2 + - - + +

S3 + + + + +

S4 + + +y +

S7 + + Y +s + +s

S8 + -

S10 + - + - + - - +s

S1l + - - + + o, +

S12 + + Y + + +

S13 + - +a + - +s

Si4 + v +

S19 + VT + W - v +

L2 + +? +? - v + + +sn

LS + + +

L6 + -

L16 + + + + +

The mt ribosomal proteins are named according to their Escherichia coli counterpart.

+-present based on sequencing information, - -absent based on Southern data, y - pseudogene, +?

truncated potentially functional, s-Based on Southern data, sn- Based on Southern and Northern

data. +a potential gene function replacement

Data from reviews by Schuster and Brennicke, (1994); Kumar, (1995) and Oda et al., (1992) and

updated with data from Unseld et al., (1997); Vaitlingom et al., (1998); Wischmann and Schuster,

1995; Kubo et al., (1996): Sanchez et al., (1996); Kadowaki et al., (1996); Kubo et al., (1998);

Subramanian and Bonen, (1998); Zhuo et al., (1999).




genes present in different flowering plant mt genomes varies even between closely related plants
(Table 2). The completely sequenced mt genome of Arabidopsis encodes only seven functional mt
rp genes (Unseld et al., 1997). Gene transfer to the nucleus is predicted for missing mt rp genes
and several have been identified in the nucleus (see section 1.4.5).
1.2.4 Mitochondrial gene structure and organization in plants

The status of individual genes and the organization of different genes in the mt genome
varies among plants. Some genes are simple and devoid of introns (atpA, atp6, atp9, cob, nad3,
nad9, rpsi2, rpsi3, rpsl9 and rpll6) while others have a very complex structure with 1-4 introns
(reviewed by Fauron, et al., 1995). All plant mt introns have been identified as group II category
except that the cox/ gene of plants belonging to the genus Peperomia has a group I intron
(reviewed by Bonen, 1998), apparently acquired by a horizontal gene transfer event from a fungal
source (Adams et al., 1998a). There are 25 group II introns identified in flowering plant mt
genomes in which 19 of them are located in nad genes. The nad!, nad2, nad4, nad5 and nad7
genes contain three to four introns. The nadl, nad2 and nad5 genes are trans-spliced genes and
their coding regions are separated far apart in the mt genome. The precursor mRNA molecules
containing the flanking intron sequences fold in a way to bring the exons together. This process is
called trans-splicing (reviewed by Bonen, 1993). The organization of trans-spliced genes is an
unique feature to the flowering plants mt genomes compared to other mt genomes. Among the
ribosomal proteins identified in flowering plants, rps3, rps10 and rpl2 are interrupted by single

group II introns.
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1.2.5 Organization of plant mitochondrial ribosomal protein genes

The mt and chioroplast (cp) rp gene clusters of flowering plants resemble sections of the
E. coli rp gene operon that is consistent with the bacterial origin of these organelles (Takemura et
al., 1992). In E. coli, the rp genes are clustered to form 6 operons (Fig. 6.2) & (S13-S11-54-
rpoA-L17), str (S12-S7-EF-G-EF-Tu), S (L10-17/L12-4-F ), L11 (L11-L1), spc (S14-L24-L5-
S14-S8-L6-L18-S5-L30-L15-sec Y-X) and S10 (S10-L3-L4-L23-L2-S19-L22-S3-L16-L29-S17-
Nomura et al., 1980). The nonvascular plant M. polymorpha has two rp gene clusters similar to
S10 and str operons in its mt genome. They are rps/0-rpl2-rps!9-rps3-rpl16-rpl3-rpsi4-rps8-
rpl6-rps13-rpsl1-rps] and rpsl2-rps7. The rps2 and rps+4 genes are located separately in the
liverwort mt genome (Oda et al.. 1992). In flowering piants, segments of the above rp gene
clusters as well as rp genes clustered with respiratory protein genes are often observed (Table 3)
There are very few rp genes which are located in isolation, for example 7ps7 (Zhuo and Bonen,
1993) and rps2 of wheat (Vaitilingom et al., 1998). The rps3-rpl16-nad3-rpsi2 cluster of rice
(Nakazono et al., 1995) and rps3-rpl 1 6-rpl3-rps14-cob cluster of B. napus (Ye et al.. 1993) are
the largest co-transcribed mt gene clusters found in flowering plants to date. The E. coli type S10
operon segment, rps3-rpl16 is found to be conserved in all plants examined (reviewed by Binder
et al., 1996). Similarly, remnants of the E. coli @ operon (S11-S4; Handa et al., 1997) and other
parts of the S10 operon (L2-S19; Kubo et al., 1996) are present in the rice mt genome.
1.2.6 Structure of plant mitochondrial ribosomal protein genes

Although the plant mt ribosomal protein genes examined to date show higher similarity to
the eubacterial type than the eukaryotic type, there are some unique features like N-or C- terminal

extensions or inserts (20-300 a.a) in the derived protein sequence. Out of the 16 mt rp



11

Table 3 Organization of ribosomal protein genes clustered with respiratory chain protein

genes in flowering plant mitochondrial genomes

Plant

Wheat

Arabidopsis

Wheat

Oenothera; Arabidopsis
Rice

Oenothera; Arabidopsis
B.napus

Arabidopsis;,

potato

All plants examined
Oenothera

Brassica

Wheat

Tobacco

Tobacco

QOenothera

Maize

Genes
atp6-rps!3-nadlb/c
rpl16-atp9

orf585-rpsl

rps3-coxl
rpl2-rps19-nad4L
rpl2-orfX
rps3-rpll6-rpl5-rps14-cob
rpl5-yrpsi4-cob

nad3-rpsi2
rpsl-atp9
nad2a-rps+4
nad9-rps2
orfl-yrpi2-orf2
atp9-rpsi3-nadlb/c
coxl-rpsi3-nadlb/c
atp9-nad3-rpsi2

Reference

(Bonen, 1987, Takvorian et al., 1997)
(Sakamoto et al., 1997)

(Gonzalez et al., 1993)

(Schuster and Brennicke, 1991)

(this work)

(Sunkel et al., 1994)

(Yeet al., 1993)

(Brandt et al., 1993;
Quinones et al., 1996)

( reviewed by Bonen, 1998)
(Mundel and Schuster, 1996)
(Handa et al., 1998)
(Vaitilingom et al., 1998)
(Vitart et al., 1992)

(Bland et al., 1986)
(Wissinger et al., 1990)
(Hunt and Newton, 1991)



genes identified in liverwort, five (rps3, rps7, rps8, rpi2, rpl16,) have additional inserts in
flowering plants (Takemura et al., 1992). Gene fusion could be one of the reasons for these
extensions as observed in the yeast Yml8 gene which has sequences homologous to E. coli rpl17
in the 5'- end and rps/3 in the 3'- end (Kitakawa and Isono, 1991). However, the origin of the
inserted sequences in L2 (251 a a), S3 (300 a a ) and the N- or C-terminal extensions (~20-80
amino acids in S7, S8, L16) of plant mt rp genes can not be traced. since sequence comparisons
do not reveal similarity to any known proteins (Takemura et al., (1992); Kubo et al., (1996);
Bock et al., (1994). The inserted sequences found in the rps4 gene of rice and Brassica could be
folded into domain 5 and 6 structures of a group II intron, but they are not spliced (Handa et al.,
1998). This suggests an insert of intron sequences which are in frame with the coding region
followed by a deletion event that impaired splicing. This could be one of the scenarios for the
origin of extra segments found in plant mt ribosomal proteins.
1.3 Regulation of gene expression in plant mitochondria
1.3.1 Regulation at the transcriptional level

In the previous section, the plant mt gene content and the organization of rp genes were
discussed in detail. It is evident that some mt genes are transcribed as monocistronic messengers,
while many are co-transcribed with adjacent genes. The presence of many transcriptional units in
the plant mt genome implies a corresponding multitude of individual promoters (reviewed by
Binder et al., 1996). In contrast, the small animal mt genome contains only two promoters in the
displacement loop (D-loop), one each for the transcription of each strand of DNA (Clayton,
1991). The moderately larger mt genome of yeast (S. cerevisiae) is found to have 20 promoters

(reviewed by Binder and Brennicke, 1993). In plants, apart from the large number of genes and
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their promoters, individual genes in some cases are observed to have several promoters. The cox2
and arp9 genes of maize are transcribed from multiple promoters which are either adjacent repeat
sequences or spread over several hundred base pairs upstream of the coding region (reviewed by
Tracy and Stern. 1995).

Plant mt promoters are muitipartite in structure and reveal limited similarity. In contrast.
fungal mt promoters are well conserved both within and between species (reviewed by Tracy and
Stern, 1995). In monocot plants like rice, wheat and maize, an A/T or purine rich region and a
tetranucleotide 5°-CRTA-3’ motif are the features conserved between potential promoter
sequences surrounding transcription initiation sites (Nakazono et al., 1995; reviewed by Binder et
al., 1996). In maize, in vitro mutation analysis has shown that the conserved CRTA motif is
essential for the promoter activity (reviewed by Tracy and Stern. 1995: Caoile and Stern, 1997).
In maize (Zea perenis) mitochondria, the cox2 gene has two promoter sequence motifs. The
structural differences observed in these promoters may suggest a possibility of more than one
RNA polymerase or a role of additional proteins (Newton et al., 1995). In the chloroplast, two
types of RNA polymerases. namely nuclear and chloroplast encoded forms are actively involved in
cp transcription (Hedtke et al., 1997). Plant mt genomes do not encode any RNA polymerase
genes whereas the R. americana mt genome has genes for the four (rpo A, B, C &D) components
of a eubacterial-type RNA polymerase (Lang et al., 1997). Hence, plants might have lost the
eubacterial type RNA polymerases early in evolution and recruited the nuclear-encoded phage
type polymerase which has been identified (Gray and Lang, 1998) or also the bacterial type may

have transferred to nucleus.
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1.3.2 Regulation of plant mitochondrial genes at the post-transcriptional level
1.3.2.1 Plant mt mRNA splicing

The mRNA levels and maturation processes particularly appear to be controlled by a

combination of transcriptional and post-transcriptional events in plant mitochondria. Post-
transcriptional processing in plant mt genes include splicing, editing and termini-processing. The
group II introns present in mt genes are highly structured and are usually depicted as a central
wheel with six radiating helical domains. Splicing of group II introns follow two
transesterification steps similar to the nuclear pre-mRNA splicing (reviewed by Michel and Ferat,
1995). The first tranesterification results from the attack on the 5’splice site by a 2’ hydroxyl of a
bulging adenosine in domain 6 and the second by the 3’ end hydroxyl. The catalytic core for the
splicing reaction is comprised of domain 5, sequences within domain 1, a bulging adenosine of
domain 6 and tertiary interactions between domain 4 and 2 (Chanfreau and Jacquier, 1996). A
trans-splicing reaction is required for certain introns in plant mt nad!, nad2, nad3, plant cp rpsi2
genes and in the cp psaA4 gene of Chlamydomonas reinhardtii (reviewed by Bonen, 1993). A
tripartite group II intron is observed in Oenothera nad5 gene (Knoop et al., 1997) in which the
intron region between the domains 1 and 4 located in a different part of the genome is transcribed
and takes part in the splicing reaction. In addition to the tripartite nad3 group II intron, the
presence of very low levels of bipartite nad5 intron is also observed in Oenothera mt DNA similar
to other plants. The above observations suggest that certain disruptions in the group II intron
could be tolerated, since the different segments could recognize one another and carry out the

splicing reaction properly (Knoop et al., 1997).



1.3.2.2 Mitochondrial mRNA stability

Processing of mt mRNA is an important step, since it can influence the stability of mRNA.
In certain maize mt protein coding genes, a 20 fold difference observed between the rate of
synthesis and the steady state accumulation of mRNA suggests an involvement of post-
transcriptional processes that govern stability (reviewed by Binder et al., 1996). The 5° processing
of the mt mRNA has not been investigated in as much detail as has 3’ processing (Drombrowski
et al., 1997). The 3’ untranslated regions of certain mt mRNAs have inverted repeats (IR) which
are candidate structures for modulation of RNase access to mRNA. Hence, a role of RNA
processing and stability is suggested for these IR structures. In pea mitochondria, an in vitro
transcription system has been developed to analyze the processing of arp9 mRNAs (Drombrowski
et al., 1997). The double stem loop structure present at the 3’ end of the mRNA did not inhibit
termination of transcription and the 3’ end was trimmed exactly as in vivo yielding a stable
mRNA. From the above study, the IR/double stem loop structures present at the 3’ end of mt
mRNAs are recognized as processing signals of transcript maturation and most likely are stability
signals rather than terminators.
- 1.3.2.3 RNA Editing

RNA editing is defined as a process responsible for any change in the sequence of a RNA
that differs from its template DNA. In plant mitochondria and chloroplasts, RNA editing involves
the conversion of specific cytidines in the genomic sequence into uridines in the mRNA, whereas
the insertion and deletion of uridines occur in trypanosome mitochondrial mRNA (reviewed by
Bonnard et al., 1992). RNA editing occurs in the mitochondria of all major groups of land plants

examined with the exception of certain bryophytes belonging to Marchantidae (Steinhauser et al.,
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1999). Editing usually increases the sequence similarity of the predicted protein to other
organisms and it is believed that most changes created in transcripts are essential to produce
functional proteins (reviewed by Smith et al., 1997). The magnitude of editing varies between
genes. About 3-15% of codons of plant mt protein coding genes are affected by editing. Editing
which alters the amino acid occurs at a higher frequency than editing at synonymous sites
(reviewed by Hanson et al., 1996). Editing in the mt mRNA in some cases creates a start codon,
by changing the ACG to AUG or shortens the predicted open reading frame by creating a stop
codon (eg. CAA to UAA). The degree of editing between sites and transcripts varies a great deal
(reviewed by Smith et al., 1997). The proteins derived from translation of partially edited maize
rpsi2 transcripts (Phreaner et al., 1996) were observed in the polysome fraction whereas only the
translation products of the completely edited rps!/3 transcripts were detected in wheat mt
ribosomes (Williams et al.,1998b).

Editing has also been found to modify non-coding transcribed regions. structural RNAs,
(rRNAs and tRNAs) and intron sequences but to a much lower extent (reviewed by Maier et al..
1996). Editing events were observed in unspliced mRNAs, hence editing in introns can occur
before splicing (reviewed by Hanson et al., 1996). Interestingly, they were predicted to be
important to help the proper folding of group II intron and support splicing (reviewed by Hanson
et al., 1996). However, Carrillo and Bonen (1997) found that editing is not essential for splicing,
since certain excised group II intron transcripts were not found to be edited in positions of domain
5 and 6.

The exact mechanism for editing site selection in plant mitochondria is not known. Wilson

and Hanson (1996) have shown that editing is found to vary with mt and nuclear genotypes, not
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by the transcriptional context but the sequence context. Observations on editing in chimeric and
normal atp6 genes of rice suggest that 5° flanking sequences are important for the recognition of
editing sites and that 3’ flanking sequences have little contribution (Kubo and Kadowaki, 1997).
In maize, a truncated rps]2 gene is present in addition to the functional one in which a single
nucleotide change in the -5 position of an editing site abolished editing, indicating the importance
of primary RNA sequence context in editing (Williams et al., 1998a).

1.3.3 Developmental and differential regulation of plant mt genes

In addition to transcriptional and post-transcriptional regulation, plant mt genes exhibit
some developmental and differential regulation. In wheat, the mRNA accumulation for the arp6
gene and nadlb exon is found to be higher (at least 3 fold) at the seedling stage than in
germinating embryos relative to the mt rRNA levels (Bonen, 1987). In contrast, stable transcripts
of the cis-spliced nad7 gene and its introns were found at higher levels (precursors and excised
introns) in germinating embryos than in seedlings (Carrillo and Bonen, 1997). Developmentally
specific differences in the abundance and complexity of nad7 intron transcripts might reflect
differential stability or RNA processing pathways.

Expression of mt genes during pollen development has been heavily studied, to better
understand cytoplasmic male sterility in different plants. This gives an insight into the
developmental and tissue specific expression of mt genes. In sunflower, the amounts of transcripts
for the mt genes atpA, atp9, cob and rrn26 were found to be increased in young meiotic cells,
while nuclear-encoded mt protein genes showed little difference in their transcript levels (Smart et
al., 1994). Differences in the amount of mt protein synthesized in various tissues have been

observed among leaves, roots and flowers of sugar beet (Lind et al., 1991).
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The nuclear genes coding for the mt respiratory chain protein apff and polypeptides
specific to pollen development in tobacco and petunia are found be expressed in a tissue specific
manner in leaves and pollen (De Paepe et al., 1993). Similarly, potato and Arabidopsis nuclear
genes encoding a mt 22 kDa (PSST) subunit of respiratory complex I are also regulated in an
organ specific manner. The transcription rate and RNA stability are shown to be higher in flowers
compared to leaves and roots (Heiser et al., 1996). The above studies suggest that mt genes
involved in pollen development are regulated in a tissue and stage specific manner regardless of
their location.

1.4 Transfer of genes between subcellular compartments
1.4.1 Transfer of mitochondrial respiratory protein genes to the nucleus

In addition to the developmental and tissue specific regulation discussed above, the
presence of copies of a mt gene in two different compartments adds another potential level of
regulation. The first observation of both a functional mt copy and a transferred nuclear copy was
made by Van den Boogaart et al (1982) in Neurospora for the atp9 gene. Differential expression
is observed between them (Bittner-Eddy et al., 1994), in that the mt copy is not expressed in
dormant asexual spores but transcripts accumulate rapidly after spore germination, whereas the
nuclear copy is expressed at all stages.

The evidence for recent transfer of plant mt genes as opposed to the early endosymbiotic
transfer from organelles to the nucleus is mounting (reviewed by Brennicke et al., 1993). The
coxII gene which was thought to be one of the “classical” mt genes has a functional copy in the
nucleus in several legumes (Nugent and Palmer, 1991; Covello and Gray, 1992). The systematic

documentation of the location and functioning of mt coxII genes in legumes provides a better
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understanding of the nature of recent gene transfer events to the nucleus. The mt cox/I gene is
present in the mt genomes of all leguminous plants examined except mung bean and cowpea
which have been transferred to the nuclear genome (Nugent and Palmer, 1991). Interestingly, all
of the legumes examined have a nuclear copy but their expression varies between species. In
soybean the mt copy is silent and the nuclear copy is actively transcribed (Covello and Gray,
1992). in pea the nuclear copy is silent and the mt copy is active. The cowpea nuclear gene has an
intron between the transferred mt sequences and acquired targeting sequences. Exon shuffling is
proposed for the gain of expression signals. The gene transfer is likely to be an RNA-mediated
one, since the transferred sequences correspond to edited sequences. The location and expression
of the mt cox II gene in the above leguminous plants portrays various stages of a mt gene transfer
event. Accordingly, a successful gene transfer event is expected to proceed in the following
sequence: 1. a mt gene transfer to the nucleus, 2. nuclear gene activation, 3. loss of function in the
mt copy and 4. the complete loss of the mt copy. The legumes illustrate all these four stages.

In another example, the mt cytochrome biogenesis gene ccb, which is present in the mt
genomes of wheat, Oenothera and B. napus L. (Itani and Handa, 1998) but in B. campestris
(Menassa et al., 1997) the gene is split into two but is not spliced properly, hence believed to be a
pseudogene. A copy of these sequences is detected by hybridization experiments in the nuclear
genome indicating that a recent gene transfer may have happened after the speciation.
Additionally, the respiratory protein gene nad? is found to be active in the mt genomes of all
flowering plants examined but in liverwort it is a pseudogene and the functional copy has been
transferred to the nucleus (Kobayashi et al., 1997). Apart from the mt respiratory protein gene

transfer events, there are several examples of mt ribosomal protein gene transfer events to the



nucleus and they are discussed in detail in the section 1.5.1.
1.4.2 Transfer of chloroplast genes to the nucleus

The gene content of the completely sequenced chloroplast (cp) genomes of photosynthetic
unicellular eukaryotes and different plants reveals that among the 210 genes present in them only
45 cp genes are common to all (Martin et al., 1998). The reason could be theoretically either gene
loss or the endosymbiotic gene transfers to the nucleus. Phylogenetic studies on the completely
sequenced cp genomes in conjunction with 44 cp genes identified in the nucleus so far reveal that
parallel and unique losses of cp genes are in 4:1 ratio suggesting a high rate of multiple and
independent transfers. The gene content of different flowering plant cp genomes do not vary
much. hence the few differences observed may possibly be correlated to recent gene transfers to
the nucleus. There are few examples of recent cp gene transfer events to the nucleus including a
rp gene. The rpl22 gene is present in the cp genomes of all flowering plants except legumes
(Gantt et al., 1991) and a nuclear-encoded rp/22 has been identified in pea which contains
transferred cp rpl22 sequences and acquired cp target sequences separated by an intron. Based on
phylogenetic analysis the time of the gene transfer event is predicted to be at least 100 million
years ago (Gantt et al., 1991).
1.4.3 Transfer of DNA from the chloroplast genome to the mitochondrion

The mitochondrial genomes of higher plants have chloroplast (cp) sequences that have
been transferred from the cp genome (reviewed by Schuster and Brennicke, 1988). The
recombinogenic nature of mt genomes of flowering plants allows the acceptance of extra-
chromosomal DNA. The mt genomes of the nonvascular plant Marchantia do not have any cp

DNA which may be related to the absence of recominogenetic repeats in its mt genome (Oda et
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al., 1992; Bonen and Brown, 1993; Schuster and Brennicke, 1994). The rice mt genome has an
estimated 22 kb of transferred cp sequences scattered around the genome which is nearly 6% of
the size of the mt genome and 19% of the cp genome (Nakazono and Hirai, 1993). The borders of
the integrated cp sequences in rice mt DNA do not exhibit any common sequences or structure
that might explain their integration. At least 16 cp DNA insertions ranging from 32 bp to 6.8 kb
are observed in rice mt genome (Kanno et al., 1997). Nearly 1% of the completely sequenced
Arabidopsis mt genome (367 kb) is comprised of cp sequences (Unseld et al., 1997). These
observations indicate that the mt genomes are dynamic and flexible in accepting “promiscuous”
DNA. The cp sequences are expected to have inserted sequentially at various times before and
after the divergence of rice and maize (Nakazono and Hirai., 1993).

The transferred cp sequences contain several cp genes, but in most cases they do not
encode functional products in mitochondria. However, many cp genes for tRNAs are transcribed
and the tRNAs used for the biosynthesis of mt proteins (Joyce and Gray, 1989; Fey et al., 1997).
In some cases, native copies of the tRNA genes are found to be lost from the mt genome and the
transferred cp genes are the only actively transcribed isoacceptor species (reviewed by Veronica

_etal., 1996). Recent findings indicate that cp sequences can be recruited for other functions in the
mt genome. For example, sequences within the cp gene cluster (trnS-rps4/3 'trnL-trnF-ndh]-
adhK) present upstream of the nad9 gene of rice mitochondria are found to be used as a promoter
(Nakazono et al., 1996).

1.4.4 Movement of nonfunctional DNA between different compartments
Although the functional mt gene (RNA-mediated) transfer to the nucleus is particularly

interesting, knowledge about the transfer of nonfunctional DNA between compartments may also



provide information for the basis of nucleic acid transfer. Several group II intron sequences
specific to mitochondria have been detected in the nuclear genomes of plants by computer
searches (Knoop and Brennicke, 1994) and their role in the nuclear genome was examined since
they show similarity to the spliceosamal introns. Group II intron sequences were found in the
vicinity of the nuclear glucanase genes lectin and photosystem II genes of tobacco and bean. The
sequence similarities between the nuclear and mt copies are in the range of 80-97%. The high
nucleotide identity observed for sequences which are not under functional constraint suggests a
relatively recent transfer. However, the mt intron fragment (nad5) inserted upstream of the lectin
gene of African bean is predicted to be responsible for the tissue specific expression of the lectin
gene (Knoop and Brennicke, 1991). Similar mitochondrial DNA integrations in mammalian and
yeast nuclear genomes were detected by extensive comparative analysis of sequences in the
databank (Blanchard and Schmidt, 1996). At least seven and five mt DNA insertions were
identified in nuclear genomes of mammals and yeast, respectively. Analysis of the integration sites
suggests that they are incorporated by an end-joining mechanism common to mammals, yeast and
plants.

In yeast, an experimental plasmid system was used to measure the rate of mt DNA transfer
(Thorsness and Fox, 1990). Yeast mt DNA within plasmid constructs containing selectable
markers were found to escape mitochondria and integrate into the nuclear DNA at a rate of 2 x
107 per cell per generation. The vacuole dependent degradation of abnormal mitochondria is
predicted to be one pathway by which mt DNA escapes and integrates into the nucleus (Campbell
and Thorsness, 1998). At least 10 nuclear genetic loci are found to be associated with the mt

DNA transfer and they are called YME genes (yeast mitochondrial DNA escape) which encode
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ATP- and zinc dependent proteases that are located in the inner mt membrane. Mutants of YME
genes show poorly defined inner membraue and increased DNA escape (Hanekamp and
Thorsness, 1996). An electron microscopic study accompanied by in vivo assay of yme! mutants
(Campbell and Thorsness, 1998) revealed the physical association of mitochondria and vacuoles
and a higher rate of vacuole dependent turnover of the mitochondrial compartment in mutants
compared to the wild type. The mt turnover in ymel mutants were also associated with the
nutrient availability such as fermentable vs non fermentable carbon source.

Transfer of nonfunctional cp DNA to the nucleus has been studied in tobacco by
hybridization experiments and by isolation of cp sequences from the nuclear genome (Ayliffe and
Timmis, 1992). Sequences corresponding to nearly one third of the size of the tobacco cp genome
are predicted to be located in the nuclear genome and are not expected to be expressed because
they lack appropriate expression signals (Ayliffe and Timmis, 1992). Digestion of nuclear DNA
with methylation-sensitive restriction enzymes followed by Southern analysis was another method
used to distinguish promiscuous plastid DNA present in nuclear genomes of cotton, pea,
beet, barley and wheat (Ayliffe et al., 1998).

The transfer of nuclear sequences to the mt genomes also appear to occur for example an
ORF homologous to the reverse transcriptase is integrated upstream of the mt 18S rRNA gene of
Oenothera (Schuster and Brennicke, 1987). This might have arisen by a transfer event from the
nucleus to mitochondria or a transposition event of a retroelement to the mt genome. About 4%
of the Arabidopsis mt genome are estimated to be transferred nuclear-derived pieces of

retrotransposons (Knoop et al., 1996; Unseld et al., 1997).
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1.4.5 Recent transfer of mitochondrial ribosomal protein genes to the nucleus

The number of rp genes encoded in the mt genome of flowering plants varies even
between closely related plants. This may be due to the random nature of functional mt gene
transfer to the nucleus followed by a mt gene inactivation and gene loss by recombination and
DNA rearrangements. The successful transfer of ribosomal protein genes seems to be frequent
relative to transfers of genes coding for proteins of the respiratory chain (Brandt et al.. 1993). A
list of mt rp genes varying in their location and expression is given in Table 2. There are several
examples of the recent transfer of mt rp genes to the nucleus in the flowering plants namely, rps/2
in Oenothera (Grohmann et al., 1992), rps!0 in Arabidopsis (Wischman and Schuster, 1995),
rpsl9 in Arabidopsis (Sanchez et al., 1996) and rps/!/ in rice (Kadowaki et al., 1996) and pea
(Kubo et al., 1998). Duplicated copies of rps/ ! gene are observed in the nuclear genomes of rice
and pea. Mitochondrial copies of the transferred rp genes have either lost their function and are
present as truncated pseudogenes (rps!2-Oenothera, rps!9-Arabidopsis, rpsl1-rice) or are
completely lost (rps!0-Arabidopsis & rpsi ] pea). However, other plants have a functional copy
for example such as wheat rps12, petunia rps/9, and potato rpsi0 (reviewed by Kumar, 1995).
Certain other mt rp genes are predicted to be transferred to the nucleus based on Southern data
showing either the absence of the functional gene in the mt genome in comparison to related
plants or its presence in the nuclear genome for example rps7 in soybean and pea (Zhuo, et al.,
1999 in press), maize rpsl4 (Wahleithner and Wolstenholme, 1988) and rps/3 (Bland et al.,
1986) in maize.
1.4.6 Expression of transferred ribosomal protein genes located in the nucleus

When a mt rp gene is transferred to the nucleus, it has to acquire sequences that can be
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recognized by the nuclear transcription system and cytoplasmic translation machinery. In addition,
the resuiting protein has to be targeted back to the mitochondrion in order to assemble and
constitute a functional mt ribosome. The N-terminal transit peptide sequence has the ability to
form an amphipathic structure with a positively charged side and a hydrophobic side to interact
with a number of negatively charged proteins across the mt membranes (reviewed by Pfanner,
1998). The transferred mt genes appear to acquire their expression and transit signals/sequences
either from other nuclear-located mt genes or by exon shuffling. The transit peptide sequences and
the transferred mt rp coding region are in some cases separated by an intron indicating that exon
shuffling might have been involved in the addition of a target peptide signal for example, the mt
rps10 gene of Arabidopsis (Wischmann and Schuster, 1995). The duplicated copies of the
transferred rice mt rps/ ] gene have acquired their mt target sequences by the duplication of target
sequences from atpf and cox Vb which aiready existed in the nuclear genome (Kadowaki et al.,
1996).

1.4.7 The L2 ribosomal protein genes

The main focus of this project is on the L2 ribosomal protein genes in plants which are
named according to the E. coli homologue. In E. coli, L2 is the largest ribosomal protein (272
amino acids) of the 50S subunit, and contributes to several aspects of ribosome structure and
function. The L2 protein in the bacterial system has been the subject of many investigations to
analyze its structure, location in the ribosome, RNA and protein binding domains, and function.
Three dimensional structure analysis of the Bacillus stearothermophilus L2 protein suggests that
it has structural motifs that are often found in RNA- or DNA binding proteins (Nakagava et al.,

1999). Single protein omission experiments and mutation analysis have shown that L2 is one of
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the key components in the peptidyl transferase centre (reviewed by Green and Noller et al., 1997).
The L2 protein protects the domain ['V of the 23S rRNA from nucleases and chemicals which
leads to the speculation of its direct role in the catalysis of peptide bond formation (reviewed by
Noller. 1993). In addition, the bacterial L2 proteins are known to have a role in the binding of
elongation factor proteins and in subunit association (Olson et al., 1991).

In plants, ribosomes of all three cellular compartments have distinct but homologous L2
proteins. The size of the cp L2 protein (277 a.a) is comparable to the size of E. coli L2 (272 a.a)
and its gene is located in the cp genome of all plants examined (Doyle and Doyle, 1995). Mutant
analysis has shown that the cp L2 proteins carry out the same function as £. coli L2. Non-allelic
mutants of barley that showed inefficient splicing of chloroplast 7p/2 transcripts had a severe
deficiency for chloroplast ribosomes (Hess et al., 1994). L2 proteins have a conserved amino acid
motif which matches all the 50S and 60S L2 proteins and the two residues involved in the peptidyl
transferase activity.

The mt rpl2 gene of liverwort was the only available complete rpi2 sequence from the
land plant mitochondrion when I started this project. It has a coding sequence of 1503 bp with an
insert of 750 bp in the middle of the gene coding for a protein with 501 amino acids in contrast to
272 in E. coli. Variation in the location of the functional mt rp/2 genes was assumed in plant
species since the presence of pieces of rp/2 sequences were reported in tobacco (Vitart et al..
1992) and Oenothera and Arabidopsis (Sunkel et al., 1994). In tobacco, sequences corresponding
only to the N-terminal 60 amino acids have been reported (Vitart et al., 1992). In Oenothera and
Arabidopsis, rpl2 sequences coding for a stretch of 350 amino acids of L2 protein with a 1.4 kb

intron are located in the mt genomes (Sunkel et al., 1994). Approximately one third of the coding
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region of the gene at the 3° end is missing in these plants. The functional mt rp/2 genes in these
plants are expected to be in the nucleus and the L2 protein is targeted back to mitochondria to
produce a functional mt ribosome. In addition, a partial cytosolic mRNA sequence in Arabidopsis
(450 nt) homologous to the mt rp/2 was also found in the databank (Ac.No. S49579).

The yeast mt L2 protein is larger (390 amino acids) than E. coli L2, but it does not have
the plant mt L2 specific insert and it is encoded by a nuclear gene (Mason et al., 1996). In vitro
reconstitution experiments in yeast indicate that mt L2 functions like the bacterial L2 (Mason et
al., 1996). The mt L2 of the protist R. americana is also similar to bacterial one (282 amino acids)
without any insert and it is encoded by the mt genome (Lang et al., 1997).

Similar to bacterial. cp and mt ribosomes, cytosolic ribosomes also contain L2 protein
(260 a.a) and the corresponding gene is located in the nuclear genome. Complete cytosolic rpi2
sequences have been characterized in tobacco (Marty and Meyer, 1992), tomato (Fleming et al.,
1993), and in Arabidopsis (Ac. No. AL022373). Among them, tobacco and tomato were found to
be regulated in a tissue and developmental stage specific manner. The young plant tissues and
germinating seeds of tobacco have a higher transcript accumulation than adult tissues and dry
seeds relative to H4 histone transcripts (Marty and Meyer, 1992). Cytosolic rp genes belong to a
multigene family in contrast to the transferred mt rp genes which are usually single copy genes.
There are two copies of cytosolic 7p/2 genes observed in tobacco which is an allotetraploid. The
yeast cytosolic 7pl2 genes referred in the literature (Presutti et al., 1995) are not plant
homologues instead the gene coding for L8.e (Ac.No. S30827) in yeast is homologous to plant

cytosolic rpl2.
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1.5 Rationale and hypothesis

This project is aimed at learning more about the plant mitochondrial ribosomal protein
genes, their location and expression. The mt L2 protein coding genes are focused on here as there
had been interesting differences observed among plant species such as tobacco, Arabidopsis and
liverwort. The mt rp genes are essential and disruption or deletion of functional rp genes (maize
mt rps3 and rp!/16) has been shown to be lethal or leading to impaired protein synthesis in
mitochondria (Hunt and Newton, 1991). The L2 protein is found in all lineages examined and in
all three (chloroplast, cytosol and mitochondrion) compartmental ribosomes. It is one of the
important proteins in the assembly and function of the bacterial ribosomes. The highly conserved
nature and the functional importance of ribosomal proteins in ribosomes suggest the importance
of a functional mt rp/2 gene for the production of L2 protein in plant mitochondria.

When the mt copy of rpl2 is absent or truncated. functional gene transfer to nucleus is the
simplest model by which the functional mt L2 protein is produced. Gene transfer to the nucleus is
not always the case as there are at least three other possible explanations for the absence of a
functional rp/2 gene in the mt genome, since L2 has an essential function. 1. The possibility of an
organellar gene loss and replacement by the cytosolic homologue as observed for the spinach
chloroplast L23 (Bubenenko et al., 1994). 2. Another possibility is the fusion of genes or
segments of genes that could perform more than one function as the rps/9 gene of Arabidopsis
which has a fused 5’extension in addition to the mt target signals, which is proposed to carry out
rpsi3 function (Sanchez et al., 1996). It might also be possible for a gene to have both mt rp
function and non-translatory functions, for example, yeast MRP-L4, (Graack et al,, 1995). 3. A

chloroplast counterpart if located in the nuclear genome may be recruited for the mt L2 protein
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since there are examples of nuclear-encoded genes targeting its protein to both compartments
(Smith et al., 1998). However, this is highly unlikely because all the examnined plants have the cp
rpl2 gene in the chloroplast genome (Doyle and Doyle, 1995) and there is no known movement of
proteins between mt and cp compartments due to the nature of their membranes.

The above possibilities make this study on mt L2 ribosomal protein genes interesting, with
regard to mitochondrial gene location and expression. The expression of plant mt rp genes in the
mt genome in relation to other respiratory chain genes at the level of transcription and post-
transcription is also examined to determine the impact that differences in location can have. It was
hypothesized that the functional gene responsible for the mt L2 protein is located in the nucleus in
lineages where a functional copy is not present in the mt genome. In addition, the pattern of
evolution of the L2 family of proteins in chloroplast and cytosolic compartments is analyzed to

gain an insight into the mt L2 protein.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Isolation of nucleic acids from plants
2.1.1 Plant mt DNA isolation
Plant mt DNA from wheat (Triticum aestivum var Frederick), rice (Oryza sativa var
v20B, v26B), soybean (Glycine max var Maple Arrow) and pea (Pisum sativum var Thomas
Laxton) was isolated from 6 day old etiolated seedlings following the procedure of Wilson and
Chourey, (1984) with modifications. Planting of seeds was done in a sterile vermiculite medium
after treating the seeds serially with diluted Javex in H,O (1:10) for 10 min followed by 10 mM
HCI for 5 min and repeated washes with sterile distilled H,O. Seedlings were grown for 6 days at
room temperature in the dark. Harvested shoots were weighed, diced and homogenized
immediately in a cold mortar and pestle and kept on ice using cold buffer I (0.44 M sucrose; 50
mM Tris pH 8.0; 3 mM EDTA; | mM B-mercaptoethanol; 0.1% BSA). The homogenate was
filtered through 4 layers of cheese cloth and 1 layer of Miracloth (Calbiochem). The filtrate was
centrifuged two times for 5 min at 2000 rpm to remove the plant cell debris. The supernatant was
spun again at 10,000 rpm for 25 min to pellet mitochondria. The mitochondrial pellet was
resuspended in 20 mi of buffer I and the above three spins were repeated to pellet mitochondria
once again. The second set of spins helps to remove remnants of cell debris. The mitochondrial
pellet was homogenized in buffer II (50 mM Tris pH 8.0; 20 mM EDTA) and lysed in buffer III
(0.2 M Tris pH 8.0; 0.1 M EDTA; 0.2 M NaCl; 2% SDS; 0.2 M B-mercaptoethanol). The lysate
was incubated at 65°C for 20 min and 5 M potassium acetate was added to a final concentration

of 1.25 M. This mixture was incubated on ice for 45 min and centrifuged for 3 min at 12,000 rpm
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at room temperature. The mt DNA was precipitated using 5 M ammonium acetate and
isopropanol. The DNA pellet was obtained by spinning at 12,000 rpm for 5 min and the pellet was
washed with 70% ethanol to remove the salt. The DNA was resuspended in buffer II and
precipitation was repeated again with isopropanol and sodium acetate. The DNA pellets were
dried under vacuum and resuspended in TE buffer (10 mM Tris-HCl pH 7.5; | mM EDTA) to a
final concentration of 0.5 to 1.0 ug/pl. Fifty grams of 6 d old etiolated seedling yielded about 100
ug of crude mitochondrial DNA.

2.1.2 Plant mitochondrial RNA isolation

Mitochondrial RNA from 24 h germinating embryos and 6 d etiolated seedlings of rice and
wheat were isolated using a method adapted from Bonen (1987). The 24 h germinating embryos
were prepared by dissecting the embryos from dry seeds which were allowed to germinate in the
dark at room temperature on wet filter papers containing 1% glucose in petri dishes. The 6 day
etiolated seedlings were prepared as described in section 2.1.1. The mitochondrial isolation was as
described earlier for the DNA. The mitochondrial pellet was homogenized in buffer IV (10 mM
Tris HC1 pH 7.5; 50 mM KCI; 10 mM MgCl,) and lysed by adding an equal volume of buffer [V
with 8% Triton- X100 and three volumes of 2X detergent mix (2% Tri-isopropylnapthalene
sulfanate (Sigma), 12% Sodium p-amino salicylate (Sigma) 0.1 M NaCl, 20 mM Tris HCl pH
7.5). The lysate was incubated on ice with occasional vortexing and spun at 12,000 rpm for 5 min.
The supernatant was extracted twice with phenol and the mitochondrial RNA was precipitated by
2.0 vol of 95% ethanol and 0.1 vol of 5 M NaCl.
2.1.3 Isolation of total DNA

Total DNA from rice, wheat, soybean and pea was isolated from 6 d etiolated seedlings by
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the method described by Hattori et al. (1987). The harvested shoot tissues were frozen in liquid
nitrogen and ground to a fine powder using a mortar and pestle. Twenty grams of frozen powder
was transferred to a 250 ml polypropylene bottle and 200 ml of extraction buffer (0.1 M Tris-
HCI; 0.05 M EDTA; 1% SDS. pH 8.0) was added. This mixture was extracted with 20-40 ml of
phenol (phenol was equilibrated with TE pH 7.5 buffer containing 0.1% hydroxyquinoline) and
the phenol phase was back-extracted with 20 ml of the extraction buffer. The combined aqueous
phases were serially extracted with 40 mi of phenol, 40 ml of phenol/Sevag (1:1 mixture, Sevag is
a 24:1 mixture of chloroform and iso-amyl alcohol) and 10 ml of ether. Ether was removed by
placing the centrifuge bottles at 60°C for 15 min. An extraction with PVP (polyvinylpyrrolidone)
slurry (2 g PVP washed in 0.1 M HCI and neutralized with 50 mM Tris-HCl, pH 8.0 and filtered
through Whatman No. 1 paper), was done to remove the phenolic compounds present in the plant
tissue. The extraction was carried out by the addition of PVP slurry to the plant extract followed
by an incubation at room temperature for 10 min and centrifugation for 10 min at 7000 rpm. The
supernatant was passed through Whatman No. 1 paper and then NaCl and PEG 8000 (Sigma)
were added to the filtrate to achieve a final concentration of 0.5 M and 10% (W/V) respectively.
This mixture was transferred to polypropylene tubes and incubated over-night at 4°C. The DNA
pellet was collected by centrifugation at 8000 rpm for 10 min at 4°C. The supernatant was
removed completely and the DNA was resuspended in 4 ml of TE. The RNA present in the DNA
was removed by DNase-free RNase (Boehringer Manheim) treatment (50 pg/mi) for 30 min at
37°C. A phenol/Sevag extraction was carried out as above and the DNA was precipitated at -20°C
in 2 vol of 95% ethanol, and ammonium acetate to a final concentration of 2.5 M. The DNA

pellet was obtained by spinning at 10,000 rpm for 30 min at 4°C and washed twice with 70%
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ethanol, dried at 37°C and resuspended in 2 ml of TE buffer. Approximately 10-50 pug of DNA
per gram of plant tissue was recovered.

2.1.4 Isolation of total RNA

Total RNA from plant tissue was isolated by the hot phenol method as described by
Verwoerd et al. (1989). Plant tissues were harvested from 6 d etiolated seedlings, frozen quickly
in liquid nitrogen and ground to a fine powder using mortar and pestle. The frozen plant tissues
(10 g) were transferred to sterile polypropylene bottles and 50 ml of hot (80°C) extraction buffer
[ phenol-0.1 M LiCl: 100 mM Tris-HCI pH 8.0; 10 mM EDTA: 1% SDS (1:1)] was added. The
above mixture was vortexed for 30 sec, and 25 ml of chloroform isoamyl alcohol (24:1) was
added and mixed well. RNA was precipitated by spinning at 10,000 rpm for 5 min. The
supernatant was mixed with one volume of 4 M LiCl and the RNA was allowed to precipitate
over-night at 4°C. Then RNA was collected by centrifugation at 10,000 rpm at 4°C for 20 min.
The pellet was dissolved in 1 ml of water and 2 volumes of 95 % ethanol and 0.1 volof 3 M
sodium acetate pH 5.5 were added and the RNA was stored as an ethanol-precipitate at -20°C.
Approximately 2.0 mg of total RNA were obtained from 10 g of plant tissue.
2.1.5 Purification of poly A® RNA

The poly A" mRNA was purified from total RNA using oligo (dT) cellulose (Sambrook et
al., 1989). Approximately 0.5 g of oligo (dT) cellulose type 7 (Pharmacia) was used to purify
mRNA from 1 mg of total RNA. The oligo (dT) cellulose was first dissolved in 1x binding buffer
(0.01 M Tris -HCl pH 7.5; 0.5 M NaCl; 1 mM EDTA; 0.5% SDS) and saturated with 500 ul of
0.1 N NaOH by repeated spinning (8-10 times, 3 min each) in a 10 ml disposable tube at 4000

rpm in a table top, swinging bucket centrifuge. The oligo (dT) cellulose was then rinsed in 1x
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binding buffer by repeated spinning (8-10 times). Approximately 1.0 mg of total RNA stored in
95% ethanol was centrifuged at 12,000 rpm for 20 min in a microtube centrifuge at 4°C and
washed two times with 70% ethanol to remove the salt. The RNA pellet was dried under vacuum
and dissolved in 500 ul of water and 500 pl of 2x binding buffer and denatured by incubation for
10 min. at 65°C and then cooled on ice. This RNA and 1 ml of oligo (dT) slurry in 1x binding
buffer were mixed gently at room temperature in a sterile 10 ml tube. Two sterile 1 ml syringes
were plugged with glass wool and the RNA/oligo (dT) mixture was loaded and centrifuged at
4000 rpm for 5 min. The filtrate was discarded and the unbound RNA was washed off the
column by repeated spinning (3-4 times) for 2 min each after adding 500 ul of wash buffer (0.01
M Tris-HCI pH 7.5; 0.1 M NaCl; | mM EDTA). The poly A~ RNA was eluted by spinning at
4000 rpm for 5 min after adding 150 pl of elution buffer (0.01 M Tris-HC1 pH 7.5; 1 mM EDTA)
for three times. The filtrates were pooled and 0.1 vol 3 M sodium acetate and 2.5 vol. 95 %
ethanol were added and left at -20°C overnight. Approximately S pg of poly A" RNA was
recovered from 1 mg of total RNA.

2.2 Polymerase Chain Reaction (PCR) techniques
2.2.1 Polymerase Chain Reaction on DNA templates

PCR amplifications were carried out on both mt and total DNA templates from rice,
wheat, pea and soybean. The amount of template used in amplification was approximately 50 ng
for mt DNA and 100 ng for total DNA with 100 ng of each primer. The Taq polymerase from
Promega (1.25 units per reaction) and the manufacturer’s buffer (Promega) were used with 1.5
mM MgCl, and 0.2 mM dNTPs. The annealing temperatures ranged from 45 to 55°C based on the

GC content of the oligomers used. The program for the DNA thermal cycler (Perkin-Elmer
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Cetus) used was segment 1: 94°C 3 min 1 cycle; segment 2: 94°C 1 sec., 94°C 45 sec., 45 to 55°C

30 sec., 45 to 55°C 1 min 30 sec., 72°C 1 sec.. 72°C 2 min 30 cycles: segment 3: 72°C 5 min 1

cycle. Amplified products were separated on agarose gels and purified for further manipulations.

The list of oligomers used in various PCR and RT-PCR experiments for rice mt rp/2, and

nuclear-encoded wheat mt rpl2, cytosolic 7p/2, and mt atpB genes are given below.

Name

LB 56
LB 55
LB 72
LB 63
LB 77
LB 78
LB 61
LB 62
LB 166
LB 167
LB 161
LB 162
LB 163
LB 164
LB 171
LB 97
LB 89
LB 79
LB 80
LB 98
LB 160
LB73

Oligo #
in thesis

1

()

Sequence (5°-3’)

GGTCACCTAGTCGGAGTACCTC
CTGTTTTTCACCGAGGGGGTGG
CTAGTACGATGGATCGAAGG
GCAGATAACCGTAACACCTT
CTCGCATGTTTCAGCTGGCA
AGTCACGATTGGAAGCGGG
ATAGATTCCCGATGCCGAGC
GTTACAGACTCACTTATCCC
ATTGGTTCATCGTGCTATGC
CCCGAATCACACTG
GACTAGTGAGGCTATAGTAC
TGTATTTGGTAACTCTCCTG
TGGAAGGGAAGTTTTGTTGATGC
AGCAAACTCTCCAAATTTATGACC
TGAGGAGCAGGAAAATTTGG
TTGAGTACGGGGAAGTCCGC
GTTGGAGACGATGCCGATGG
AAGGATCCAGCATACAAGGC
TGCACGCTCGGCCTTGTATG
ATGGGTCGTTTGATCAGAGC
CTCCTTCCTGCAATAAGACC
GTGTGCCAGGTCATCGGTGC

Databank

Accession number

Ac.No. D78336
Ac. No.M68929
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336

Lanat of nce mt rpl2 miron

App. NO.2.
App. NO.2.
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Ac.No. D78336
Fig 4.1.

Fig 4.1.

Fig 4.1.

Fig. 4.6.

Fig 4.6.
Ac.No. X02868

Coordinates

3980-4001
60854-76

1332-1351
1273-1292
1930-1949
3455-3474
3851-3840
3085-3104
21522171

446465
1007-1026
4130-4152
43074325
4188-4207
1161-1180
513-532
31-50
41-60

1-20
706-725
666-685
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LB 75 23 rrrmTrririTiaTTITT Oligo dT 20mer

LB 83 24 AAGCTTTTTTTTTTTG Oligo dT with G a1 3° end

LB 84 25 AAGCTTTTTTTTTTTIC Oligo dT with C at 3" end

LB 85 26 AAGCTTTTTTTTTTTA Oligo dT with A at 3" end

LB 174 27 GAAGTCCGCAGGGAGGAATT Ac.No. D78336 1172-1191
LB 109 28 CATCCATACCCAAAATAGCAAT Ac.No.X02868 3463-3484

2.2.2 RT-PCR (Reverse transcription- polymerase chain reaction)

Reverse transcription reactions were carried out using mt and cytosol transcripts to
generate cDNA in order to amplify their sequences by PCR methods (Krug and Berger, 1996).
Approximately 1 ug of mt RNA and 5 ug of total RNA or 1 ug of poly A" RNA were used to
generate cDNA for the mt and cytosolic transcripts respectively. The primer concentration for mt
gene specific transcripts was 20 ng and 100 ng for cytosolic transcripts. The oligo (dT) primer
concentrations ranged from 100 to 500 ng. Primer annealing was performed by incubating the
RNA primer mix at 70°C for 3 min and quick cooling on ice. The reverse Uanscﬁptasg reactions
were carried out either with 15 units of AMV (Promega) or 100 units of Superscript II (Gibco
BRL) reverse transcriptases using the manufacturer’s buffer. Other ingredients used in the
reaction were 0.5 mM dNTPs, 10 units of RNase inhibitor (Promega) and 4 mM sodium
pyrophosphate. The reactions were carried out at 42°C for AMV or up to 50°C for Superscript 11
for about 2 h in a 50 ul reaction volume. The reverse transcriptase activity was stopped by
incubating the samples at 85°C for 15 min. The cDNAs were stored at -20°C. The PCR reactions
on cDNA template were carried out using standard procedures.

2.2.3 3’ and 5’RACE (Rapid Amplification of cDNA Ends)

Rapid amplification of cDNA ends (RACE) techniques were employed to amplify the 3°
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end of the transcript as described by Frohman et al. (1988). Oligo dT primers which anneal to the
poly A tail of the transcripts of interest were designed with an additional nucleotide G, C or A at
its 3° end. The extra nucleotide at the 3’ end of the primer helps to increase the specificity of
reverse transcription and amplification of transcripts that end with any of these three nucleotides
(Liang et al., 1993). Reverse transcription reactions were carried out as described earlier with 500
ng of primers and 1 ug of poly A~ RNA. PCR amplification experiments with a gene specific
‘reverse’ primer and oligo dT primer with one extra nucleotide at the 3’ end were carried out.
Only one primer set would amplify the product depending on the 3’ nucleotide of the transcript
preceding the poly A™ tail. The 3° RACE products of interest were gel purified and either
sequenced directly or cloned into plasmid vectors.

To amplify the 5° end of a particular transcript, gene specific oligomers were first used to
generate cDNA (Frohman et al., 1988). The reverse transcription was carried out as described in
section 2.3.2. Excess primers in the cDNA pool were removed by spinning through a Sephadex-
G50 column and quick precipitation with isopropanol and ammonium acetate. The 3’ ends of
cDNAs were extended with adenosine residues (0.2 mM dATP) with the help of 10 units of
terminal deoxynucleotidyl transferase (Gibco BRL) using the manufacturef’s buffer. This tailed
c¢DNA was employed as a template in the PCR experiments with an oligo (dT) primer having a
specific nucleotide in the 3’ position and a gene specific primer.

2.3 Cloning and Screening methods
2.3.1 Cloning plant mitochondrial DNA
Plant mitochondrial (mt) DNA (approximately 5 pg) was digested with the restriction

enzyme of interest and separated by electrophoresis on agarose gels with TBE buffer (50 mM
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Tris-HCL, pH 8.0; 2 mM EDTA; 20mM boric acid). The DNA fragments of interest were sliced
out of the gel and purified by the filter tip (BIO-RAD) method (Dean and Greenwald, 1995).
DNA purification was carried out by spinning the filter tip carrying the gel slice at 4000 rpm for
15 min. The filtrate was collected. and precipitated by 2.5 vol. of 95% and ethanol 0.1 vol 3 M
sodium acetate pH 5.5. DNA was pelleted by centrifugation at 12,000 rpm for 20 min at 4°C. The
pellet was washed with 70% ethanol, dried under vacuum and the DNA was resuspended in low
TE buffer (10 mM Tris pH 7.5; | mM EDTA). DNA fragments were ligated into
dephosphorylated pUC (Pharmacia) vectors (15 ng) using T4 DNA ligase (Promega). E. coli TB1
strains were used in transformations. Clones of interest were selected by colony screening
methods and DNA was isolated by boiling method. These cloning methods were carried out as
described by (Sambrook et al., 1989).

Cloned mitochondrial DNA was either sequenced directly or the restriction fragments of
interest were subcloned into M13 vectors for sequencing. E. coli JM 101 strain was used for
transformation and the M13 single stranded DNA was prepared by the polyethyleneglycol (PEG)
method (Sambrook et al., 1989).

2.3.2 Cloning PCR products

Because Taq polymerase adds an adenosine residue to the 3’ end of the DNA strand
during the PCR reactions, this residue has to be removed in order to clone the DNA fragment into
a blunt end vector. The blunting reaction was followed by the method described by Maniatis et
al.(1982), using DNA polymerase (Large fragment Klenow - Gibco BRL), which has a 3’
exonuclease activity and T4 poly nucleotide kinase (T4 PNK- Pharmacia), which adds a

phosphate group to the 5° ends of the PCR amplified fragments. The blunting reaction contained
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approximately 1 pg of gel purified PCR product (using filter tip method), 10 units of Klenow, 10
units of T4 PNK. | mM ATP and DNA polymerase buffer (0.5 M Tris pH 7.5; 0.1 M MgCl,; 10
mM dTT; 20 uM dNTPs; 0.5 mg/ml BSA). The reaction was carried at 37°C for 60 min in a 50 pl
volume. This DNA was purified by Gene Clean IT (BIO/CAN Scientific), prior to ligation into
commercial dephosphorylated pUC Smal vector (15 ng). T4 DNA ligase (Pharmacia-2.5 units)
was used in the ligation reaction as described by Sambrook et al., (1989). E. coli TB1 strains
were used in the transformation and the clones of interest were identified by colony screening
(Sambrook et al., 1989).
2.3.3 Screening a soybean genomic lambda (2) library

A soybean genomic library (Glycine max var Resnik) from Clontech was used to screen

for a nuclear-located mt 7p/2 gene. Soybean nuclear DNA partially digested with Sau3A had been
cloned into A EMBL3 SP6/T7 vectors and the inserts ranged from 8-20 kb with an average size of
15 kb. The library was amplified at least once by Clontech. E. coli strain LE 392 was maintained
on Mg-free LB plates containing the appropriate medium additives as described by Sambrook et
al. (1989). The titer (pfu/ml) for the soybean genomic library was determined by the following
method. The library stock was diluted 10 to 10 times using 1x dilution buffer (35 mM Tris-HCl
pH 7.5; 10 mM Mg SO,; 0.2 M NaCl; 0.2% gelatin). Different dilutions of the genomic library in
200 pl of SM buffer (10 mM Tris pH 7.5; 50 mM NaCl; 8 mM Mg SO,) were allowed to infect
an overnight bacterial (LE 392) culture (200 ul) for 15 min at 37°C. Infected cells were plated on
top agar in a prewarmed plate and grown for 6-8 h at 37°C. The titer value of the soybean
genomic library was determined to be 3.4 x 10° pf/ml (Pfu/mi= No. of plaques/ amount of DNA

used x dilution factor) using a E. coli strain LE 392. Approximately 30,000 plaques were plated
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in each plate (150mm dia) and transferred to nylon membranes (Amersham) by the procedure
described by Sambrook et al., (1989). Phage membranes were hybridized with the DNA of
interest and the potentially positive plaques identified were removed from the plate with agar and
stored in 1 ml of SM buffer. These phages were plated again after determining the titer value and
a second round of screening was carried out.

Recombinant A DNA was isolated as described by Sambrook et al. (1989). Each positive
plaque were grown in 5 ml of LB broth,10 mM Mg SO, and 50 pl of an overnight culture LE 392
E. coli cells. The A phage was grown for 6-7 h at 37°C until the lysis of E. coli cells was complete
and then spun at 8,000 rpm for 20 min at 4°C after adding few drops of chloroform. The
supernatant (2 ml) and 10 pl of DNase 1 (Boehringer Manheim-2 mg/mi in 0.1 M Tris HCI pH
7.5) were incubated at 37°C for one hour. NaCl and PEG (8000 Sigma) were added to a final
concentration of 0.5 M and 10% (W/V) respectively and incubated on ice for an hour. The phage
were pelleted by centrifugation at 5000 rpm for 10 min at 4°C and were slowly resuspended in 0.2
mi of SM buffer (10 mM Tris pH 7.5; 50 mM NaCl; 8 mM Mg So,) on ice for one hour. The
resuspended phage was incubated with 0.3 ml of chloroform. The aqueous phase was treated with
20 mg /ml of proteinase K and incubated at 65°C for 20 min with 3 ul EDTA pH 8.0 and 6 ul
SDS 10%. Extractions were carried out sequentially in phenol, phenol/chloroform: isoamyl
alcohol (24:1) and chloroform. DNA was precipitated with 2.5 vol. of 95% ethanol and 0.6 vol.
of 5M NaCl. The DNA pellet was obtained by centrifugation, washed with 70%, ethanol then
dried and resuspended in TE. RNA present in the A phage DNA was removed by treating with

5ug of RNase at 37°C for 30 min.
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2.4 Generation of P radiolabelled probes for hybridization
2.4.1 “P-5’ end labelling of oligonucleotides

Synthetic oligomers (100 ng) were end labelled using y -**P- ATP (3000 Ci/mmole,
Amersham 50 pci) at their 5° termini with T4 polynucleotide kinase (Pharmacia, 7 units) and
kinase buffer (50 mM Tris-HCI pH 9.5; 10 mM MgCl,; SmM dithiothreitol). The reaction was
carried at 37°C for 30 min. Labelled oligonucleotides (50 ul) were spun through a Sephadex G-
50 (Pharmacia) column in a 1 ml syringe to remove the free radiolabel. The columns were
previously equilibrated in TE buffer ( Sambrook et al. 1989). The second or third eluates were
collected for further use.
2.4.2 *2P- labelling by second strand synthesis using M13 DNA templates

Probes specific to M13 DNA inserts were obtained by synthesizing a radiolabelled
complementary strand using the universal sequencing primer. Approximately 50 ng of single
strand M13 DNA was used in the reaction, which contained 1.5 ng of the universal primer, 10
mM NaCl, 1.7 uM dNTPs (G,C,T), a-2P- ATP; 50uci (3000 Ci/mmole, Amersham) and 2 units
of Klenow (Gibco BRL). The primer annealing was carried out by heating the DNA and the
primer to 65°C for 3 min and slow cooling to room temperature. The labelling reaction was
carried out in 10 pl for 4 h at room temperature. After adding 40 ul TE, the probe was spun
through a Sephadex G-50 column to remove the unincorporated *?P. Probes which had at least
25% or more incorporation of radioactivity in comparison to the radiolabel remaining on the
column were used for hybridizations after denaturation by boiling.
2.4.3 "P-labelling DNA fragments with random nonamers

Double stranded DNA fragments were labelled by the random priming method using
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nonamers (Megaprime labelling kit, Amersham). Approximately 25 ng of purified double stranded
DNA was denatured and labelled with 50 uci a-*P- ATP (3000 Ci/mmole, Amersham) using
Klenow large fragment polymerase (Amersham), random nonamer mix and dNTPs (G,C,T)
according to manufacturers protocol and spun through a Sephadex G-50 column. The specific
activity of the probes were approximately 1.5x10° dpm/pg. The probe was denatured by boiling
and quick cooling on ice before use.

List of PCR product probes used in this study

Name Oligomers Template Size
RPPI Oligo#1&3 Rice mt DNA 2750 bp
WPP1 Oligo#1&3 Wheat nuclear-located mt rp/2 copy | 640 bp
WPP2 Oligo#27 & 28 Wheat mt arpf cDNA 1300 bp
WPP3 Oligo# 1 & 21 Wheat cytosolic rp/2 cDNA 635 bp
WPP4 Hpa2 fragment Wheat nuclear-located mt rpi2 copy | 360bp

2.4.4 *P-labelling DNA using PCR

The PCR method of labelling DNA with a-*’P- ATP was done to generate uniformly
labelled probes for S1 nuclease mapping and hybridization experiments. The PCR reaction mix
was prepared as described in section 2.3.1, with the dNTPs concentration being 0.01 mM instead
of 0.2 mM and an additional 15 pci a-**P- ATP (3000 ci/mmole, Amersham). The program for
the thermal cycler (Perkin-Elmer-Cetus) used was (Segment 1: 94°C, 3 min, | cycle; Segment 2:
94°C 1 min, 47°C 1 min, 72 °C 1 min, 20 cycles, Segment 3: 72 °C 7 min, 1 cycle). The PCR
labelled probes were spun through a Sephadex G-50 column to remove the free radiolabel and

denatured by boiling before use.
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2.5 Southern and Northern hybridization experiments

Southern blots were prepared by standard procedures (Sambrook et al. (1989). The
mitochondrial DNA separated in 0.75- 1% gels was first partially hydrolyzed for 15 min (0.25 N
HCI), denatured (1.5 M NaCl: 0.5 M NaOH) for 30 min and neutralized (3 M sodium acetate pH
5.5) for 30 min. The gel was transferred to a nylon membrane (HyBond-N; Amersham) by
capillary action in 20 x SSC (3M NaCl; 0.65 mM sodium citrate pH 7.0) overnight. The
membrane was air dried and the DNA was cross-linked by UV light (254 nm) for 5 min.

For RNA gels, the dried RNA pellet was resuspended in 1 ul TE, 1 ul 10x MOPS buffer
(Sambrook et al., 1989), 2 ul 37% formaldehyde (BDH), 5 ul deionized formamide and 1pl 4
ng/ul ethidium bromide. The samples were incubated at 65°C for 5 min and sterile RNA loading
buffer (50% glycerol, ImM EDTA, bromophenol blue) was added. The denatured RNA samples
along with an RNA ladder (Gibco BRL) were run on 1.2% formaldehyde gels. Electrophoresis
was performed at 100 volts for the first h and increased to 200 volts for the remaining 3-4 hours.
After photography the RNA was transferred from the gel to a nylon membrane by capillary action
overnight in 20 x SSC buffer.

The hybridizations using M13, random primed and PCR labelled probes were carried out
in 50% deionized formamide (BDH), 5 x SSC, 0.5 % SDS, 50 mM NaPO, pH 7.0, 250 pg/mi
sheared and denatured herring sperm DNA and 5 x Denhardt’s solution (Sambrook et al., 1989).
The temperature for pre-hybridization, hybridization and washings were 42°C except for
heterologous probes (39°C or 37°C). Pre-hybridization was carried out for at least 3 h and
hybridization was overnight. Membranes were washed at the respective hybridization

temperatures twice in 2 x SSC, 0.1% SDS for 15 min each and then with 0.2 x SSC, 0.1% SDS
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for 15 min. The end labeiled oligonucleotide probes were hybridized in 5% deionized formamide
(BDH), 5x SSC. 0.1% SDS. and 50 pg/ml yeast tRNA at 39°C overnight. The washes were done
at the same temperature, but the more stringent wash was omitted. Membranes were exposed on
Kodak XAR films for autoradiography at -80°C with intensifying screens for the required amount
of time.

2.6 DNA sequence analysis

DNA sequencing was performed by the dideoxynucleotide termination method (Sanger et
al., 1977). Sequencing reactions for single stranded M13 DNAs were carried out using Sequenase
version 2.0 sequencing kit (US Biochemicals) and a-**S- dATP (Amersham). Sequencing
products were separated in 7% polyacrylamide sequencing gels.

Direct sequencing of PCR products were carried out with slight modifications in which 75
ng of primer was annealed to 500 ng of template (purified by filter tip method see section 2.3.1) in
the presence of 0.5% Nonidet P-40. Samples were boiled for 3 min, quick-cooled in a -80°C
ethanol bath, then gradually warmed to room temperature. The labelling reaction had four times
more labelling mix, 0.5 % NP-40, Mn buffer and 1.5 times higher a-*>S- dATP.

2.7 Primer extension analysis

Primer extension analyses were carried out to map the 5° termini of transcripts of interest.
Approximately 25 ug mt RNA was used with *?P -5' end labelled oligonucleotides (25 ng)
complementary to the RNA. Annealing (20 ul volume in TE pH 7.5) was carried out at 70°C for 3
min followed by quick cooling on ice. Reverse transcription was performed as discussed in section
2.2.2. with AMV (Promega, 15 units) or Superscript II (100 units) RT enzymes according to

standard procedures (Krug and Berger, 1996). A DNA template of same template was used as a
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sequencing ladder when possible. Reverse transcription was stopped as described earlier and
products were resolved on sequencing gels to determine therr size.

2.8 S1 nuclease mapping analysis

The method described by Sambrook et al., (1989) was used in S1 mapping experiments to
determine the 5° or 3° terminus of transcripts. Uniformly labelled DNA fragments (PCR
generated), spanning the expected position of the terminus of the transcript of interest was
allowed to hybridize to RNA. Approximately 25 ug RNA was dissolved in 5 pl of water and 3 pl
of 5 x PIPES buffer (0.2 M piperazine-N.N" -bis (2 ethanesulfonic acid) disodium salt pH 6.5. 5
mM EDTA, 2 M NaCl) and dried. The RNA pellet was dissolved in 12 ul of deionized formamide
(BDH) and 3 pl of uniformly labelled DNA template (approximately 10 ng) was added and
incubated at 85°C for 15 min. The mixture was cooled to 49°C and left overnight for hybrid
formation. The RNA/DNA hybrids were slowly cooled to 30°C and 300 ul of S1 buffer (0.25 M
NaCl; 30mM Sodium acetate pH 5.5; 1 mM Zn SO, ) with 20 ug/ml carrier saimon sperm DNA
was then added. This mix was divided into four tubes containing 0, 50, 200, and 400 units of S1
nuclease (Boehringer Mannheim) and incubated at 30°C for 30 min. The reaction was stopped by
adding 25 pl of stop solution (4 M ammonium acetate, 50 mM EDTA and 50 pg/ml carrier
tRNA) and 240 pul 95% ethanol. The protected hybrids were precipitated at -20°C for one hour,
centrifuged at 4°C for 20 min, washed twice with 70% ethanol, dried under vacuum and
resuspended in 6 ul of TE. Typically one third of the product per lane was electrophoresed on 7%
polyacrylamide sequencing gels.
2.9 Computer analyses of sequences

The sequence data were analyzed using Microgenie (Beckman) and BLAST programs
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(Altschul, et al., 1990) to compare the sequences from Genbank or NBRF databanks. The
multiple sequence alignments were carried out in GDE (genetic data environment) program using
a Sun SPARC workstation.
2.9.1 Sequence alignment

The amino acid and nucleotide sequences were aligned using the ClustalW (Thompson et
al., 1994) program. The settings used for the protein alignments were a weighting matrix of PAM
250 and the fixed and floating gap penalty of 10. Sequence alignments were corrected by visual
inspection. Genbank accession numbers of the sequences used in the alignments are given in
Appendix 5.
2.9.2 Phylogenetic tree construction

Protein distance matrix analysis was carried out by PHYLIP v 3.52¢ program (Felsenstein,
1993). A distance matrix of aligned sequences was generated using the program PROTDIST and
the distances were then converted to phylogenetic trees using FITCH and neighbor joining
methods. The Dayhoff PAM matrix was used as a model of substitution. Bootstrap resampling
was performed with 100 replications using SEQBOOT, and a consensus unrooted tree was
constructed using CONSENSE (i’elsensteim 1993). The PUZZLE v 4.01 program by Strimmer
and von Haeseler, (1999) http://www.zi.biologie. uni-muenchen.de/~strimmer/puzzie html was
also used in tree construction. The model of substitution used was JTT and the model of
heterogeneity was y distribution. Appendix 5 has the Genbank accession numbers of protein
sequences used in the analysis.
2.9.3 Codon usage analysis

The CODONS 1.4 program by Lloyd and Sharp (1992) was employed to determine the
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nucleotide content and the frequency of codon usage for genes in the species examined. The
names and accession numbers of genes used in the analysis are given in Appendix 6. The codon
usage table is given in Appendix 7.

2.9.4 Analysis of nucleotide substitution rates

The rates of synonymous and nonsynonymous substitutions between the nuclear- and mt-
located genes were estimated by the Li 93 program (Li, 1993). These substitution rates could be
used to calculate the divergence time in conventional phylogenetic analysis using the molecular
clock hypothesis. The formula used was T = K/2r where, T is divergence time, r is rate of

nucleotide substitution per site per year and K is number of substitutions per site.
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CHAPTER3
STATUS OF THE RIBOSOMAL PROTEIN L2 GENE IN VARIOUS PLANT
MITOCHONDRIAL GENOMES

3.1 Status of the ribosomal protein L2 (rp/2) gene in the wheat mitochondrial genome
3.1.1 Identification of rpl2 homologous sequences in the wheat mt genome

During experiments to identify elements involved in the expression of the trans-spliced
nadl gene encoding subunit | of NADH dehydrogenase, I identified a short stretch of mt rp/2
related sequences upstream of the fourth nad! exon. The nad! gene requires special features for
its expression since its exons are located in different parts of the genome and are spliced at the
RNA level to produce the mature mRNA (Chapdelaine and Bonen, 1991). In order to gain
knowledge about sequences responsible for the transcription of the separate nad! exons,
sequences located in the upstream regions were analyzed and northern experiments were carried
out to determine the presence of any stable transcripts. The wheat mt DNA upstream of nad/d
was sequenced and used as probes in northern hybridizations. Interestingly, sequence analyses
indicated the presence of a short (152 bp) reading frame with high similarity (86%) to the 3
terminus of the liverwort mt rp/2 gene (Oda et al., 1992). This short rpi/2 reading frame does not
have a start codon and is located approximately 1 kb upstream of the nadld exon, which in turn is
upstream of the nadb6 gene (Fig. 3.1.A & B). The size of the wheat mt rp/2 sequences constitutes
only 10% of the liverwort mt rp/2 coding sequence (1500 bp). The derived L2 amino acid
sequences share 78% and 56% identity with liverwort mt and Escherichia coli counterparts

respectively (Fig. 3.1.C).
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Figure 3.1 Characterization of the wheat mt rp/2 3’segment and comparison with liverwort
mt and Escherichia coli L2 homologues.
A: Restriction map of the rpi2 3° segment, nadld (exon 4) and nad6 genes in the wheat
mitochondrial genome. Selected restriction sites are shown, BamH1 (B), EcoR1 (E), Hind IIT (H).
Xba I (Xb), Narl (N) and Sst 1 (St). The triangle indicates the breakpoint in homology relative to
Oenothera (Wissinger et al., 1990), which is 135 nt upstream of nad! intron sequences. Arrows
and numbers shown below the map indicate probes used in hybridization experiments.
B: Nucleotide sequence of the wheat mt rp/2 3° segment aligned with that of liverwort mt
rpl2 (Oda et al., 1992). The oligomer used in primer extension experiments is underlined and
numbered (oligo # 1). The transcript 5° terminus is denoted by an arrow pointing downwards. The
conserved promoter element with the CRTA motif (Covello and Gray, 1991) is shown as bold
letters underlined. Asterisks indicate identical nucleotides. The stop codon is indicated by a bold
asterisk. The sequences of the 0.5 kb EcoR1 fragment shown in the restriction map (A) are given
here.
C: Amino acid alignment of derived mt L2 protein sequences from (1) the wheat rp/2
3’segment, (2) liverwort mt rp/2 (Oda et al., 1992) and (3) E. coli rpl2 (Zurawski and Zurawski,
1985). Identical amino acids are indicated with asterisks below. The position corresponding to the

termination codon are indicated by bold asterisks.
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3.1.2 Transcript analysis of the wheat mt rpl2 3’ segment
Northern hybridization was carried out for these rp/2 homologous sequences using wheat
mt RNA isolated from both germinating embryos (24 h) and etiolated seedling (6 d) stages.
because transcript accumulation is found to vary considerably at these stages for certain wheat mt
genes like atp6 (Bonen, 1987). Only low levels of heterogeneous high molecular weight
transcripts (approximately 2.1, 3.5, 4.0 kb) were detected at the 24 h stage and none were
detected at the 6 d stage (Fig 3.2.A.probe #3 black dots). The other signals (1.9 kb and 3.5 kb)
correspond to the nonspecific binding of probes to the rRNAs which are indicated by dashes. The
2.1 kb and 3.5 kb transcripts correspond to nad!d-nad6 co-transcripts as reported by Haouazine
et al. (1993) and Chapdelaine (1992). The nad6 gene showed an abundant (approximatelyl.2 kb)
transcript at both stages of development (Fig. 3.2.B probe # 4) and again the larger minor
transcripts correspond to rRNA signals. The large transcripts observed for wheat mt rp/2
3’segment are hardly detected by the nad6 probe possibly due to the shorter size (250 bp vs 500
bp) of the probe used (Fig. 3.1.A).
In order to determine the position of the 5’ends of wheat mt rp/2 transcripts, primer
extension analysis was carried out on wheat mt RNA (6 d). The wheat mt rp/2 3’segment specific
primer (oligo # 1) generated an extension product with a major transcript terminus at 61 nt
upstream of the rp/2 homologous sequences (Fig. 3.2.B) consistent with the co-transcription of
the mt rpi2 3’segment and the downstream nadld - nad6 region to yield transcript sizes of 3.5 kb
and 4.0 kb. The different sizes of transcripts (2.1, 3.5 and 4.0 kb) may indicate differences at the
3’ terminus which is consistent with the northern analysis. The region upstream of the rp/2

3’segment has no stable detectable transcripts at either stage (Fig. 3.2.A. probe#1 & 2), only a
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Figure 3.2 Transcript analysis of the wheat mt region containing the rp/2 3’segment
A: Northern blot hybridization analysis: Wheat mt RNA isolated from 24 h germinating
embryos (a) and 6 d etiolated seedlings (b) were used with probes 1-4 as indicated in Fig.3.1.A.
Probes 1 and 2: Wheat mt 3’rp/2 upstream region, probe 3: Wheat mt 3'rp/2 sequences and
probe 4: nad6 sequences. The RNA size marker is shown in the left side of the panel. The 2.1, 3.5
and 4.0 kb transcripts are indicated by dots and the rRNAs by dashes. The amount of RNA loaded
for 24 h and 6 d stages were standardized based on equivalent 18S rRNA amounts (data not
shown).
B: Primer extension analysis of wheat mt rp/2 transcripts from 6 d seedlings: The location of
the primer (oligo # 1) is shown in Fig. 3.1.B. The size of the primer extension product (130 bp)
indicated by an arrow based on the DNA sequencing ladder on left side indicates a major

5’terminus 61 nt upstream of the mt rp/2 homologous stretch.
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non-specific binding of rRNA was observed.

The sequences immediately upstream of the 5 terminus were examined and a conserved
motif (GAATTAGCATATAGAAAGA) that resembles a monocot mt gene promoter (Covello
and Gray, 1991-rAaannGCRTAtArtragt), which is present adjacent to the 5’termini of several
wheat mt gene transcripts (cox!, cox2, atpA and orf 25 ) was identified (Fig. 3.1.B). Together the
northern and transcript terminus analyses suggest that the wheat mt rp/2 sequences are co-
transcribed with nadld exon from this promoter although guanylyl transferase capping
experiments would be needed to determine this. The transcription of nad/ exons is controlled by
different promoters since they are located in distant locations in the wheat mt genome. The
transcription control also varies between plants since the location of exons are different. For
example, the homology between wheat and Oenothera nadld exon ends 135 nt upstream of the
nadld exon. The first trans-spliced nad! exon is located downstream of one copy of the 18S
rRNA gene (Chapdelaine, 1992) and the cis-spliced second and third exons are located
downstream of the atp6/rpsi3 genes in wheat (Chapdelaine and Bonen, 1991).

3.2 Status of the rp/2 gene in the mitochondrial genomes of wheat, rice and soybean

To further investigate whether this 7p/2 segment was part of a functional gene or if
another full copy was present elsewhere in the wheat mt genome, Southern hybridization
experiments were carried out. Results indicated that this rp/2 3’ segment is a single copy sequence
(Fig. 3.3.A & B and data not shown). While carrying out this analysis in wheat, I also isolated and
characterized the rice mt rp/2 gene which is complete (2990 bp) and has a group II intron (see
section 3.2.1) and used those clones as probes to examine the wheat mt genome for the presence

of the rest of the mt rpi/2 gene. When a rice mt rpl2 probe (RPP1 see section 2.4.3. for the list of
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PCR product probes) having a 70 nt overlap with the wheat 3’mt rp/2 segment (Fig.3.3.A) was
used to probe wheat mt DNA digests, a single signal was observed corresponding to the mt rpl2
sequences located upstream of the nadld exon. This suggests that the mt rp/2 5’ coding
sequences are not present anywhere in the wheat mt genome (Fig. 3.3.A). This observation was
supported by other Southern hybridization experiments. For example, the rice mt rp/2 5’exon
(650 bp) alone showed no signal (Fig. 3.3.B).

Southern analyses of mt DNA from a monocot (rice) and a dicot plant (soybean) for the
presence of the mt rp/2 gene indicated a single copy of mt rp/2 sequences in rice mt genome and
none in soybean (Fig. 3.3.A. probe RPP1). The rice mt genome also has distantly related intron
sequences present eisewhere (data not shown). The hybridization conditions were at reduced
stringency and were able to detect the mt orf25 sequences in soybean mt DNA using wheat mt
orf25 sequences sharing approximately 90% identity. The soybean mt DNA blot used in Fig.
3.3.A. was reprobed with wheat orf25 probe which detects the two soybean orf25 copies (Fig
3.3.0).

Since the mt DNAs of flowering plants are made up of multipie copies of subgenomic
molecules in different stoichiometric amounts (reviewed by Bonen, 1998), it might be possible
that such molecules contain rp/2 sequences and could be detected by PCR experiments on wheat
mt DNA. Mitochondrial rp/2 gene specific oligomers were designed from regions that are
conserved among the three plant rp/2 sequences, namely the wheat mt 3’ p/2 segment (Fig. 3.1.B
oligo # 1) and mt rpi2 genes of liverwort (oligo # 2) and rice (oligo # 3-8). The list of mt rpi2
oligomers and their sequences are shown in the Materials and Methods chapter. PCR

amplification experiments using oligomer pairs (oligo# 1&2,1&3,1&8,1&6,3 & 5) with
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Figure 3.3 Southern hybridization analysis of mt 7p/2 to find out its status in wheat, rice
and soybean
A: DNA blots of rice, wheat and soybean mt DNA digests probed with the rice mt 7p/2 gene
(RPP1)
B: Wheat mt DNA blots hybridized with the wheat rp/2 3’ segment (left lane) and rice mt
rpl2 exonl probe of 650 bp (right lane ).
C: Soybean blot shown in (A) reprobed with the wheat orf25 gene.
Size markers 6.0 kb and 3.0 kb are shown by horizontal lines. Restriction enzymes used are E

(EcoRl), B (BamH1). H (Hind III), St (Sst 1) and Si( Sall).
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wheat mt DNA template generated no products consistent with the Southern results. Plant mt
gene specific primers can almost always be successfully used for both monocot and dicot plants.
since they have high sequence similarity (90-95%). Hence, negative PCR experiments on wheat
mt DNA is consistent with the absence of 5’sequences or substoichiometric DNA molecules
carrying the rpl2 gene. The region upstream of the wheat mt rpl2 3’segment was sequenced
(Appendix 1), to find out whether there might be an intron linking it to a divergent 5’rp/2 exon.
The plant mt introns are classified as group II intron and are typically 1 to 2 kb and do not exceed
3 kb. The absence of mt rp/2 related sequences and the conserved group II intron domain 5 and 6
sequences (reviewed by Michel and Ferat, 1995) in the upstream region (~ 4 kb) suggests that
wheat mt rpi2 piece is not a part of a cis-spliced gene. RT-PCR experiments using oligomers
(oligo # 1 & 2 and 1 & 3) on wheat mt RNA were negative, again suggesting the absence of mt
rpl2 mRNAs spliced either in cis or in trans.

The wheat mt 7p/2 3’segment has higher non-synonymous substitutions than synonymous
when compared with the rice mt 7p/2 gene (8 non- synonymous vs 2 synonymous), consistent
with a lack of functional constraint. Besides. the wheat mt 7p/2 3’ segment does not have an
initiation codon and has only 10% of the mt rp/2 coding region. In addition, only low levels of
high molecular weight transcripts were detected and there was no evidence for the presence of
cis- or trans-spliced rpl2 5' sequences. Based on these data, the wheat mt rp/2 3’ segment is
believed to be a pseudogene.

3.2.1 Rice mt genome has an intact mt rpl2 gene
3.2.1.1 Characterization of the rice mt rpl2 gene

The rice mt rpl2 sequences were obtained by PCR, using the gene specific 5’oligomer
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(oligo # 2) designed from liverwort mt rpl2 sequences, and the 3’oligomer (oligo # 1) from wheat
mt yrpl2. Sequence analysis of the 2.7 kb product revealed the presence of mt rp/2 sequences
with an intron. Inverse-PCR techniques were carried out to obtain the extreme termini of the
coding sequences and the flanking regions. Based on Southern data (Fig. 3.3.A) that the rice mt
rpl2 gene is located on a 3.0 kb EcoR1 fragment, the rice mt DNA was digested with EcoR1,
ligated into circular molecules (Fig. 3.6.C). and used as template for inverse- PCR experiments
(oligo # 4 & 7). Direct sequencing of the inverse-PCR products gave the remainder of the rpi2
coding region and revealed the presence of the mt rps/9 gene in the downstream region. A
partial rice mt DNA pUC plasmid library was also screened with the rice mt rp/2 probe (RPP1)
and a 5.0 kb BamH]1 clone containing both rp/2 and rps!9 was isolated, subcloned into M13
vectors and sequenced (Appendix 2). The sequencing of part of the rice mt rpl2 intron was
carried out by S. Grover (a summer student in the lab).

During the isolation and characterization of the rice mt rp/2 gene in this study, Kubo et al.,
(1996) simultaneously characterized and published similar work. The rice mt rp/2 gene consists of
two exons (840 bp and 669 bp) separated by a group II intron of 1481 bp. The position of the rice
mt rpl2 intron (Fig. 3.4) is identical to the ones located in the truncated mt rp/2 genes of
Oenothera (Sunkel et al., 1994) and Arabidopsis (Unseld et al., 1997). The sections of mt rpi2
sequences present in different plants are shown in Figure 3.4. The black blocks represent the
highly conserved C-terminus region present in wheat, but not in Oenothera and Arabidopsis. A
truncated mt 5’ rpi2 segment in tobacco (Vitart et al., 1992) and complete 5' exon in potato
(Ac.No. AF095278) were identified in their mt genomes but it is not known whether they also

have the complete mt rpi2 gene. The predicted



57

Figure 3.4 Schematic of rp/2 sequences identified in mitochondrial genomes of various
plants and comparison with E. coli

Data are given for E. coli (Zurawski and Zurawski, 1985), liverwort (Oda et al.. 1992),
Arabidopsis (Unseld et al., 1997), Oenothera (Sunkel et al., 1994), tobacco (Vitart et al., 1992),
potato (Ac. No. AF095278). rice (this work & Kubo et al.. 1996) and wheat (this work). The E.
coli homologous regions are shown as gray blocks, the plant mt specific internal insert as white
blocks and the highly conserved carboxyl terminus present in wheat as black blocks. Lines
represent introns. The predicted numbers of amino acids are given in brackets. The wheat mt rp/2

segment does not have a start codon.
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rice and liverwort L2 proteins have 502 and 501 amino acids respectively, with a 250 amino acid
inserted sequence in the middle of the protein (Fig. 3.4) when compared with the E. coli
counterpart (Zurawski and Zurawski, 1985; Takemura et al., 1992). The liverwort and rice mt L2
derived proteins share 33% identity at the amino acid level in the insert region in contrast to 72%
in the rest of the protein (Fig. 3.5). The size of the mt L2 protein of the protist R. americana, is
similar (282 amino acids) to the size of bacterial ones without any inserted sequences (Lang et al..
1997). In contrast, the nuclear-encoded mt L2 homologue of yeast (Accession No.S46947) has
additional sequences (390 amino acids) that include unrelated inserted sequences and target
peptide sequences when compared with plants (Fig.3.5).

The complete rice mt rps/9 gene (93 codons) located three base pairs downstream of the
mt rpl2, was cloned and sequenced. The organization of the rice mt rp/2 and rps/9 genes are
found to be conserved both in the E. coli S10 operon (rps!0-rpl3-rpl4-rpi23-rpl2-rps19-rpi22-
rps3-rpl16-rpl27-rps17) (Zurawski and Zurawski, 1985) and the rp gene cluster (Fig. 6.2) of the
liverwort mt genome (rps!0-rpl2-rps19-rps3-rpl16-rpl5-rpsl14-rps8-rpl6-rpsi3-rpsl 1-rpsl)
(Takemura et al., 1992). Further sequence analyses indicated the presence of a respiratory chain
gene nad4L, coding for the NADH dehydrogenase subunit 4L located 861bp downstream of the
rps19 gene. The nad4L gene encodes a protein of 100 amino acids (Appendix 3) and is also a
single copy gene like rpl/2 and rps!9 in rice mitochondria (data not shown). The ACG at the
position of the initiation codon of nad4L undergoes editing as do nine other positions, which
cause conservative amino acid changes (Appendix 3). This was determined by RT-PCR
experiments. A 450 bp region, located 100 bp downstream of the nad4L stop codon does not

match with any published sequences in the databank. In the region upstream of the rice mt rp/2
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Figure 3.5 Alignment of plant and yeast mt L2 derived proteins
The derived L2 proteins of the intact mt rpl2 gene of rice (this work and Kubo et al., 1996
D78336), liverwort (P26859) and yeast (S30827) and the truncated rpl2 genes of Arabidopsis
(S49579), Oenothera (S46947) and potato (AF095278) were aligned. The location of these genes
are in the mitochondrion except for yeast which is in the nucleus with target peptide sequence.
Asterisks and dots indicate the conserved amino acid positions among ail proteins or among only

the plant mt L2 sequences respectively.
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gene, that is 334 bp upstream of start codon, there are sequences homologous to the cp rpoB
gene in the opposite orientation and they presumably have arisen from chioroplast DNA
integrated into the rice mt genome (see Fig 3.7.A).

3.2.2 Expression of the rice mt rpl2-rps19-nad4L gene cluster
3.2.2.1 The rice mt rpl2 is transcribed, spliced and edited

Northern hybridization experiments on rice mt RNA using mt rp/2 sequences as probes
indicated lower levels of stable transcripts than for the nad4L gene which is located downstream
(see Fig. 3.7 B). The splicing of the rice mt rp/2 mRNA was detected by RT-PCR experiments
using the mt rpl2 gene specific oligomers (oligo # 1 & 2 or 1 & 3) (see Fig. 4.1). The size of the
amplification products (2.7 kb and 1.2 kb) was consistent with the presence of precursor RNAs or
DNA and spliced exon sequences devoid of intron. Direct sequencing of the 1.2 kb product
confirmed the proper splicing of exons. The sequences around the splice junction are shown in
Fig. 3.6.A. In addition a single RNA editing site in the second exon which changes a proline
codon to a conservative serine one was also identified (Fig. 3.6.B) when a cloned Hind III
fragment (0.6 kb) of the RT-PCR product was sequenced. Kubo et al. (1996) have also detected
this single editing site in all 10 cDNA clones they examined.
3.2.2.2 Transcript analysis of the mt rpl2-rps19-nad4L genes in rice embryos and seedlings

Northern hybridization experiments were conducted for the rice mt 7p/2 gene region using
rice mt RNA isolated from germinating embryos (24 h) and etiolated seedlings (6 d). A complex
transcript profile with at least 7 different transcript sizes 7.0, 5.0, 3.5, 3.0, 2.6,1.7 and 1.5 kb (Fig.
3.7.B. probe 3) with differences between the two stages relative to rRNA levels being observed.

Specific breakdown of transcripts may also contribute in a minor way to the complexity
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Figure 3.6 Splicing and editing of the rice mt rpl2 transcripts
A: Sequence gel of RT-PCR products showing the properly spliced exons of the rice mt rpl2
gene. Arrow shows the splice junction and the corresponding nucleotides are given on the left
side.
B: Sequence gel of the rice mt rp/2 DNA (left panel) and cDNA (right panel) showing the
single RNA editing site. The arrow points the position of the C>U change. These sequences are
obtained from a cloned RT-PCR product (Hind III fragment Fig. 3.6.C).
C: Schematic showing the RT-PCR and inverse-PCR strategies. The oligomer positions
(oligo # 1 & 2,4 & 7) and the expected size of the product from DNA or precursor mRNA and
spliced mRNA are indicated. The position of the Hind II sites used in cloning the RT-PCR

product is also given.
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Figure 3.7 RNA blot analysis of the rice mt rpl2 -rps19-nad4L gene region
A: Restriction map showing the cp rpoB-mt rpi2-rpsi9-nad4L gene cluster in the rice mt
genome. The rpoB is part of a chloroplast DNA segment integrated into the mt genome. Selected
restriction sites are shown as landmarks, EcoR1 (E), BamH1 (B), Xbal (Xb). and Hind III (H).
All the Hind III sites are not shown here. Arrows and numbers below the map represent probes
used. The transcript sizes, and their terminii with their relative abundance at 24 h and 6 d stages
are indicated as + (high) and - (low). The dotted lines indicate the absence of terminus mapping
information.
B: Northern blot hybridization analysis of rice mt RNA isolated from (a) 24 h germinating
embryos and (b) 6 d etiolated seedlings. Probes are indicated below the RNA blots. The RNA size
marker is indicated on the left side of the panel. Sizes of rp/2 transcripts are indicated beside the
panel with probe 3 (rp/2 spliced cDNA sequences). RNA blots were from a single gel and blots
were reused after testing for the complete decay of radioactivity. The blot used by probe number
7 was reused for probe 2 and 5 respectively. Similarly the blot probed by number 1 was reused for
probes 6 and asp6 respectively. The 18S rRNA and atp6 blots were exposed for approximately 4
hrs in contrast to 4 days for rest of the blots. These observations were confirmed by other

independent northern experiments.
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of the profile since the 18S rRNA hybridization panel shows some discrete breakdown products.
The 3.5 kb transcript is believed to be the rp/2 mRNA since it was the only transcript detected by
all exon probes (Fig 3.7. B. probes 1,2,3 and 5) and not by the intron probe (probe 4). The
mRNA levels are observed to be higher in germinating embryos than seedlings. The 5.0 kb and
7.0 kb transcripts are consistent with being precursors since they also hybridize to intron probes.
The 7.0 kb transcript contains cp rpoB sequences since it was also detected by the upstream probe
(data not shown). However the relative stochiometry of these transcripts is different between
probes 3 and 4 suggesting a further complexity perhaps due to additional processing
intermediates. The intron probe 4 detected two transcripts (3.0 and 1.5 kb) along with these
precursors. The 3.0 kb signal is expected to be a mixture of two different species of the same size
since it was detected by all probes even though probe 1 and probe 7 are more than 3.0 kb apart
(Fig. 3.7). One of them may contain the intron. the 3’exon and part of the 5’exon and the other
may have the rps/9 and nad4L sequences (Fig. 3.7.B). These 3.0 kb transcripts are approximately
equal in levels at both stages compared to the excised intron (1.5 kb), which is higher in the
embryo stage than the seedling stage. Similarly, higher steady state levels of excised introns are
observed for the wheat nad7 gene in germinating embryos than in seedlings (Carrillo and Bonen.
1997). The processing intermediates containing 3’exon and downstream gene sequences (2.6 kb.
1.7 kb and 1.5 kb) are found to be either more abundant in seedlings than in embryos or in equal
levels in both stages. Higher amounts of 2.6 kb and 1.5 kb transcripts in seedlings than embryos
were detected by probes 3. 5, and 7. These differences in transcript profiles suggest that the
splicing and processing machinery of rice mt rp/2 transcripts are differentially regulated at these

developmental stages.



Northern experiments by Kubo et al. (1996) on rice mt rp/2 RNA detected only three
transcripts (designated as 3.8, 2.9 & 2.5 kb). They used RNA from young seedlings which may be
the reason for the failure to detect the high molecular weight transcripts which are relatively more
abundant in germinating embryos. In summary, rpl/2 precursors. spliced mRNA and excised intron
levels are higher in germinating embryos than seedlings in contrast to the processing
intermediates. This could mean either that the transcription and splicing of 7p/2 mRNA is higher in
germinating embryos or that there is a rapid turnover of transcripts in seedlings or a combination
of both. The variations in transcript accurnulation at the embryo and seedling stages may suggest
a developmental regulation of the mt RNA processing machinery, which is presumably nuclear-
encoded.
3.2.2.3 Rice mt rpl2, rps19 and nad4L genes are co-transcribed

Co-transcription of the rice mt 7p/2 and rps/9 genes is expected, since they are only three
nucleotides apart. Consistently, the 7ps!9 probe in the northern hybridization experiment detected
transcripts of 7.0, 5.0, 3.5, and 1.7 kb sizes (Fig. 3.7 probe 6). However, longer exposures
detected all transcripts (data not shown) arising from the mt p/2 gene in both rice seedling and
embryo stage mt RNAs. The 1.5 kb detected by probe 6 and 7 is expected to be different from the
one detected by other upstream probes since these probes span more than 1.5 kb. This processing
intermediate may correspond to the one which was detected by primer extension analysis of rps/9
transcripts (section 3.2.2.5). The 3.5 kb transcript is more abundant than other transcripts and
observed in higher amounts in embryos than seedlings. The 3.5 kb mRNA is consistent with a
bicistronic transcript of the spliced mt 7p/2 and downstream rps/9 sequences. Accordingly, the

RT-PCR experiments with a reverse 5° rpl2 oligomer (oligo # 3) and a forward 3’ rps19
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oligomer (oligo # 14) gave products that are in agreement with the co-transcription of these
genes (data not shown). Kubo et al. (1996) have also shown the co-transcription and editing of
rpl2 and rps19 by RT-PCR experiments, but their northern experiments detected only two
transcript sizes for the rps/9 probe (2.9 and 2.5 kb). According to my transcript size analysis,
these RNA species do not contain the full rp/2 coding sequences as they are not detected by
probe 1 (Fig. 3.7.B)

The nad4L gene located downstream of rps/9 has an abundant 0.45 kb transcript in
addition to the larger ones observed with the rps/9 and rpi2 probes (Fig. 3.7.B.probe 7). The
small monocistronic mRNA could suggest an additional independent promoter in the spacer
region downstream of rps/9 gene. Nevertheless, the 3.5 kb species common to rp/2-rps!9 mRNA
and other high molecular weight transcripts (3.0, 2.6, 1.7, 1.5 kb) were also detected by the
nad4L probe implying a co-transcription of rps/9 and nad4L. The 2.6 and 1.5 kb transcripts
observed in higher levels in seedlings than embryos may be cleavage products of the 3.5 kb
mRNA which is higher in embryos than seedlings. The level of nad4L transcript (0.45 i(b) was
observed to be higher in the embryos than seedlings. The relative abundance of the 0.45 kb
transcript of nad4L at embryos when compared to other larger transcripts, suggests a high mRNA
stability and/or an independent promoter for nad4L.

3.2.2.4 Mapping of the transcript termini of rpl2, rps19 and nad4L

To get more precise information of transcript sizes, primer extension and S1 nuclease

mapping experiments were carried out to map the transcript termini of nad4L, rps!9 and rp/2

genes. The rice mt rpl2 gene primer (oligo # 27) was used in primer extension experiments (Fig.
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Figure 3.8 Transcript termini mapping for the rice mt rpl2, rps19 and nad4L genes
A: Primer extension analysis to map the 5’ termini of rice mt 7p/2 mRNAs from 24 h
germinating embryos (a). The arrow indicates the extension product. The position of the oligomer
(oligo # 27) used in the experiment and the 5° terminus position of the RNA is shown in the
schematic below (not drawn to scale).
B: Primer extension analysis to map the 5’ termini of rice mt 7ps/9 mRNAs from 24 h (a)
and 6 d (b) stages. The oligo # 14 position is shown in the schematic below.
C: Primer extension analysis to map the 5’ transcript termini of nad+4L mRNAs from 24 h
germinating embryos (a). The position of the oligomer (oligo # 12) and the major terminus
(schematic), and a conserved motif identified upstream are given in Appendix 3.
D: S1 nuclease mapping experiment to map the 3’ end of nad4L mRNAs from 24 h (a) mt
RNA. The concentrations of S1 nuclease (500, 200, 50, 0 units) used in different lanes and the
input DNA (I) are indicated at the top. The arrow indicates the protected fragment
(approximately 420 nt). The line below the schematic (not drawn to scale) shows the labeled
DNA fragment (750 nt) and the protected region (dotted line) with the position of the stop codon
| (asterisk). Position of oligomers and transcript termini and the conserved motif present upstream

of rice mt nad4L gene are given in Appendix 3.



‘ypou

Z1 4 ofjo

615d4

1 4 o310

Y

Zyda

LT #oByo

—Inn-

N godi do

& TppoU

!

S 6Isdu

S Z1ds




67

3.8.A); the 5' transcript termini of 7p/2 correspond to a location within the transferred chloroplast
rpoB sequences. Consistently, northern hybridization experiments using a probe upstream to this
major terminus did not detect the 3.5 kb rp/2 mRNA in either stage (data not shown). Sequences
immediately upstream of the rpi2 transcript terminus were analyzed for promoter elements, but no
conserved motif that matches with the rice consensus promoter RRaa/ta/tNNCRTANa/tNaaa/t
(Nakazono et al., 1995) could be detected. Although northern results are consistent with the co-
transcription of rice mt rp/2-rps!9, primer extension analysis on rps/ 9 transcripts (oligo # 14)
also indicated a major terminus at 23 nucleotides upstream of the rps/9 start codon (Fig. 3.8.B) in
both germinating embryo and seedling stages of RNA. High molecular weight extension products
consistent with the co-transcript are also seen and their representation is very low because the size
of the products is too big for the RT to give complete extension products that can be visualized.
The transcript terminus within exon 2 of rpi2 suggests additional cleavage or processed rps/9
transcripts in comparison to rpl2 transcripts (Fig. 3.7.B probe 5 and 6). As mentioned earlier the
terminus of thel.5 kb transcripts which can not accommodate the full 7p/2 may correspond to this
5" terminus observed in both stages.

Primer extension analysis, to determine the 5’ end of the nad4L transcript (oligo # 12),
indicated a major transcript terminus 10 nucleotides upstream of the start codon in addition to
number of less prominent larger ones (Fig. 3.8.C). The minor extension products may correspond
to rpsl19-nad4L co-transcripts based on northern data. Sequences upstream (19 nt) of the 5° end
of the transcript contained a conserved sequence AGCCTCACATAATTTAG with the CRTA
motif which has 13 nucleotides identical to the 17 nt rice consensus promoter element (Nakazono

et al., 1995). S1 nuclease mapping experiments to find the 3’ transcript termini of the nad4L gene
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revealed that a major 3’ end was located at 120 nucleotides downstream of the stop codon (Fig.
3.8.D). The S1 experiments also indicated low levels of larger protected products suggesting
additional termini in the downstream region. The primer extension and S1 nuclease mapping
analysis reconfirmed the size of the major nad4L transcript as 0.45 kb. The presence of a potential
promoter sequence suggests the possibility of independent transcripts but guanylyl capping
experiments are needed to distinguish between primary transcripts and processed monocistronic
mRNAs.
3.2.2.5 Physical form of excised rice mt rpl2 intron and editing status of domain 5 and 6
Classical group II introns are highly structured and are spliced as lariat molecules with the
help of accessory proteins (reviewed by Michel and Ferat, 1995). The plant mt group II introns
show several deviations from the classical group II intron structures (Carrillo and Bonen, 1997),
hence it is interesting to find out the nature of excised introns to gain an insight into the splicing
reaction. The rice mt rp/2 intron in the group II category has a typical domain 6 structure with an
adenosine residue at the branch site. There is an A-C mispair at the base of the helix v.zhich could
potentially be edited to improve the folding of this domain (Fig 3.9. F). The domain 5 is unusual
in that it is short (30 vs 34 nt) compared to other group II introns and has pyrimidine in the
tetraloop. It also has an A-C mispair distal to the dinucleotide bulge (Fig 3.9. F). In addition,
northern blot analysis indicated that the 24 h stage RNA has higher stable levels of excised
introns compared to 6 d stage which is also observed as a doublet signal (Fig 3.9. B & 3.7 probe
4). These observations suggest a possibility of different forms of excised introns. Hence, a
comparative analysis was carried out with the rice nad7 intron 3 since in wheat, the nad7 intron 3

was found to be excised as lariat molecules (C. Carrillo unpublished result). The rice nad7
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Figure 3.9 The rice mt rp/2 excised intron levels and nature in comparison to rice nad7
intron3

A: Rice mt RNA blots probed with nad?7 intron 3 and nad7 exon 5. The amount of RNA
loaded for both stages 24 h (a) and 6 d (b) were standardized based on equivalent 18S rRNA
signal. The excised introns in germinating embryos are indicated by a dot. RNA size markers are
given in the left side and as horizontal lines. The nad7 exon blot was exposed for 4 h in contrast
to 3 d for the nad?7 intron3.

B: Rice mt RNA blots probed with rp/2 intron, and rp/2 lariat oligomer (oligo #10) for 24 h
(a) and 6 d (b) stages. The exposure time for 7p/2 intron blot is 2 days and 1 week for the lariat
oligomer probe. The rpl2 intron data agrees with that shown in Fig. 3.7 probe 4.

C: Sequence gel for the RT-PCR products from excised rice mt nad?7 intron 3 sequenced
directly using oligomer located near the 3' end of the intron. Sequences are consistent with lariat
form of excised intron molecules lacking the nucleotides 3' to the branch site. The thymidine
corresponding to the adenosine residue at the branch site is shown as an asterisk (Figure kindly
provided by C. Carrillo).

D: Sequence gel for the RT-PCR products from excised intron of rice mt rp/2 directly
sequenced using oligo # 9 (panel 1). The 4 nucleotides (block) missing at the 5° end of the intron
and the intron sequences near the junction are indicated in the right side of the panel. The
adenosine residue corresponding to the branch site is shown with an asterisk. Sequence gel of one
clone of RT-PCR product of excised intron (panel p1) sequences. The A-C mispairs which are
not edited are indicated by solid arrows (see schematic E open arrows). Sequence gel of another
independent excised intron clone (panel p2) which lacks 4 nucleotides (block) at the 3’ end of the
intron and has an insert of 15 nucleotides (lower case letters).

E: Schematic showing the RT-PCR strategy, oligomer positions and different forms of
excised introns (lariat, linear and circular).

F: The domains 5 and 6 structures of the rice rp/2 intron with the bulging adenosine (asterisk) and

A-C mispairs (open arrows).
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intron 3, probe showed a higher level of excised introns (1.0 kb) and high molecular weight
precursors at 24 h compared to the 6 d stage. It was also noticed that seedlings had a slightly
faster migrating species of excised intron (Fig. 3.9. A) and higher levels of a potential splicing
intermediate (1.4 kb) than embryos (Fig. 3.9 A). In contrast, the mature mRNA (1.7 kb) was
observed to be approximately equal in amounts at both stages (Fig. 3.9. A). Differences observed
in the abundance of the excised introns of both rice mt nad7 i3 and rp/2 between stages suggest
that they have different forms of excised introns that differ in stability implying different RNA
processing pathways at these stages.

In order to find out the physical nature of the excised introns, RT-PCR experiments were
carried out on excised intron RNA template. The oligomers were designed in such a way that
they specifically amplify only the excised introns (Fig. 3. 9. E). The reverse transcriptase enzyme
(Superscript II) is capable of reading through the non-typical bonds (2'-5') at the branch site
(Vogel et al., 1997). The size of the RT-PCR products corresponded to the excised introns as
expected and they were either directly sequenced or cloned into plasmids and then sequenced.
The rice rpl2 excised intron sequences appear not to be lariats since sequences 3' to the branch
were also present in the PCR products (Fig.3.9 D). In contrast, the nad7 i3 excised introns were
lariat molecules (Fig. 3.9 C) and they lack the 6 nucleotides present downstream of the branch
site. The branch site adenosine residue is copied as A instead of T as also observed by Vogel et
al., (1997). The direct sequencing of the rice mt rp/2 intron ( Fig. 3.9 D1) as well as cloned RT-
PCR product plasmids (Fig. 3.9. D. pl & p2) indicated the lack of a few 5' or 3' end nucleotides
of the intron (boxes) which is not consistent with it being a lariat. Instead it is possible that there

are linear molecules in vivo, shortened by exonuclease activity. These observations, in addition to



71
the insertion of 15 nucleotide between the ends of the intron in one of the plasmids (p2), suggest
that these introns may be excised as linear molecules. The RT enzyme would have played a role in
adding the extra nucleotides leading to circular PCR product amplifications. If that is the case the
intron ends must be still in very close proximity in vitro. However, it is also possible that the
excised introns could have been ligated in vivo to give circular molecules.

In wheat, RNA blot analysis using oligomers designed across the lariat have successfully
detected the excised nad? i3 introns (S. Macdonald and C. Carrillo unpublished results). A lariat
oligomer for rice mt rpi2 (oligo # 10) was designed and used in northern analysis (Fig. 3.9.B) but
it failed to detect the excised introns even with longer exposure and under different hybridization
and wash conditions. This observation reconfirms the absence of lariat molecules of rice mt 7p/2
intron. Primer extension analysis using rice mt rpi2 intron specific oligomers may be informative
to determine whether they are linear molecules, since the extension would stop at the 5' end of the
intron. In addition, RNase protection assays using the circular plasmid molecules may resolve
whether they are circular or linear molecules.

The secondary structure of the domains 5 and 6 which play important roles in the splicing
of plant mt group II introns could potentially be improved by editing in the A-C mismatch
positions. Carrillo and Bonen, (1997) have compiled the A-C mismatches of domains 5 and 6 of
group II introns in flowering plants in comparison to the liverwort introns. The base pair distal to
the dinucleotide bulge in the domain 5 of group II introns often has a relaxed base pairing. The
rice rpl2 intron also has an A-C mismatch at that position (open arrow schematic Fig. 3.9.F) in
addition to the fourth position from the 3' end of the intron in domain 6. Hence it is interesting to
analyze the editing status especially because the domain 5 is unusually short. The RT-PCR

products sequenced directly (Fig. 3.9.D.1) and cloned plasmid sequences (Fig. 3.9.D. p1, p2)



showed no editing at the expected sites suggesting that Watson-Crick base pairing here is not
crucial for domain 3 and 6 function in keeping with the observation in several plant mt introns
(Carrillo and Bonen, 1997).

In summary, the status and expression of the mt rp/2 gene is found to differ among
wheat, rice and soybean. In wheat, the 3” rp/2 segment located upstream of the nad!d exon is
found to be a single copy pseudogene lacking 90% of the mt rp/2 coding region. However. it is
transcribed as a part of the large nadld precursors involved in trans-splicing events to generate
nadl mRNA. In contrast, the rice mt genome has an intact rp/2 gene with a group II intron. The
rice mt rpl2 gene is expressed as a complex set of transcripts with a 3.5 kb mRNA showing higher
steady state levels in germinating embryos than seedlings. However, its steady state levels are
much lower than for other rice respiratory chain genes such as arp6 and nad4L. The excised
group II intron appears to be non-lariat form since excised intron-RT-PCR products revealed the
presence of intron sequences downstream of the branch site. This observation suggests that the
splicing might start with a hydrolysis rather than with a transesterification step. The mt rps/9 and
nad4L genes that are located downstream of rice mt rp/2 are co-transcribed with rp/2 and
processed subsequently. In contrast. the presence of very abundant small transcripts for nad4L
and sequences resembling the promoter motif upstream of the 5” transcript terminus may suggest
an additional potential independent promoter for the nad4L gene. Moreover, the observation of
several heterogenous transcript termini in primer extension products points to the possibility of
multiple promoters. The accumulation of rice mt rp/2 mRNAs and other transcripts differs
between germinating embryos and seedling stages suggesting differences in RNA stability and
processing mechanisms at these stages. Unlike rice, the soybean and wheat mt genomes do not

encode an intact mt rp/2 gene raising the possibility that the functional gene is in the nucleus.
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CHAPTER 4
MITOCHONDRIAL L2 RIBOSOMAL PROTEIN GENE SEQUENCES IN THE
NUCLEAR GENOMES OF WHEAT AND RICE

4.1 Isolation and characterization of mt rpi2 sequences from the wheat nuclear genome

The presence of a functional rpl2 gene in rice and liverwort mitochondria and strong L2
sequence conservation among bacterial, organellar and cytosolic counterparts suggest the
importance of the L2 protein in plant mt ribosomes. Hence, the simplest explanation for the
absence of the rpi2 gene in wheat and soybean mt DNA is that the functional gene is in the
nucleus having been transferred there sometime during evolution. In order to test this hypothesis.
PCR and RT-PCR experiments using rice mt rp/2 gene specific oligomers (oligo # 1 & 2. 1 &3)
were carried out on wheat total DNA and poly A" RNA respectively. A PCR amplicon (600 bp)
which gave a positive Southern hybridization signal to the rice mt rp/2 probe (RPP1) was
obtained from both wheat DNA and cDNA (Fig. 4.1.A. lanesl & 2). The position of oligomers
relative to the rice mt rpi2 and sizes of PCR products amplified on different templates are shown
in a schematic (Fig. 4.1.D). Amplification of a 1.2 kb product for rice mt rp/2 cDNA (Fig 4.1.A
lanes 3 & 4) and a 2.7 kb amplicon for rice mt DNA (lane ) for the same primer set are also
shown in Fig.4.1.A. Direct sequencing of the wheat PCR products (600 bp) from both DNA and
RNA templates was carried out and revealed the presence of mixed sequences of mt rpi2-
homologous and other nonspecific amplification products. The RT-PCR products were cloned
into plasmid vectors and colony screening using the wheat mt rp/2 fragment without primer
sequences (probe: WPP 4; see section 2.4.3. for more details about PCR product probes) was

carried out to obtain the wheat mt rpi2- homologous clones. DNA from ten positive plasmids
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Figure 4.1 PCR amplification of wheat mt rp/2 sequences located in the nucleus

A: RT-PCR products from wheat poly A” RNA using two different concentrations of
cDNA (lanes! and 2). rice mt rp/2 cDNA two different concentrations (lanes 3 and 4) and rice mt
DNA (lane 5). Sizes of the products are indicated. Primer positions (oligo #1 & #3) are given in
the schematic below.

B: PCR amplification products (oligo # 17 & 18) using primers specific to wheat nuclear-
located mt rpl2 sequences on wheat total DNA templates obtained by different DNA isolation
procedures (lanes a.b.c.d and e) along with the DNA size marker A Hind III + ¢x174 Hae III (M)
C: Southern blot of the gel shown in the panel B hybridized with the wheat nuclear-
located mt rpi2 probe (WPP1). The size of the mt rp/2 related product is indicated.

D: Schematic showing the position of oligomers (black arrow) and different size products
amplified on different template DNAs. Open and striped boxes correspond to the exon II and

exon [ regions of the rice mt rp/2 gene respectively. Picture is not drawn to scale.
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was isolated, sequenced and all were found to be identical. Sequences (600 bp) of the positive
clones were found to be related (70% identity at nt. level) to rice mt rp/2 sequences (Fig.4.2.A)
however, the size was only 50% of the expected length of 1.2 kb. Hence, different PCR
conditions such as broad range of temperatures ranging from 45°C to 55°C and various

Mg > concentrations and from different DNA isolation procedures of wheat total DNA templates
(Fig. 4.1.B) were used to obtain the expected 1.2 kb product, but they were not successful. In
addition, PCR amplification experiments using another oligomer (oligo # 16) upstream of the
oligomer # 3 (derived from rice mt rpl2 5' conserved sequences) were also employed and were
negative.

The wheat nuclear-located mt rp/2 sequences from the 600 bp product that was obtained by
PCR share 70% identity at the nucleotide level with rice mt rp/2 (Fig. 4.2.A) and 69% identity at
the amino acid level (Fig. 4.2.B). They contain a highly conserved region (84%) homologous to
E. coli L2 and a less conserved region (54%) related to the plant mt L2 specific inserted sequence
(Fig. 4.2.B & 3.4). The presence of plant mt specific rp/2 sequences and high similarity to the rice
mt rpl2 gene confirm that the isolated wheat nuclear rp/2 sequences are part of a mitochondrial

homologue, which appears to have been transferred from the mitochondrion.

When the wheat nuclear-located mt rpi2 and rice mt-located rp/2 sequences were examined.
more than 60% of the nucleotide substitutions were at synonymous sites. There are five insertions
in triplets or multiples of three base pairs relative to the rice mt rp/2 gene and they are located in
the less conserved plant-specific mt rpi2 insert region (Fig. 4.2.A). These observations are
consistent with the wheat nuclear-located mt rpl2 sequences being under functional constraint.

The wheat nuclear-located mt rpi2 sequences do not have an intron at the position corresponding
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Figure 4.2 Comparison of the wheat nuclear-located mt rpl2 sequences with the rice mt rpi2
homologue
A: Alignment of the wheat nuclear-located mt rp/2 sequences with the rice mt-located
rpl2 sequences (this work and Kubo et al., 1996, Ac. No. D78336-Appendix 2). The asterisks
indicate the identical nucleotides and dashes indicate deletions. Oligomers are numbered and their
positions underlined. The percentage identity of nucleotides is given at the end of mt sequences.
The arrow indicates the intron position in the rice mt rp/2 gene. The single editing site in the rice
sequence is shown as a bold lowercase letter underlined.
B: Comparison of the derived amino acid sequences of the nuclear-located wheat mt rp/2
and the rice mt rpi2 gene. The conserved E. coli L2 homologous region is indicated as bold
letters compared to the less well conserved plant mt specific L2 insert region. Asterisks denote
amino acid identities. The amino acid change (Ser) corresponding to the editing site in rice and the

conservative change (Thr) in the wheat mt rp/2 are shown as bold letters underlined.
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to the group II intron of the rice mt rp/2 or truncated Oenothera and Arabidopsis mt rpl2 genes
(Fig. 4.2.A arrow). This observation is consistent with the transfer having occurred through a
spliced RNA intermediate assuming that the original wheat mt p/2 copy had an intron at the
same position. RNA-mediated transfer events have been proposed for several other mt rp genes
(reviewed by Schuster and Brennicke, 1994). For example the Arabidopsis nuclear-located mt
rps10 (Wischmann and Schuster. 1995) gene does not contain an intron at the position
corresponding to the one in the potato rps/0 gene located in the mitochondrion (Zanlungo et al..
1994). The mode of transfer is even more convincingly predicted based on RNA editing
information of mt copies and by comparing the corresponding positions in the nuclear sequences.
for example, Oenothera rpsi2 (Grohmann et al., 1992), Arabidopsis rps10 (Wischmann and
Schuster, 1995) and rpsi9 of Arabidopsis (Sanchez et al., 1996). In the case of rp/2, only one
editing site is observed in rice mt transcripts (this work and Kubo et al., 1996). The amino acid
residue (Ser- TCA) corresponding to the edited sequence in rice mt rp/2 is genomically encoded
by a conservative amino acid (Thr-ACG) in the wheat nuclear copy (Fig. 4.2.A). Hence the low
degree of editing is not of much value to predict the mode of transfer, however the absence of an
intron is a strong argument.
4.2 Wheat mt rpl2 sequences located in the nucleus are actively-transcribed

Northern hybridization experiments carried out on wheat 6 d poly A" RNA using wheat
nuclear-located mt rp/2 sequences (WPP1) as a probe revealed an abundant transcript of 1.2 kb
(Fig. 4.3.A). The mRNA levels were compared with another nuclear-located gene encoding a mt
protein ATPase subunit § (WPP2) using probes with similar specific activity. The wheat atp

cDNA sequences (1.3 kb) were amplified by RT-PCR techniques using primers designed from the
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tobacco atpf sequences (oligo # 22 & 28) on wheat total RNA. A 2.1 kb transcript was detected
for wheat mt atpfi cDNA (Fig. 4.3.A).

The size of the wheat mt rp/2 mRNA is only 1.2 kb. Although, this is larger than the bacterial
and protist rpl2 coding region (850 bp), it is not large enough to accommodate the entire plant mt
rpl2 coding region (1.5 kb) which contains a large internal coding insert. In addition, nuclear-
located sequences must have sequences that target the protein back to mitochondria. However,
the rice mt rpl2 5’exon sequences, that were upstream of the wheat nuclear-located mt rp/2
sequences obtained by PCR did hybridize to the same size (1.2 kb) transcript (data not shown)
suggesting the presence of at least part of that region. The abundant wheat poly A™ transcripts
detected by the wheat mt rp/2 sequences are consistent with the nuclear-located sequences being
a part of a functional gene.

4.3 Multiple copies of mt rp/2 sequences in the wheat nuclear genome

Wheat mt rpl2 sequences isolated from nuclear DNA were further analyzed by Southern
experiments using wheat nuclear-located mt 7p/2 probes (WPP1). Three hybridizing bands.
ranging from 3 kb to 9 kb in size were detected in EcoR1, Sst1, EcoRV and Dral restriction
digests (Fig. 4.3.C). Although the three hybridizing bands of mt rp/2 sequences differ in their
relative intensity they may correspond to the homeologous copies from the A, B & D genomes
since wheat is a hexaploid plant (discussed below). Attempts to get the other copies by PCR
amplification experiments on wheat nuclear DNA using oligomers (oligo # 17 &18) that are
specific to the nuclear-located wheat mt rpi2 led to the amplification of a 500 bp product (Fig. 4.1
Panels B & C). Direct sequencing revealed the presence of a mixture of rp/2 and other non-

specific amplification products. The PCR products were cloned into plasmid vectors and three out
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Figure 4.3 Southern and northern analyses of the wheat nuclear-located mt rp/2 gene
sequences

A: Northern analysis: Wheat total (T) and poly A”(A”) RNA (6 d seedlings) blot with
~10 pg of RNA in each lane was probed with wheat nuclear-located mt rp/2 sequences (WPP1).
B: A comparable RNA blot probed with wheat atp8 cDNA (WPP2). The transcript sizes
are indicated at the side.

C: Southern analysis: Wheat total DNA blot in which ~10 pg of total DNA digested with
EcoRl1 (E), Sstl (St), EcoV (EV) and Dral (Dr) restriction enzymes was probed with wheat

nuclear-located mt rp/2 probe (WPP1). DNA marker sizes are given in the left side of the blot.



T A+ T A* E StEV Dr St

kb

94 _ 3%

6.5 —

44 —

23 - .

Wheat Poly A'RNA Wheat total DNA
probe: Wheatmt WheatatpB Wheat mt
rpl2 (nuc) WPP2 rpl2 (nuc)

WPP1 WPP1



80
of one hundred clones were detected to be mt rpi2 clones by a colony screening method (probe:
WPP4). The first copy (600 bp) is called copy I and the second one (500 bp) is called copy II.
Sequence analysis revealed that two of the clones were identical to the first copy and the third one
(copy II) had 95% identity at nucleotide level and 97% identity at the amino acid level (Fig. 4.4).
More than 75% of nucleotide substitutions were synonymous ones and among those. 12 out of 16
are transitional changes. A deletion of three base pairs in the second copy was observed in
comparison to the first (Fig. 4.4) in the highly variable mt specific L2 insert region. These
observations are consistent with both sequences being under functional constraint suggesting
more than one functional mt rp/2 gene copy in the wheat nuclear genome. Wheat is a hexaploid
plant with three different chromosomes A, B and D, which are different in their origins
(allohexaploid). The degree of amino acid and nucleotide identity observed between the two
wheat nuclear-located mt rp/2 copies is in agreement with the possibility that they are either
homeologous or recently-duplicated paralogous copies. For example, homeologous copies of the
chloroplast specific acetyl-CoA carboxylase gene of wheat share 98 -99.4% identity at the
nucleotide level (Gornicki et al.. 1997).

4.4 Attempts to isolate the complete cDNA of the wheat nuclear-located mt rpi2 genes

The mt rp/2 mRNA of wheat is approximately 1.2 kb so that the RT-PCR amplicon of 600 bp
obtained constitutes around 50%. In order to obtain the rest of the sequences 5° and 3’ RACE
and inverse-PCR experiments on DNA templates were carried out. The wheat mt rp/2 copy I
isolated from cDNA and the copy II isolated from DNA revealed the absence of any intron in the
amplified region. However, transferred mt sequences and acquired target sequences are often

separated by intron sequences, for example in the case of Arabidopsis mt rps10 (Wischmann and
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Figure 4.4 Comparison of the sequences of the two rp/2 homologous regions in the wheat
nuclear genome
Wheat nuclear-located mt rp/2 copy I (bottom) and copy II (top) are aligned and their derived
amino acid sequences are given. Dashes indicate the deletion in copy II. The percent identities of
nucleotides and amino acids are given at the end. The oligomer (oligo # 1. 3.17&18) sequences
are underlined. Changes in nucleotide positions are indicated by bold letters and amino acid

changes underlined by bold letters.
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Schuster, 1995) an intron is found between transferred mt and acquired nuclear sequences. In
order to amplify the 3' end of the wheat mt rp/2, cDNAs were made using oligo dT-clamp primers
that had an extra nucleotide G, C, or A at the 3" end (oligo # 24, 25 & 26) and a gene specific
reverse primer (oligo # 18) was used in PCR amplifications. Among the several product
amplifications in these 3° RACE experiments, three different ones (850, 750 & 600 bp) showed
hybridization to wheat nuclear-located rp/2 sequences. When these products were cloned and
screened with wheat mt rp/2 sequences ( probe WPP4), a 730 bp positive clone was identified.
Sequence analysis revealed that it had an open reading frame with only part of mt rpi2 sequences
(240 bp) and an unrelated (115 bp) region preceding the stop codon that showed no match in the
databank or in the 360 bp preceding the poly A tail (Appendix 4). An artifact may have occurred
during the reverse transcription with the fusion of different cDNAs due to less stringent
conditions (42°C) used in the cDNA synthesis because of oligo (dT) primers. Consistently an AT
rich region is noted in sequences flanking the stop codon (Appendix 4).

3" RACE experiments with a higher temperature (45 °C) for reverse transcription led to the
preferential amplification of a larger product (850 bp). These products gave a positive signal with
nuclear-encoded rp/2 probe. hence they were cloned. However. the sequence analysis indicated
that these sequences were not related to rpl2, but they shared 92% nt identity to the maize DNA
binding protein gene and its 3° UTR (Ac. No. X79086; Werr, 1994). A 60% identity was
observed between the mt rpl2 primer sequences and the maize DNA binding protein gene
sequence at the comparable positions. PCR amplification conditions used were 10°C less than the
optimal annealing temperature for the gene specific primer. This may explain a preferential

amplification of the wheat DNA binding protein gene because the homologous region in wheat
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may have even higher identity to the mt rp/2 primers.

Attempts to amplify the 3° end of the mt rp/2 cDNA were carried out by reverse transcription
of the mt rp/2 mRNA using a gene specific oligomer (oligo # 17) and subsequently tailing the
cDNA ends using terminal deoxynucleotidy! transferase and dATP. These tailed cDNAs were
used in PCR amplification experiments using the gene specific oligomer (the one used in cDNA
synthesis oligo # 17 or a nested gene specific oligomer oligo # 19) and oligo dT clamp primers.
Southern hybridization experiments on the heterogenous PCR products (WPP4) at low stringency
conditions revealed a weak signal reflecting the presence of rp/2 sequences only in very low
amounts or the presence of distantly related sequences that hybridized under these conditions.
Attempts made to clone the 5' RACE products by colony screening experiments were
unsuccessful. Hence, a DNA titration experiment was carried out to estimate the level of mt rpi2
sequences in 5' RACE product mixture and a ratio of approximately 1:1000 molecules was
predicted. Tailing of cDNA extensions with dGTPs or adding linkers to the cDNA would enable
to a higher annealing temperature and could lead to increased specificity in PCR amplifications.

In addition, inverse-PCR experiments were carried out on the wheat nuclear DNA using
oligomers specific to mt rp/2 that were designed to amplify the flanking sequences (oligo # 19 &
7). Southern data had indicated a relatively small Hind III (2 kb) fragment containing rp/2 (data
not shown), hence wheat nuclear DNA was restricted with Hind III enzyme, circularized with
DNA ligase and used for PCR amplification. However, the inverse-PCR experiments on nuclear
DNA were not successful even though the amplification of the rice mitochondrial 7p/2 flanking
sequences by this approach had been successful (section 3.2.1.1). No PCR products were

obtained even when DNA size fraction corresponding to one of the copies instead of total DNA
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digests were used. The large size of the wheat hexaploid genomic DNA may have caused
difficuity in amplifying specific flanking sequences.

4.5 Characterization of the cytosolic ribosomal L2 coding sequences in the wheat nuclear
genome

Since all cytosolic ribosomal proteins are encoded by the nuclear genome it was important to
determine that the rp/2 sequences isolated from wheat nuclear DNA encode the mitochondrial L2
protein and not the cytosolic L2 one. The chloroplast rp/2 gene of wheat was not a concern
because it is located in the chloroplast genome and also in all plants examined (Doyle and Doyle.
1995). The tobacco. tomato and Arabidopsis cytosolic rpl2 sequences were available in the
databank, and tobacco was used to design oligomers since the mt arpf oligomers designed from
tobacco atpf had been successful in amplifying the wheat atpf8 cDNA. Wheat cytosolic rpi2
sequences were isolated using RT-PCR techniques on wheat total RNA using primers (oligo # 20
& 21) designed from tobacco cytosolic rp/2 sequences (Marty and Meyer, 1992). cDNA was
synthesized using a cytosolic rp/2 specific primer (oligo # 21) and an internal rp/2 primer from
wheat mt rpi2 (oligo # 1) was used in the PCR amplification and it gave a 635 bp product. The
PCR products were tested by Southern blot hybridization (probe: WPP3) and a colony screening
method was employed to isoiate the wheat cytosolic rp/2 clone and it was sequenced. The
tobacco and wheat sequences share 85% and 95% identity at the nucleotide and amino acid levels
respectively (Fig. 4.5). The mt and cytosolic 7p/2 sequences of wheat are highly divergent and
they can be aligned at the amino acid level only within a conserved carboxyl domain of
approximately 120 amino acids, where they share 38% identity. This contrasts with the 84%

identity between the rice mt L2 and the wheat L2 sequences derived from the nuclear-located mt



Figure. 4.5 Comparison of wheat and tobacco cytosolic rp/2 sequences and their derived
amino acid sequences

Wheat cytosolic rp/2 sequences (top) were compared with the complete tobacco cytosolic
rpi2 gene (bottom) (Marty and Meyer, 1992 Ac. No. X62500) at nucleotide and amino acid
levels. The percentage identity is indicated as boid letters at the end of the sequence. Changes in
nucleotides are indicated by bold letters and amino acids by underlined bold letters. The oligomer
used in the wheat cytosolic rp/2 cDNA (oligo # 21) synthesis and the oligomers used in PCR

(oligo # 20 & 1) are underlined.
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rpl2 (see Fig. 5.1). The above observation clearly indicates that the nuclear-located mt and
cytosolic pi2 are two distinct genes coding for different L2 proteins.
4.6 Expression of the wheat mt rpl2 sequences at different developmental stages

The expression of the wheat nuclear-located mt rpi2 gene at germinating embryo and seedling
stages was interesting to analyze since the rice mt rpi2 gene located in the mitochondrial genome
was shown to have higher 7p/2 mRNA accumulation in germinating embryos than 6 d seedlings.
Similarly, the expression of several other mt genes, for example wheat arp6 (Bonen, 1987) and
wheat nad7 (Carrillo and Bonen, 1997) differs between these developmental stages relative to
18S rRNA. Northern analysis of the wheat mt rp/2 gene was carried out on wheat poly A” RNA
isolated from germinating embryos and seedlings, which were loaded equaily based on cytosolic
rpl2 mRNA levels (Fig. 4.6.B). The hybridization experiment with the wheat cytosolic rp/2
sequences (WPP3) detected a 1.4 kb mRNA which co-migrates with rRNA breakdown products.
In addition, a non specific hybridization to rRNAs and its breakdown products were also observed
(Fig. 4.6.A). The mt rpi2 hybridization profile showed higher levels of stable transcripts (Fig.
4.6.C) in germinating embryos compared with etiolated seedlings whereas, cytosolic rpl2
transcripts are approximately equal in level at both stages. The wheat nuclear arp§ gene coding
for a mitochondrial protein also had a higher level of transcript accumulation (Fig. 4.6.D) during
germination than 6 d seedling stage. Similarly, it had been determined that the transcript
accumulation starts early on in seed germination and growth for certain chloroplast ribosomal
protein genes (spinach rps/, rps22, rpl21 and rpl40) located in the nuclear genome compared to
other nuclear-located cp genes like chlorophyll a\b-binding protein gene (reviewed by Mache et

al., 1997).
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Figure 4.6 RNA blot analysis of wheat mt rpl2, cytosolic rp/2 and mt afpf3 at germinating

embryos and seedlings

Wheat poly A" RNA isolated from 24 h germinating embryos (a) and 6 d etiolated seedlings (b)
were probed with wheat cytosolic rp/2 (635 bp WPP3) sequences (A), cytosolic rpl2 gene
specific oligomer (oligo # 21) (B), mt rpi2 copy | (WPP1) (C) and arpfi cDNA (WPP2) (D)
probes. Panel B, C and D are the same blot serially hybridized and the exposure time was the

same in all cases (3 days). Hybridizations were carried consecutively without stripping.
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4.7 Functional mitochendrial rpl2 sequences in the nuclear genome of rice

The low steady state levels of the rice mt-encoded rp/2 mRNA relative to certain other rice mt
protein coding genes (atp6 and nad4L) and differential accumulation at two developmental stages
(Fig. 3.7.B) raises questions about its functionality at different developmental stages and raises the
possibility of another copy in the nucleus. When the wheat nuclear-located mt rp/2 sequences
were used as probe (WPP1) under low stringency hybridization conditions (37°C). rice total DNA
showed two hybridizing bands for each restriction digest (Fig. 4.7.A). One of them (the lighter
band) corresponds to the mt copy and the other nuclear copy as confirmed by reprobing the
membrane with rice mt rp/2 sequences (Fig 4.7.B). To determine whether these mt rp/2 related
sequences are expressed. northern analyses were performed using wheat mt rp/2 sequences
(WPP1) in rice poly A" RNA. A non-specific hybridization to the rRNA (data not shown) was
observed. However. when the rice mt rp/2 5° exon sequences (650 bp) were used. a 1.7 kb
transcript was detected (Fig. 4.2.C) under low stringency conditions (37°C). The 1.7 kb signal is
expected to be specific to poly A™ transcripts since mt RNA hybridization with this probe showed
the mitochondrial signals of 3.5 kb and larger (5.0 kb and 7.0 kb) (Fig. 3.7.B probe 2) .

Because information about the rice nuclear-located mt rp{2 sequences could provide insight
into the mt rpl2 gene transfer event(s), attempts were made to isolate the rice nuclear copy. PCR
amplification experiments using wheat nuclear-located mt rp/2 specific primers (oligo # 17 & 18)
were carried out using rice total DNA as template, but the amplification of the mt copy apparently
impeded the amplification of the nuclear copy. To avoid the contaminating mt DNA, gel purified
nuclear DNA fragments (7.0 kb BamH1 and 5.0 kb EcoR1, see Fig. 4.7) corresponding to the

nuclear copy were used in PCR experiments but they did not give any specific amplification. In
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Figure. 4.7 Southern and northern analyses of rice nuclear-located mt rpl/2 sequences

A: Panel 1: Rice total DNA blot probed with wheat nuclear-located mt rp/2 copy 1
sequences (WPP1). The signal indicated by dots correspond to nuclear signal. The restriction
enzymes EcoR1 (E) and Bam H1 (B) used in the digestion are indicated at the top. The DNA size
marker is given at the left. Panel 2: Rice total DNA blot (A) reprobed with rice mitochondrial rp/2
sequences (RPP1). The additional faint signal corresponds to distantly related intron sequences
located elsewhere in the rice mt genome. Panel 3: Soybean total DNA blot ( EcoR1 (E) and
Sst1(St) probed with WPPI.

B: Rice total RNA and polyA™ RNA blot probed with rice mt rp/2 sequences (650 bp

S'exon). The faint signals in the total RNA lane corresponds to the migration position of rRNAs.
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addition, cDNA synthesis was attempted for the nuclear-located mt rpi2 copy of rice using poly
A” RNA. PCR and RT-PCR experiments were not successful in amplifying the nuclear copy. The

oligomers used in the PCR experiments may be too divergent to amplify the rice nuclear copy.
When tested in Southern hybridization experiments with rice total DNA. one of the oligomers
(oligo # 17) hybridized to many positions (data not shown) so that might have hindered specific
amplification in PCR experiments. Screening a rice cDNA or genomic library with the rice mt rp/2
cDNA sequences and PCR experiments with degenerate primers might be more appropriate to
obtain the rice nuclear-located rp/2 sequences.
4.8 Search for mt rp/2 sequences in the nuclear genomes of soybean and pea
The soybean and pea mt genomes lack rp/2 homologous sequences and Southern

hybridization results (Fig. 4.7.A panel 3) on total DNA indicated the presence of mt rp/2 related
sequences in the soybean nuclear genome. In an attempt to isolate these sequences. a soybean
nuclear DNA library (soybean var Resnick) from Clontech was screened with wheat nuclear-
located mt rp/2 sequences under low stringency (37°C) hybridization conditions. The a{verage
insert size in the library were 8-20 kb and the size of the soybean genome is approximately 1-2 x

10° bp (Goldberg, 1978) so that screening 7 x 10° clones should give the desired clone with 99%
confidence. Approximately a total of 8.8 x 10° lambda clones were screened in three different
experiments. In the first screening 2, 6 and 8 potential positives were identified and carried over
for the second screening. A single potential positive clone was identified in the second screening.
This clone was examined for mt rpi2 related sequences by subcloning the fragments, which
showed hybridization to the nuclear-encoded wheat mt rpi2 sequences. However, the sequences

turned out to have no homology to rpi2 but to be identical to E. coli sequences (Ac. No. U14003



91

sequences from chromosome K12). The transferred mt rpl2 sequences may be too divergent
between a monocot and dicot plant to be easily detected by hybridization. Similarly. genomic
screening experiments to find the mt 7ps2 gene in the Arabidopsis nuclear genome using wheat
mitochondrial sequences were not successful (Vaitlingom et al.. 1998).

Preliminary Southern data on pea nuclear DNA indicated the presence of mt rp/2 related
sequences (data not shown). Attempts were made to screen a pea cDNA library (Clontech) that
was available in our lab using PCR amplification methods. The total pea cDNA pool ligated into
lambda vectors was used as a template to amplify the mt rp/2 sequences using wheat nuciear-
located mt rpi2 specific oligomers (oligo # 17 & 18) in PCR experiments. A single PCR product
(400 bp) was amplified. but when it was directly sequenced it turned out to be vector sequences.
4.8.1 PCR experiments to obtain the mt rpl2 gene from soybean total DNA or cDNA

Soybean, unlike rice. does not have any rp/2 sequences in the mt genome. hence low
stringency conditions can be used for PCR amplification experiments. PCR and RT-PCR
amplification techniques were tried on both soybean nuclear DNA and ¢cDNA. Rice mt rp/2
primers (oligo # 1 & 3) as well as primers specific to the wheat nuclear-located mt 7p/2 sequences
(oligo # 17 & 18) were used. Low stringency temperatures (10°C lower than T, of the primers) in
PCR experiments led to the amplification of many nonspecific products that did not hybridize to
wheat rpi2 sequences in Southern experiments and no amplification was observed at higher
temperatures including the temperature for successful wheat nuclear rp/2 amplification.

Soybean sequences corresponding to the oligomer positions might be too divergent from the
wheat mt rpi2 to be amplified in PCR experiments even though selected regions of higher

conservation were detected by Southern experiments. The nuclear-located mt cox/I genes in the
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dicot species soybean and cowpea belonging to the same family (Fabaceae) share 87.5%
nucleotide identity which was sufficient for obtaining the soybean nuclear copy by screening
(Covello and Gray, 1992). The wheat nuclear-located and rice mitochondrial-located mt rp/2
copies share 70% identity over 600 bp, however. the oligomer regions might have had higher
identity leading to the amplification of the wheat nuclear copy.

In summary. the nuclear genome of wheat has multiple copies of rp/2 sequences of
mitochondrial origin. These DNA sequences detect an abundant poly A~ mRNA suggesting that at
least one copy represents a functional gene. An RNA-mediated gene transfer is predicted. since
the nuclear sequences lack an intron corresponding to the one in the rice ms rp/2 gene. The rice
nuclear genome also has a single copy of transcribed mt rp/2 related sequences in addition to the

functional mt copy.
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CHAPTERSS

COMPARATIVE SEQUENCE ANALYSIS OF MITOCHONDRIAL L2 PROTEINS
5.1 Phylogenetic analysis of L2 ribosomal proteins

The L2 protein is one of the few ribosomal proteins that is sufficiently conserved for
homologues in all three cellular compartments (chloroplast, mitochondrial and cytosol) to have
been identified and also in all lineages of organisms examined (from eubacteria. archaea and
eukarya). A conserved carboxyl domain of 18 amino acids corresponding to E. coli L2 protein
positions 220-237 is a diagnostic characteristic of the L2 family of proteins (Marty and Meyer et
al., 1992). A phylogenetic analysis of L2 sequences from different compartments and organisms
was carried out taking advantage of our knowledge of the evolutionary history of species to
examine whether the mode of evolution of mitochondrial L2 proteins was in agreement. The
organellar genes included in the analysis are the chloroplast rpi2 of rice and tobacco and the
mitochondrial-located rp/2 genes of a protist (Reclinomonas americana), liverwort and rice as
well as the nuclear-located yeast, wheat and Arabidopsis mt rpl2 sequences. In addition. the
cytosolic rpl2 genes of wheat, Arabidopsis and yeast, the archaeal (Methanococcus jannaschii)
rpl2 and the bacterial (E. coli) rpi2 were also included in the analysis. The rice mt. wheat mt and
wheat cytosolic L2 sequences were characterized in this work and the rest were retrieved from
the Genbank/EMBL databases. The cDNA sequences reported for the Arabidopsis L2 protein as
a databank submission were very short (Fig. 5.1) but included an AUG codon (see details below).
Representatives of both monocot and dicot plants in each compartment were included in the
analysis for comparing the available nuclear-located mt rp/2 sequences of a monocot (wheat) and

a dicot (4rabidopsis) and eubacterial, protist and fungal sequences were also included. A 115
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Figure 5.1 Comparison of L2 sequences within the conserved carboxyl terminus from
different organisms

The carboxyl-terminal sections of L2 proteins (approximately 150 a.a) from mitochondria

(mt), chloroplast (cp) and cytosolic (cy) compartments were aligned. The location of the gene.
that is nuclear (N), mitochondrial (m) and plastid (P) are indicated. The name of the sequences:
their accession number; and coordinates used in the analysis are indicated in brackets for all
sequences analyzed. Wheat (W-mt-L2 Fig 4.2.B 71-213), rice (R-mt-L2- D78336, 315-467).
liverwort (L-mt-L2- P26859, 312-468), Arabidopsis (A-mt-L2- S49579, 1-122), yeast (Y-mt-L2-
S30827. 180-346). Reclinomonas americana (Ra -mt-L2- 021247 94-239), chloroplast L2 of
tobacco (T-cp-L2-P06379, 88-231), rice (R-cp-L2-P17351, 88-231), cytosolic L2 of
Arabidopsis (A-cy-L2-1173018 61-211), Wheat (Fig. 4.5. 61-211), yeast (Y-cy-L2-§50243, 61-
211), Methanococcus jannaschii (Archaea-1L2-D64322,62-210) and E. coli (E. coli-L2-P02387,
90-233). Asterisks indicate the conserved positions among all of the sequences positioned above
the asterisk. The mitochondrial, chloroplast & bacterial, archaeal and the cytosolic L2s are
separated categorically to illustrate their relative similarities to the mt proteins. The a.a residues
corresponding to oligomer # 1 in wheat mt and cytosolic L2 are underlined. The arrows indicate
the region used in the phylogenetic tree construction. The rice and wheat mt and wheat cytosolic
L2 sequences are from this work and the rest retrieved from Genbank/EMBL entries. Their

accession numbers are given in Appendix 5.
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amino acid sequence positioned near the carboxyl terminus of the L2 protein was chosen for the
analysis because it is the only region that can be accurately aligned between cytosolic and
organellar L2 derived proteins (Marty and Meyer, 1992). The wheat nuclear-located mt rpl2 copy
I sequences were used since the sequenced region was longer than for copy II. Alignment of
sequences was performed using the ClustalW program and then minor adjustments by visual
inspection. The L2 protein alignment is shown in Fig. 5.1 and a subset of 115 aa was used in
constructing unrooted distance matrix phylogenetic trees of L2 sequences using the Fitch and
neighbor joining methods in PHYLYP (Felsentein. 1993) and PUZZLE programs. The numerical
values for percentage amino acid identity between pairwise comparisons of the L2 and S12
sequences used in the analysis are given in matrixes in Table 4 and 5 respectively. Although the
use of a relatively short sequence (115 a.a) and specific region (conserved carboxyl terminus) of
the protein is less preferable than fuller information, there are examples of even shorter ribosomal
proteins of less than 100 amino acids (S17, S19) which have given phylogenetic trees comparable
to the larger proteins (Muller and Whitman-Labeled. 1997). Similarly, conserved regions of other
ribosomal proteins such as S10, S12 and S7 have given the same topology as that of the full
length ribosomal proteins (Muller and Whitman-Labeled. 1997).

The conventional phylogenetic analysis where such data can be used to estimate relative
divergence times of different species makes the assumption of a constant molecular clock over
time, although this may not actually be the case. This analysis of plant mitochondrial L2 proteins
has some representatives which have been transferred to a different compartment (nucleus) during
evolution. In the new environment, it is expected that there will be an adaptation period of

accelerated evolution, as proposed for the nuclear cox2 gene in legumes (Nugent and Palmer.
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1991) and in the nuclear rps/2 in Oenothera (Grohmann et al., 1992). In addition, the nucleotide
substitution rates of nuclear compartment is estimated to be approximately 12 times higher than
the mitochondrial compartment at synonymous substitution positions (Wolfe et al., 1989). Hence.
the phylogenetic tree of the mt L2 proteins is expected to reflect these two potential factors that
may have an influence on the branching pattern and length.

The phylogenetic trees constructed using different programs show similar topology with
minor differences (Fig 5.2). It is clear that proteins from chloroplast and cytosolic compartments
each form coherent and well resolved non-overlapping phylogenetic domains compared to
mitochondrial L2 proteins. The chloroplast L2 proteins, E. coli L2 and the Reclinomonas mt L2
share approximately equal percentage identities between each other which is reflected in all
treeing methods as nearly equal nodal distance between these units. The number of substitutions
observed between the organellar and eukaryotic type cytosolic proteins may have reached the
saturation point which is shown by the PUZZLE tree as unresolved nodes for E. coli, cp, cytosol
and R. americana L2 proteins. The neighbor joining and Fitch trees have a different branching
order for the Reclinomonas sequence. The Fitch tree groups the mitochondrial type proteins
together. whereas the neighbor joining tree is consistent with the organismal phylogeny of protists
branching off early within the eukaryotic lineage, that is relatively close to the eukaryotic and
eubacterial split (Roger et al., 1999).

The eukaryotic-type cytosolic L2 proteins present in yeast and wheat share a higher identity of
68% than their mt counterparts which show only 49%. The greater divergence may reflect
independent gene transfer events in lineages leading to wheat and yeast. The branching order of

wheat and rice mt L2 proteins clearly indicates that they are closely related even though their
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Figure 5.2 Phylogenetic trees of L2 protein sequences
L2 phylogenetic trees using Fitch (1) Neighbor joining (2). and PUZZLE (3) methods. A 115

amino acid region indicated by triangles from the conservative carboxyl-terminus of different L2
proteins was used to construct unrooted distance matrix phylogenetic trees. The sequence
alignment is shown in Fig. 5.1 Numbers at the nodes are bootstrap values based on 100
replications. The accession numbers of the sequences used in this tree are given in Appendix 5.
The scale for the branches are given below and note that they are different between trees. The
different sequences used are from rice (ri), wheat (wh), liverwort (li), Oenothera (Oe), yeast (ye).
tobacco (to), Reclinomonas americana (Ra), Arabidopsis (Ar), from mitochondrial (mt),
chloroplast (cp) and cytosolic (cy) compartments and from Methanococcus Jjannaschii (Arch) and

E. coli.
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Table 4 pairwise amino acid identities between L2 sequences of different organisms and
compartments used in the phylogenetic analysis

W-mt
R-mt
A-mt
L-mt
Y-mt
Ra-mt
T-cp
R-cp
Meth
E. coli

A=y
Y-cy

W-mt
100
84.1
62.6
69.1
48.7
50.5
52.4
51.5
43.0
4.9
38
39.8
41.2

R-mt

100

65.4
76.6
50.0
51.5
49.5
48.5
43.0
47.7
39.8
41.7
4.7

A-mt

100

60.6
524
51.9
51.0
48.6
41.5
4.9
36.7
36.4
389

L-mt

100

49.1
57.8
47.1
46.2
46.8
46.1
39.4
40.9
42.2

Y-mt

100

51.2
49.0
50.0
36.8
49.0
36.6
35.7
37.4

Ra-mt

100

517
50.0
42.2
47.0
372
374
35.2

T<p R-cp Meth Ecoli

100

92.1
41.7
49.1
347
35.6
36.9

100

40.0
48.2
35.6
36.4
377

43.7
52.1
53.4
49.6

100

419
419
393

W-cy Ay Yoy

83.7 100
67.8 667 100

L2 protein sequences of mitochondrial (mt), chloroplast, (cp), cytosolic (cy) compartments from

wheat (W), rice (R), Arabidopsis (A), Oenothera (O), tobacco (T), liverwort (L). yeast (Y),

Reclinomonas americana (Ra), Methanococcus jannaschii (Meth) and E. coli were used. The

length of different L2 sequences compared here are approximately 115 amino acids. The

accession numbers are given in Appendix 3.
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genes are located in different compartments. The rice mt L2 has a shorter branch length compared
to wheat which is in congruence with the slower evolution rate in plant mt genomes than in
nuclear genomes (Wolfe et al., 1989). The mitochondrial L2 proteins of the monocots, rice and
wheat share 84% identity. In contrast those from the chloroplast and cytosol compartments share
approximately 90% identity between a dicot and monocot and this is are reflected as a long
branch length between rice and wheat in contrast to shorter branches between monocot and dicot
in cp and cytosol counterparts. This may be due to the accelerated evolution expected in the
transferred genes immediately after a change in compartment. The wheat mt L2 protein is
encoded by a nuclear gene which has been transferred from the mitochondrion relatively recently.
In the nucleus, the transferred gene must acquire sequences for its expression and it has to adapt
to the nuclear transcription and translation machinery, hence it may undergo a period of rapid
evolution immediately after transfer. The branching order of wheat and rice L2 in relation to
liverwort is keeping with the traditional concept of plant phylogeny (Cho et al., 1998).

The Arabidopsis L2 sequences were obtained from an unpublished databank entry (Accession
No. S49579) which contains only 169 amino acids with a stretch of 150 amino acids related to [.2
sequences in contrast to the 500 amino acids for plant mt L2 proteins situated in the mt genome.
A lower amino acid identity is shared between wheat and Arabidopsis L2 (63%) than wheat and
liverwort L2 (69%). so that the Arabidopsis nuclear-encoded L2 sequence branches earlier than
that of the mt-located liverwort L2 in all three L2 phylogenetic trees (Fig. 5.2). The branch length
of Arabidopsis 1.2 sequence is also very long compared to those of liverwort and wheat. The
nucleotide substitution rate which is expected to be approximately twelve times higher in the

nuclear compartment relative to the mt compartment (Wolfe et al., 1989) can not completely
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account for the divergence of Arabidopsis L2, since wheat mt L2 is also encoded by a nuclear-
encoded gene. The cytosolic genes are eukaryotic type derived from the genome of the host cell
(protoeukaryote) and they are in the nucleus from the time of eukaryotic cell development
whereas the mt L2 proteins are eubacterial type transferred to the nucleus. An escalated evolution
rate immediately after the transfer of a gene to a nucleus is the most likely reason for the
divergence observed between Arabidopsis and rest of the mitochondrial members. Besides. two
independent gene transfer events may also show changes for a transient period of time. The
integration sites of independent transfer events would be different, relating to the sequence
context in the new environment. The transferred gene could have gained or lost certain domains
that have a different substitution rate because they may be under different functional constraint
than L2. For example, in Arabidopsis, the transferred mt rps/9 gene has acquired sequences from
an RNA binding protein (Sanchez et al., 1996). It is also known that long branches in a
phylogenetic tree can cluster together giving false representation of the topology (Moreira et al.,
1999). Hence, it is possible that certain long branches in the tree, such as those of yeast and
Arabidopsis 1.2 proteins were drawn together artefactually.

The highly divergent nature of the Arabidopsis nuclear-located sequences raise some other
possibilities. A new functional constraint is likely since the Arabidopsis sequences do not have the
plant mt specific L2 inserted sequences. It is possible that an additional copy is present in the
Arabidopsis nuclear genome which may be responsible for the protein functioning in the
ribosome. In addition, the truncated mt copy in the mt genome which is transcribed and spliced
may produce a protein corresponding to the amino terminal region and the carboxyl terminus of

the protein by the nuclear copy. Nonetheless, the mt and nuclear sequences together would not
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constitute a complete protein because an internal 50 amino acid stretch would be missing. These
internal 50 amino acid sequences are present in both copies of the wheat nuclear- located mt rp/2
sequences. Regardless of the unusual nature of Arabidopsis 1.2 protein, the accelerated rate of
evolution and multiple independent transfer events appear to be important factors in explaining
the high divergence of mt rp/2 genes located in the nuclear genome.
5.2 Prediction of time of rp/2 gene transfer to the nucleus

According to the molecular clock hypothesis, genes that are under similar functional
constraint accumulate nucleotide substitutions at an approximately constant rate in all
evolutionary lineages (Li and Graur, 1991). The molecular data for the available mt rp/2
homologues of rice and wheat located in different compartments may theoretically be used to
predict the divergence time if we take into consideration the differences in substitution rate
between compartments and the apparent accelerated rate of evolution upon transfer. A time
estimation was carried out for the wheat nuclear-located rp/2 sequences considering just the
change in substitution rate between compartments using the formula T=K/2r where T is
divergence time, r is rate of nucleotide substitution per site per year and K is number of
substitutions per site. Between wheat and rice, the number of substitutions per synonymous site
was estimated to be approximately 1.46 and the number of substitutions at the nonsynonymous
sites was 0.2 using the Li 93 program (Li, 1993). The synonymous nucleotide substitution rate of
approximately 6x 10 substitutions per site per year which corresponds to the average rate of
plant nuclear genes (Wolfe et al., 1989) was used in the calculation. The divergence time of these
sequences were therefore estimated to be approximately 120 Myr, that is after the divergence of

monocots and dicots which is approximately 200 Myr, but before the divergence of lineages
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leading to rice and wheat which is 70 Myr as estimated by Laroche et al., (1995). Considering an
initial burst of evolution when the gene is transferred to a new compartment, 120 Myr may even
be an overestimate. The wheat mt rp/2 gene transfer event could have happened relatively
recently or immediately after the split from lineage leading to rice. In that case the rpi2 sequences
in the rice nuclear genome would be the result of an independent transfer event. Accordingly, the
presence of a rice mitochondrial copy may suggest that the gene transfer in rice is very recent and
the mt copy is yet to be inactivated. On the other hand, if there was a single transfer event, the
rice mt copy might also have been maintained for specialized functions.

In addition, the available information for mt rp/2 genes from this study is consistent with
nuclear copies in both monocots and dicots. This can suggest two possibilities, either a single
event before the monocot-dicot split or multiple independent events within different lineages.
Multiple independent events appear more likely at this time because the Arabidopsis and wheat
nuclear sequences show a very high degree of substitutions.

Data on the location of homologous genes in different compartments and phylogenetic
analyses have been used as a tool to predict the possible time of gene transfer in several other
cases. For example, for the cowpea mt cox2, transfer to the nuclear genome was predicted to be
60-200 Myr (Nugent and Palmer, 1991). In the L2 comparative analysis, additional flowering
plant mt L2 sequences encoded by either mitochondrial and/or nuclear genomes would provide
information on the evolution rate between L2 proteins located in both genomes which may help
understand the evolutionary pressure or constraint on mt L2 sequences in different compartments.
5.3 Rapid evolution of the mt rp/2 gene in comparison to the mt rpsi2

To gain further insight into whether the mode of evolution of the L2 protein is similar to that
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of other ribosomal proteins, a comparative analysis was carried out using another mt ribosomal
protein S12. The mt S12 protein was selected because both .2 and S12 proteins are located in the
mt genome of liverwort and rice, and in each case they share 77% identity suggesting rather a
similar evolution rate. There is also a nuclear-located mt rps/2 gene in Oenothera (Grohmann et
al., 1992) available for comparison. The size of S12 (125 a.a) is comparable to the length of the
L2 sequences used in the above comparative analysis, both have a common function and they bind
to each other in the functional ribosome (Wittman, 1983). Although the mt rps/0 (Wischmann
and Schuster, 1995) and rps/] (Kadowaki et al., 1996) genes are located in the nucleus in
Arabidopsis and rice respectively, there is very little sequence information for mt copies from
different plants. In wheat, the gene coding for the S12 protein is in the mt genome whereas the mt
rpi2 gene is in the nucleus. This allows us to compare the evolution of rp genes in different
compartments.

The amino acid alignment of different S12 proteins used in the phylogenetic analysis are given
in Fig. 5.3 and the pairwise comparisons of mt S12 proteins are given in Table 5. When the genes
are located in different compartments a dramatic difference is observed in the percentage identity.

The wheat mt S12 protein shares 99% identity with rice, whereas the L2 protein shares only
84% identity. This observation may partly be due to the difference in substitution rates between
compartments (nucleus vs mitochondria). Analogously, a 78% identity between wheat and
liverwort S12 proteins, in contrast to just 69% in L2 was also observed. The synonymous and
nonsynonymous substitution rates of plant nuclear genes are approximately 12 and 6 times higizer
respectively than for mt genes (Wolfe et al., 1989). Moreover an accelerated evolution is expected

when a mt gene is transferred to a new compartment as discussed earlier.
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Figure 5.3 Comparison of S12 sequences used in the phylogenetic analysis

S12 proteins from mitochondria (mt), and chloroplast (cp) compartments were aligned. The
Oenothera and yeast mt proteins are encoded by nuclear genes while the rest by genes in the mt
genome. The names given for sequences in the alignment and their accession number are given in
brackets. Wheat mt S12 (W-mts12; P10851), rice mt S12 (R-mts12; P28520), liverwort mt S12
(L-mts12; P26871), petunia mt S12 (P-mts12; P49195) Reclinomonas mt S12 (Ramts12;
AA]11866), yeast mt S12 (Y-mts12; P53732), Oenothera mt S12 (O-mts12; Q01607), E. coli S12

(E. coli s12; P02367), rice cp S12 (r-cps12; P12149) and tobacco cp S12 (t-cps12; R3INT12).
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Figure 5.4 Phylogenetic trees of S12 protein sequences

S12 phylogenetic trees using Fitch (1) and neighbor joining (2), and PUZZLE (3) methods.
The mitochondrial and nuclear-located genes coding for the mt S12 ribosomal protein,
chloroplast, cytosolic and E. coli S12 were used in the analysis to construct unrooted distance
matrix trees. Numbers at nodes indicate the bootstrap values. The accession numbers of the
protein sequences are given in Appendix 5. The different sequences used are rice (ri), wheat (wh),
liverwort (li), Oenothera (Oe), yeast (ye), tobacco (to), Reclinomonas americana (Ra),
Arabidopsis (Ar), Petunia (Pe) from mitochondrial (mt), chloroplast (cp) and cytosolic (cy)

compartments and E. coli.
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Table 5§ Pairwise amino acid identities between S12 sequences of different organisms and

compartments used in the phylogenetic analysis

W-mt
R-mt
P-mt
L-mt
O-mt
Y-mt
Ra-mt
T.cp
R-cp
E. coli

W-mt
100
99.2
91.1
78.0
85.2
56.8
58.1
593
56.9
56.9

R-mt

100

90.3
77.2
85.2
56.0
57.3
58.5
57.9
56.9

P-mt

100

78.9
88.3
56.5
58.9
56.9
56.9
59.3

L-mt

100

81.8
61.5
65.4
64.5
62.6
61.8

O-mt

100

55.8
59.8
61.5
59.8
59.8

Y-mt

100

59.2
55.4
56.1
58.4

Ra-mt

100

68.2
64.3
66.7

T-p R-cp E. coli

100
88.6 100
72.8 68.8 100

S12 protein sequences of mitochondrial (mt), chloroplast, (cp), cytosolic (cy) compartments from

wheat (W), rice (R), Arabidopsis (A), Oenothera (O), tobacco (T), Petunia (P), liverwort (L),

yeast (Y), Reclinomonas americana (Ra) and E. coli were used. The length of different S12

sequences compared are approximately 125 amino acids. The accession numbers are given in

Appendix 5.
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In the phylogenetic tree comparisons (Fig. 5.4), even though the percentage identity of L2 mt
and nuclear sequences (84%) and S12 mt and nuclear sequences (85%) were approximately same
they (Fig. 5.2) have different branch lengths compared to other mt proteins suggesting a
difference in the evolution rate. In contrast, the topology of chloroplast protein branches are
similar in both S12 and L2 phylogenetic trees as expected. When the topology of just the
mitochondrial S12 and L2 are examined, the plant mt S12 proteins are seen to cluster more tightly
than do L2 proteins. For example, the wheat and rice mt S12 share 99% identity and their
branches are not resolved, and the dicot petunia which shares 91% identity with wheat also has a
very short branch suggesting that the mt S12 is a highly conserved protein. In addition, the
branches leading to chloroplast nodes are shorter in S12 than L2 suggesting that eubacterial type
S12 protein are conservative.

L2 proteins are constrained enough to detect the protein homologues in all lineages (Fig. 5.1)
whereas S12 cytosolic partners have not been identified in the completely sequenced yeast nuclear
genome or in other eukaryotes. The cytosolic protein which is named as S12 in Xenopus and yeast
actually has no detectable homology to the E. coli counterpart (Seery et al., 1994). The
differences observed between branch lengths of yeast mt counterparts of L2 and S12 are in

| keeping with the rapid evolution of the mt L2 especially when both genes have been transferred to
the nucleus during early endosymbiosis. The amino acid identity observed between R. americana
mitochondrial S12 and E. coli S12 is 66% identity whereas only 50% was observed in L2 between
them which was reflected in the branching order. The overall topologies of the trees with regard
to protist, fungal and plants are as expected. In summary, the evolution of the mitochondrial-type

L2 regardless of the compartment where the gene is located, appears to be rapid compared to
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S12 even though the L2 family of proteins as a whole are conserved. Hence the absence of mt
rpi2 or pseudogene nature of the mt genome can very well correspond to a functional gene in the
nucleus.

5.4 Codon usage pattern of the wheat nuclear-located mt 7p/2 gene in comparison with
other wheat mitochondrial and nuclear genes of wheat

The “genome hypothesis” proposed by Grantham et al. (1980) postulates that genes in any
given genome use a similar coding strategy with respect to choices among synonymous codons. In
addition, selection for translation efficiency may also play an important role in the choice of
synonymous codons (Sharp et al., 1988). The wheat mt rp/2 gene has been transferred from the
mt genome to the nuclear genome. The change in compartment suggests an evolutionary pressure
on the gene to switch over to the optimal type of codon usage pattern for translation in the
cytoplasm. The chloroplast genes that were transferred to the nucleus during early endosymbiosis
show a codon usage pattern of nuclear genes rather than genes encoded by the cp genome (Oliver
et al., 1990).

To get more insight into the evolution of the transferred-wheat mt rp/2 gene with regard to
codon usage pattern, a comparative analysis was carried out using the codon usage pattern of
other wheat mt- and nuclear-located genes of wheat. Available wheat mt rp genes and respiratory
protein genes (as of October, 1998) were included in this analysis for a total of approximately
5500 codons. The mt genes were categorized into respiratory chain and ribosomal protein genes
based on their function. However, no difference was observed for the two categories of the mt
genes (Table 6). The nuclear genes totaling 6100 codons were divided based on the compartment

to
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Table 6. Codon usage pattern of the wheat nuclear-located mt rp/2 gene in comparison to

wheat mt and nuclear genes

Genes

Wheat nuclear genes G
cytosolic proteins 23.4
mitochondrial proteins 243
chloroplast proteins 29.0
Wheat mitochondrial genes

respiratory chain proteins 13.8
ribosomal proteins 18.1

Wheat mt rp/2 (nuclear) 30.5

Third position of codons %

C
322
37.7
50.2

20.7
16.8

40.5

A
17.3
14.2
7.2

29.3
31.2

15.3

27.1
23.8
13.7

36.2
34.0

13.7

Overall GC content

of genes
AT GC
58.0
344 65.6
48.5
654 34.7
289 711 61.0

The names and accession numbers of the genes used in the analysis are given in

Appendix 6. The codon usage table is given in the Appendix 7. Wheat nuclear genes are

categorized according to the compartment to which the proteins are targeted and the mt genes

according to function.
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which their products are targeted (chloroplast ~1400 codons, mitochondrial ~1500 codons and
cytosol~ 3300 codons). The chloroplast-targeted protein coding genes showed a difference in
their codon usage pattern compared with mt specific nuclear genes (Table 6) in that the
percentage of codons ending with A or T in mt genes is 38% in contrast to only 20% for cp
genes. Unlike wheat, maize nuclear genes do not show any discrepancy in their codon usage
pattern between genes coding for the mitochondrial and chloroplast proteins (Fennoy and Bailey-
Serres, 1993). This suggests a species-specific variation for codon usage pattern in these plants.
The whole set of all three types of wheat nuclear genes tends to show a preference for codons
with G or C in the third position (66 %) compared with genes in the mt genome which have a bias
(65%) for A or T at the third position of codons. Similarly, analysis of maize nuclear genes also
has revealed that 40% of the variation in codon usage were due to bias towards the GC third
position versus AT (Fennoy and Bailey-Serres, 1993) when nuclear genes specifying proteins for
all three compartments were considered as a unit. The GC content of the wheat nuclear genes is
found to be 58% in the analysis whereas the mt genes has 49% which may have influenced their
codon preferences. The cp-encoded genes in higher plants typically do not show a strong codon
bias (Mortan, 1998) with some exceptions such as the psb4 and rbcL genes. The mt rpi2
sequences that are located in the nucleus have a codon usage pattern similar to the nuclear genes
(Table 6) suggesting the adaptation of the transferred genes in the new environment. This
observation is consistent with the nuclear type codon usage observed for transferred cp genes
(Oliver et al., 1990). However, these cp genes appear to have been transferred very early on in
evolution at the time of plastid origin (Palmer and Delwiche, 1996) unlike the wheat mt rpi2

which has been predicted to be relatively recent. This suggests that the mode of evolution of the
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transferred genes and the degree of selective constraints in the nuclear environments have led to a
codon usage pattern similar to the nuclear genes. This is in agreement with the transferred genes

adapting to the new environment to express and target the protein back to mitochondrion.



CHAPTER 6
GENERAL DISCUSSION

6.1 Hypothetical steps in gene transfer from the mitochondrion to the nucleus

The transfer of a functional mt gene to the nucleus during evolution is expected to proceed
through specific stages as inferred from various lines of evidence. A hypothetical model is
depicted in Figure 6.1 In plants, mt gene transfer to the nucleus appears to be an ongoing
evolutionary process unlike animal and fungal systems, where the use of non-universal genetic
codes for mt genes precludes functional gene transfer (reviewed by Bonen, 1998). The random
breakage of mitochondrial membranes could lead to the movement of genetic information in the
form of DNA or RNA or reverse transcribed cDNA molecules and subsequent integration into the
nuclear genome. The movement of mt genetic material can be theoretically tolerated, since
numerous copies of mt genomes are present in each mitochondria as well as many mitochondria in
every cell. However, it is presumably a rare event when compared to the early endosymbiotic
period, since mitochondria are well established with specific function in the eukaryotic cell.
Theoretically, the enormously large size of the plant nuclear genome and the presence of extensive
amount of non-coding sequences can easily accommodate mt DNA integrations. On the other
| hand, integrated sequences are found to be only activated if they are integrated in transcribed
regions of the genome possibly because of the higher probability of acquiring expression
sequences to achieve nuclear transcription, cytosolic translation and import of the protein into the
mitochondrion. During this period, the mt copy must remain active and produce the functional
protein. Once the nuclear copy is “activated” and it performs equivalent to the original mt copy

the possibility of gene inactivation is theoretically equal in both genomes. The rapid
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Figure 6.1 Hypothetical steps in functional gene transfer from the mitochondrion to the
nucleus
Panels A,B,C and D depict various stages of a gene transfer event.
A: Presence of a functional mt gene in the mt genome. Although multiple copies of DNA
and RNA are present in the mitochondrion only one is shown here for simplicity.
B: A transferred mt gene is integrated into the nuclear genome and the mt copy is still
active in the mt genome. The nuclear copy can either be activated or degenerated based on the
acquisition of sequences responsible for its expression.
C: Activation of the nuclear copy is followed by the loss of function in the mt copy which
can occur either by point mutation or truncation and deletion caused by DNA rearrangements.
D: Complete loss of the mt copy after the activation of the transferred nuclear gene.
In the figure, different sized ellipses represent the cell, the mitochondrion with cristae and the
nucleus. The black block represent a gene. The wavy line on the top of the blocks indicate the

RNA.
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rearrangements occurring in the mt genome may be one reason for more frequent
degeneration of mt genes than nuclear ones. In addition, the control and regulation of a gene may
be more advantageous in the nuclear genome than in the mitochondrion.

In this project, the status of the mt rp/2 gene was examined in both the mt and nuclear
genomes of several different plants (rice, wheat, soybean and pea) to gain knowledge about the
mode of production of the L2 protein and the effects of gene migration to the nucleus in flowering
plants. In wheat, the mt genome has only a rpl/2 pseudogene and the transferred mt rpi/2
sequences in the nuclear genome are found to be actively expressed. In contrast, the rice mt
genome has an intact rpl/2 gene which is found to be transcribed at low levels with a complex
transcript profile. In addition, a single copy of the mt rpi2 related sequences were detected in the
rice nuclear genome and corresponding stable poly A" transcripts by hybridization experiments.
The soybean and pea mt genomes do not have any rpi/2 sequences but related sequences were
detected in the soybean nuclear genome by Southern analysis. The location and expression of mt
rpi2 sequences in these plants illustrate certain of the hypothetical evolutionary steps involved in a
functional gene transfer event.

6.2 Mechanisms of functional gene transfer and adaptation

Inactivation of a mitochondrial gene can occur if the gene is not constrained to produce the
functional protein, for example if an active copy is present elsewhere in the mt or nuclear genome.
The co-existence of a functional mt gene and truncated copies is observed occasionally in mt
genomes (eg. wheat cox2; Bonen et al., 1984). However the presence of only a pseudogene or the
absence of a mt gene in comparison to other plant mt genomes is consistent with the presence of a

nuclear copy having been transferred from the mt genome and this has been observed in several
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instances (Table 2).

The wheat mt rp/2 homologous sequences that have been identified in the wheat nuciear
genome are believed to be transferred mt sequences based on their similarity (70% and 69%
identity at both nt and amino acid levels respectively) to the rice mt rp/2 gene located in the mt
genome and they do not have an intron at the corresponding rice rpi2 site, hence they are believed
to be transferred via an RNA intermediate. The nuclear-located mt ps/0 gene of Arabidopsis
(Wischmann and Schuster, 1995) also does not have an intron corresponding to the position in
potato mt rps/0 (Zanlungo et al., 1995). RNA editing information in plant mt transcripts can also
be used for identifying the mode of gene transfer since there is no evidence for the presence of
RNA editing machinery for the nuclear genes. Unlike DNA-mediated transfers, ones that involve
RNA intermediates lead to functional nuclear genes, since they have the complete coding region
that is spliced and edited. However the transferred mt sequences must be modified to a certain
extent during the process of gene activation in the nuclear genome.

The wheat mt rpi2 transcript size is consistent with the absence of a portion of the mt rp/2
counterpart. This suggests a possible deletion of rp/2 sequences during or after transfer. Because
northern hybridization experiments using the rice mt rp/2 5' sequences which are not present in
the isolated wheat nuclear rp/2 sequences detected transcripts of the same size, a deletion in the
plant specific 7pi2 inserted sequences is predicted. Moreover, the N-terminal region of the L2
protein has a conserved region that binds to the peptidyl transferase center studied from bacterial
system (E. coli L2, 5-186 amino acids; Olson et al., 1991), so that a loss of the 5’end of the gene
may not be tolerated unless there is a separate gene present in the nuclear genome that codes for

N-terminal protein sequences. The nuclear-located mt rpi2 sequences of Arabidopsis were
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sufficient only to code for 150 amino acids in contrast to S00 amino acids for the plant mt L2. In
this regard, the nuclear-located mt rps!9 gene of Arabidopsis encodes a short protein with a
deletion of 15 out of 95 amino acids in comparison to the mt encoded S19 of rice (Sanchez et al.,
1996). This suggests that deletions which are not detrimental to the function of the gene could
happen during or after the transfer of a mt gene to the nuclear compartment. The mt L2 specific
inserted sequences are highly divergent (33% between rice and liverwort) and they may have a
different functional constraint such as a non-translatory role specific to plants. In addition, a
specific function may be attributed to the inserted sequences present in plant mt L2 proteins since
they have been conserved between nonvascular and flowering plants over ~400 Myr but not
present in Reclinomonas mt and E. coli L2 proteins. In addition, the presence of at least part of
the plant mt L2 specific sequences in both copies of the nuclear-located mt rpi2 in wheat suggests
a potential role for them in the ribosomal function. However, they are divergent and there are
insertions and deletions observed between the two nuclear copies and between rice mt rpi2
sequences. Similar deletions in triplets were observed in the nuclear-located Arabidopsis mt rps!10
in comparison to the potato mt copy (Wischmann and Schuster, 1995). These amino acid changes
may favor the protein in folding and/or transport of the protein through mt membranes which is in
keeping with the idea of an accelerated evolution of the transferred sequences.

Additional functional domains besides the mt target signals could also be added to the
transferred mt genes as observed in Arabidopsis rps19 (Sanchez et al., 1996). An RNA binding
domain is attached to its N terminus which has been proposed to replace the function of S13.
Similarly N-terminal extension (NTE) sequences are observed in the chloroplast S18 protein of

rye (Weglohner et al., 1995). They consist of tandem repeats of a basic heptapeptide motif. The
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number of repeats are different between species and they are presumed to have RNA binding
capacity. The L2 inserted sequences have no such repetitive nature that can be correlated to any
function and they do not match with any known proteins. Yeast mt rp proteins for example, 123,
L5 and L2 are bigger and have extra stretches (~ 100 amino acids) compared to the E. coli
counterpart (reviewed by Graack and Wittman-Liebold, 1998). The extra domain present in plant
mt L2 proteins may have multi functional nature similar to ribosomal proteins of other lineages.
The yeast mrp4 is a cytosolic rp gene that has been analyzed to have a non-respiratory role in
addition to the ribosomal function by mutation studies (Gracck et al., 1995). The L32 protein of
yeast influences three different elements of RNA processing, which include processing of pre-
rRNA, splicing of 7pi32 transcripts in the nucleus and translation of the rp/32 mRNA in the
cytoplasm (Vilardell and Warner, 1997). Comparative and structural analyses of protein
sequences of certain eukaryotic and archaeal rp genes have led to the identification of an RNA
binding multifunctional domain which is conserved in translation suppresser proteins (Koonin et
al., 1994). Hence, an extra function of suppression of translation termination is predicted for these
ribosomal proteins (S12, L7, L30). Wool, (1996) has reported the possibility of several potential
non-translatory roles for ribosomal proteins.

It can be concluded that a RNA-mediated gene transfer mechanism is necessary for the
functional mt gene in the nucleus. During the process of gene transfer, extra sequences in addition
to the target sequences can be added to the mt gene, which may bring an additional function or
deletion of sequences that do not impede its primary function.

6.3 Plant mt DNA rearrangements: impact on mt gene inactivation

Recombination events causing mt DNA rearrangements in the mt genome appear to be the
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chief mode of gene inactivation. Figure 6.2 portrays the arrangement of some mt rp genes in rice,
wheat and Arabidopsis in comparison with the liverwort mitochondrial and E. coli ribosomal
protein gene clusters. The liverwort rp gene cluster clearly indicates that the gene arrangement is
same as E. coli, which is consistent with the eubacterial origin of mitochondria. As seen from this
figure, deletions and pseudogenes are an apparent effect of DNA rearrangements, which also
result in the replacement of a respiratory chain gene in the place of a rp gene. For exampie, the
order of five rp genes (rps!0-rpl2-rps19-rps3-rpl16) are conserved between the S10 operon of E.
coli and liverwort mitochondria (Fig 6.2 black boxes). When the liverwort arrangement is
compared to other flowering plants, several DNA rearrangements are noticed. In wheat, at least
four rearrangements are expected in the rps/0-rpl2-rps!9-rps3-rpl16 gene cluster. 1.The deletion
of the 7ps10 and 5' end of rp/2 gene since no rps/0 sequences have been detected in wheat mt
genome (Zanlungo et al., 1995) and only a single copy of rp/2 3’segment and not the 5' rpl2 end
is detected in hybridizations. 2. Presence of nad/d sequences in the downstream of rpl2 suggests
a replacement event. 3. The detection of a truncated rps/9 gene upstream of nad4L sﬁggests a
deletion in rps/9 sequences (unpublished results M. Fallahi). 4. The presence of the nad4L gene
instead of rps3-rpl16 genes in the rps/9 downstream suggests another replacement event. The
prediction of at least four events in one rp gene cluster provides an idea about the magnitude of
mt DNA rearrangements recently happening in the lineage leading to wheat. Similarly we have
observed rearrangement events which have truncated the rps7 gene in pea and soybean, and
translocated a cytochrome c biogenesis gene (cch 248) into the upstream region (Zhuo et al.,
1999). The same type of phenomenon is believed to be responsible for the origin of trans-spliced

genes which are functional. Based on my data, the wheat y rpl2 is transcribed as a part of the
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nadld precursor suggesting that DNA rearrangements might have led to the placement of a
promoter element upstream of the y rpl/2-nadld-nad6 region.

The presence of an enormous amount of promiscuous DNA in the mt genome can have a role
in the frequency of DNA rearrangements in the mt genome. For example, the intramitochondrial
recombination events involving the integrated chloroplast sequences have led to the duplication
and subsequent rearrangement of cp sequences in rice mt DNA (Kanno et al., 1997). Some of the
cp sequences located in the mt genomes are found to be conserved between plants while others
are consistent with being sequentially inserted. In addition, certain cp genes may be transferred
repeatedly as observed by loss and gain of different cp sequences in closely related plants
(Nakazono and Hirai, 1993). It is difficult to distinguish between these events as the transferred
cp sequences in the mt genome and cp sequences usually share high nucleotide identity (>95%).
About, one third of the tRNA genes identified in various plant mt genomes are found to be cp
origin (reviewed by Veronica et al., 1996; Joyce and Gray, 1989) and they appear to be the only
genes that are functional among the transferred cp DNA fragments. Recently, it has been reported
that the cp sequences are being utilized as a source of promoter sequence for the mt nad9 gene in
rice (Nakazono et al., 1996). A similar situation is predicted for the rice mt rp/2 gene regulatory
sequences based on primer extension analysis (Fig. 3.8.A) which indicates the position of the 5
end of the mt rpi2 transcript within the cp sequences present upstream of the rice rp/2 gene. This
block of 6.8 kb of chloroplast sequences contains 7poB-rpoCI- PrpoC2 and they are present in
the mt genomes of all the Oryza species examined (Kanno et al., 1997). The cp promoter
sequences expected upstream of the cp rpoB gene in the opposite orientation may have a role for

the transcription of the mt rpl2 gene if the mt RNA polymerase can recognize the cp promoter
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Figure 6.2 Plant mitochondrial ribosomal protein gene organization in comparison to the
E. coli rp operons

Data were compiled from the complete sequence analysis of E. coli (Zurawski and Zurawski,
1985) liverwort mt (Takemura et al., 1992) and Arabidopsis mt (Unseld et al., 1997) genomes.
For rice and wheat, available information from the literature (Schuster and Brennicke, 1994;
Kumar, 1995; Handa et al., 1997 and Bonen, 1998) was included in addition to unpublished
results from our lab (my work and that of M. Fallahi). The black boxes indicate the functional rp
genes that are common among all organisms. The open boxes of same size represent the genes
which are not seen in the liverwort mt rp gene cluster when compared with E. coli rp operons.
The grey boxes represent the truncated or pseudo genes. The small open boxes correspond to
respiratory chain protein genes that are located adjacent to rp genes. Figure adapted from

Takemura et al., 1992.
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sequences.

The occurrence of DNA rearrangements in noncoding sequences is expected to be relatively
higher than in coding regions, because of lower functional constraint. The presence of enzymes
involved in recombination events and the recombinationally active repeat sequences may play an
important role in DNA rearrangements. In yeast, recombination events produce deleted molecules
with a high replication rate but bearing little useful information such as “petite” mutants (Albert et
al., 1996).

In short, the recombinogenic nature of plant mt DNA and the presence of promiscuous DNA
in the mt genome may cause an increase in DNA rearrangements, which result in deletion of mt
genes which are not functionally constrained.

6.4 Functional redundancy is an important stage in mt gene transfer

Functional redundancy can be considered as a security stage to maintain the continuous
production of the mt protein during any gene transfer process. Aithough the movement of DNA
or RNA is believed to be a random event, data on the location and expression of genes that are
transferred to the nucleus in different plants points to a well regulated event as depicted in Figure
6.1. The rice rp/2 gene located in the mt genome is a functional gene, however detection of
related rp/2 sequences in the rice nuclear genome that are transcribed suggests that it may be a
transition stage of gene transfer where both copies are present and they theoretically have an
equal possibility of losing its function since only one copy needs to be constrained. Alternatively,
the rice mt copy may be maintained for specific reasons such as differential expression of mt and
nuclear copies at different developmental stages. Similarly, the transferred cox2 genes in legumes

belonging to several genera (for example Neonotonia, Dumasia and Pseudeminia) were observed
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to be transcribed in both compartments (Adams et al., 1998b) whereas, only the mt copy is
expressed in pea or only the nuclear copy in legumes such as common bean & soybean (Nugent
and Palmer, 1991). In Neurospora, two copies of mt arp9 gene, one copy in each of nucleus and
mitochondria are present. The nuclear copy of the mt atp9 is expressed in all stages in contrast to
the mt copy which is found to be expressed only at the spore germination stage (Bittner-Eddy et
al., 1994). This observation suggests a potential reason for the maintenance of genes in both
compartments. A similar situation may hold for the rice mt rp/2 because of low steady state levels
of mt rp/l2 mRNA compared to other respiratory chain genes in germinating embryo and seedling
stages. Protein level analysis is needed to establish whether both genes produce functional
proteins which assemble into mt ribosomes.

Besides the possibility of developmentally specific expression of mt and nuclear copies, there
may be other reasons why a mt copy is maintained. In the rice mt genome, an intact mt rps!/9 gene
is located three nucleotides downstream of the mt 7pl/2 gene as in E. coli (Zurawski and Zurawski,
1985) and they are found to be co-transcribed. The maintenance of rp/2- rps!9 cluster in rice over
the period of its evolution may suggest that no DNA rearrangements have occurred because of
their close proximity. In addition, the cotranscription of these genes may have some role in the
regulation of protein synthesis with regard to proximity or availability for ribosomal assembly.

The 50S subunit proteins whose genes are present in large transcriptional units in E. coli are often
found to be assembled together and they are dependent on each other for ribosomal assembly
(Rohl and Nierhaus, 1982). Thus the maintenance of a mt gene when there is a functional nuclear

copy, may be either due to differential expression or specific functional requirement.
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6.5 Expression of mitochondrial ribosomal protein genes at different developmental stages
and in different compartments

The transcript profiles of plant mt genes may vary between species, for example the cox2
transcript profile is observed to be a simple monocistronic mRNA in wheat (Bonen et al., 1984)
compared to maize which has a complex profile (Fox and Leaver, 1981). In rice, the mt rpl2 gene
is transcribed as polycistronic mRNAs with rps/9 and nad4L gene sequences. The observation of
a complex transcript profile in the mt gene cluster is not an isolated occurrence. Stable large
polycistronic mRNAs up to 7.8 kb and several processed mRNAs are observed in other mt rp
gene clusters such as rps3-rpl16-rpl5-rpsi4-cob of B. napus (Ye et al., 1993). Similarly, the
wheat mt rpi2 3° segment is also a part of a polycistronic mRNA including nad!d and nad6
genes. Unlike the nuclear genes which have a single abundant transcript corresponding to the
mature mRNA, as for the wheat mt rp/2 (1.2 kb), mt genes often have several stable transcripts
corresponding to precursors and processed intermediates. The stability of the precursors in mt
RNA population may presumably be due to differences in the efficiency of transcription and
splicing or other processing events. However the excised intron levels are higher than mRNA
which suggests a more stable form of excised intron than the mRNA.

The excised group II intron RNAs are expected to be lariat structures which are often stable
in nature (B. napus rps3- Ye et al., 1993; wheat nad7- Carrillo and Bonen, 1997). The absence of
lariat structures detectable for the excised rice rp/2 group II intron and the RT- PCR amplification
products corresponding to circularized form of intron that lacks nucleotides at the junction
suggests that these introns might be excised as linear molecules through hydrolysis. It should be

noted that the mt rp/2 intron has a bulging adenosine in domain 6 which initiates the 2-5’
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phosphodiester bond formation in the classical group II splicing. RNase protection analysis using
cloned circular intron sequences to distinguish the linear or circular intron molecules would help
to resolve the nature of excised rp/2 intron in vivo.

The expression of genes located in mt genomes also requires C- to U- type RNA editing.
RNA editing in mt transcripts changes the amino acids in approximately 1-5% of codons in mt
ribosomal protein genes in contrast to 3-13 % in respiratory chain genes (reviewed by Hanson et
al., 1996). Consistent with this, a higher percentage of editing (10%) was observed in rice nad4L
transcripts compared to the rice rp/2 which has only one editing site (0.002%). In Oenothera, the
atp9 and rpsigenes are cotranscribed but only the arp9 transcripts are edited (Mundel and
Schuster, 1996). The difference in editing between mt transcripts may be correlated with
accessibility of the editing machinery to the mRNA or the stability of the mRNA. The possibilities
of a reverse transcribed copy integrated into the mt genome with genomically encoded corrected
nucleotides may also influence the editing frequency observed for a particular gene. The truncated
mt rpl2 gene in Oenothera mt genome is found to be edited at five positions but they are observed
to reduce the similarity compared to other proteins (Ac. No.S46947). The truncated nature and
editing in the wrong way in Oenothera mt rpi2 may suggest that it is under a reduced or different
functional constraint. Shields and Wolfe (1997) have reported that selection to replace the
genomic C with a T may account for an accelerated evolution suggesting that mt transcripts that
are under functional constraint are edited.

The expression of the transferred mt gene requires an addition of sequences that recognize the
nuclear expression machinery. Although integration of transferred mt genes can happen within a

nuclear gene, or within untranslated leaders and tails, introns or spacer regions, most of the
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transferred genes characterized in the nucleus indicate integration within the 5' untranslated
regions of nuclear genes. This is consistent with the acquisition of the target sequences by exon
shuffling method in the nuclear-located transferred mt 7ps!0 gene in Arabidopsis (Wischmann
and Schuster, 1995) and cox2 in soybean (Covello and Gray, 1992). Computer searches on
nuclear integrated nonfunctional mt DNA also indicate integration within intron and spacer
regions (Blanchard and Schmidt, 1996) validating its inability to acquire expression signals. The
rpsl1 gene transferred to the rice nuclear genome is believed to be activated by the addition of
sequences by an exon shuffling method followed by gene duplication and both copies acquired mt
target sequences by duplication of the existing target sequences from different genes (Kadowaki
et al., 1996). The target sequences and their flanking sequences can also be analyzed to find out
the nature of integration sites and to know whether there might have been a single or muitiple
independent gene transfer events by comparing the corresponding position in other species. The
transferred rps/ ! gene in pea (Kubo et al., 1998) has different target peptide sequences compared
to rice suggesting that they were independent events.

Besides regulation at the levels of transcription, splicing, editing, processing and mRNA
stability, the mt 7p/2 mRNA accumulation in rice in germinating embryos and seedling stages is
consistent with developmental regulation. There are higher levels of precursors (5.0 & 7.0 kb) and
mRNA (3.5 kb) in embryos than in seedlings. This observation may suggest either that
transcription rate is higher or the mRNA is more stable in embryos to meet out the increased
demand in germinating embryo stage over the seedling stage for the higher mt biogenesis and
protein synthesis. Hence the RNA polymerase for transcription and proteins involved in mRNA

stability may be regulated accordingly. In contrast, the 2.6 kb transcript levels are higher at
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seedling stage than embryo stage. The difference in levels of processing intermediates compared
to mRNA and precursors at 24 h and 6 d stages may suggest different processing pathways. In
addition, splicing may also be regulated differentially at these stages because some intermediates
contain intron sequences. Similarly, stable splicing intermediate accumulation is observed for
other mt split genes such as the mt nad+4 in B. campestris (Gass et al., 1992). This observation
suggests that the mRNA processing machinery which is presumably nuclear-encoded is
differentially regulated at these stages. The mRNA levels of some bacterial and yeast rp genes are
controlled by an autogenous feedback mechanism in which ribosomal proteins bind to their
mRNA to control their transcription and /or splicing (reviewed by Mager, 1988; Presutti et al.,
1995). It is not known whether plant rp genes are regulated by a similar mechanism.

The steady state level of mRNAs of the wheat nuclear-located mt rp/2 and atpf genes are
about three fold higher in germinating embryos than seedlings when compared to relative
cytosolic rpl2 transcripts. Nuclear run off experiments on plant nuclear genes indicate that
variation in mRNA levels arise primarily through the rate of transcription unlike genes located in
the mitochondrion where there are important post-transcriptional levels of control (reviewed by
Kuhlemeier, 1992). The expression of the maize mt chaperonin HSP60 and atpf genes both at
RNA and protein levels are found to be higher at the early stage of seed germination (Prasad and
Stewart, 1992). Similarly genes for chloroplast ribosomal proteins located in the nuclear genome
are found to be expressed very early after seed imbibition and even precede that of genes encoded
in the cp genome (reviewed by Mache et al., 1997). Like organellar rp genes, cytosolic rp genes
are also expected to have higher mRNA accumulation during germination. Consistently, tobacco

cytosolic rpi25 (E. coli L23 homologue- Gao et al.,1994) and Arabidopsis rpli16 (E. coli LS



127
homologue-Williams and Sussex, 1995) genes are found to be expressed abundantly. at least two
times higher in actively dividing tissues and in the germinating embryo stage compared to the
mature tissues or seedlings. In contrast, the transcript accumnulation of the cytosolic 7p/2 gene in
tobacco is found to be comparable in germinating seeds and in young plant tissues (Marty and
Meyer et al., 1992) suggesting a possible regulation at the translation level. In yeast, the
ribosomal protein levels are tightly controlled at the level of transcription and they are found to
reflect the levels of rp mRNAs which vary depending on the carbon source used for growth
(Mager and Planta, 1990; Pan and Mason. 1995). It is not known whether the developmental
regulation of the wheat mt rpi2 transcripts corresponds to protein levels. Western blot analysis on
proteins isolated at these stages with the help of L2 specific antibodies would provide information
about this.

6.6 Conclusions and future directions

Studies on mitochondrial gene expression and mt gene transfer to the nucleus are exciting
areas of research. They not only help in understanding the evolution of mt genes, they also
unravel the steps involved in the expression of mt genes orchestrated by mt and nuclear genomes.
The available data from this thesis confirm the presence of the mt p/2 gene in the nuclear genome
of flowering plants consistent with gene transfer event(s) and complete characterization of genes
in rice, wheat and soybean nuclear genomes will give even more insight. The N-terminal sequence
analysis would help to determine the nature and origin of the mt targeting sequences. The flanking
sequences between two nuclear genes may help to resolve whether there has been a single or
multiple transfer events and may lead to a better understanding of the mechanisms involved in the

process of gene activation. A survey on cp genes from completely sequenced cp genomes of a
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wide range of organisms from cyanobacteria to higher plants has revealed that certain cp genes
are lost independently and repeatedly during evolution (Martin et al., 1998). Hybridization
analyses of several mt rp genes over a wide range of plant species have also indicated multiple
transfers and losses of mt genes in flowering plant evolution (Adams et al., 1998a). To date, it is
not known whether any organellar gene is re-gained evolutionarilly after its earlier loss from the
organelle. However there is evidence for the invasion of mt group II intron as mobile genetic
elements and a group I intron by horizontal transfer in plants (reviewed by Bonen, 1998).
Additional information on the horizontal interorganellar gene transfers like cp tRNA gene transfer
to mitochondria and functional gene transfer from organelles to the nucleus may possibly help us
to understand the underlying genetic concepts and early endosymbiotic events. In addition,
information on nuclear integration sites would be useful for plant biotechnologists who are trying
to develop methods for site specific integration of transgenes.

The expression of the rice mt 7p/2 gene located in the mt genome, particularly the splicing,
excision of the intron and forms of excised introns, is interesting to analyze in detail. The study on
plant mt group II intron splicing is particularly interesting because of its deviation from classical
introns. The excision of rice mt rp/2 intron suggests a hydrolysis rather than transesterification in
the first step of splicing.

The cDNA mediated transfer of mitochondrial genes is interesting to analyze with regard to
reverse transcriptase activity in the mt compartment. Plant mt genomes also encode a mat-r gene
which is believed to encode a potentially functional protein with reverse transcriptase activity
based on its editing status which increases its similarity to the fungal maturases (Thomson et al.,

1994). In addition, reverse transcriptase activity has been detected in potato mitochondria by
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Moenne et al., (1996). The developmental regulation of mMRNA turnover and the factors involved
in determining the stability of mt RNA are interesting to analyze. Differential display techniques
can be employed to identify proteins involved in mt mRNA splicing and stability.

The DNA rearrangements caused by recombination events in the plant mt genomes are
interesting especially when they create functional trans-spliced genes and pseudogenes. Besides,
novel chimeric genes which are correlated to the cytoplasmic male sterility are also created during
these DNA rearrangement events (reviewed by Bonen and Brown, 1993). The presence of their
gene products is correlated with the expression of certain mt genes in a tissue specific manner
which affects the functional pollen production. The positioning of promoter sequences that
control the transcription of scattered gene pieces suggests a regulation on mt DNA
recombination and rearrangement events with regard to the expression of trans-spliced genes. In
addition, promiscuous DNA particularly the chloroplast-derived tRNA genes which are functional
in the mitochondrion are maintained, expressed and regulated according to the need of mt
translation system. The potential involvement of cp DNA sequences in the expression of the
adjacent mt genes is quite interesting to analyze in detail especially with regard to mt RNA
polymerase recognition. Some of the cp genes are transcribed by the bacterial type cp encoded
polymerases while others by the nuclear-encoded phage-type ones which apparently have been
recruited by the organellar genomes early in evolution like fungal and animal mt genomes. It may
be a possibility that the nuclear-encoded RNA polymerases could be targeted to both
compartments and they can recognize both mt and cp promoters. Protein level analysis for the
presence of one or more type of RNA polymerases in cp and mt compartments may resolve this

issue.
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Plant mt rp genes are regulated at many levels including transcription, splicing, editing, RNA
processing and translation. In addition, the majority of plant mt rp genes are in the nucleus as a
result of transfer events either during early endosymbiosis or more recent evolutionary transfers.
The differences in the location of plant mt rp genes and their multilevel reguation is remarkable
compared to animal or fungal systems. Why are the plant mt ribosomes different than other
systems? Do extra domains in plant mt ribosomal proteins provide additional functions? Is there a
need for the maintenance of certain rp genes in plant mt genomes or is it just a random event?
Are these differences in gene content related to the dynamic and flexible nature of flowering plant
mt DNA? How frequent are successful independent transfers during plant evolution ? These are
some of the challenges in understanding the plant mt ribosomal machinery, its function and

evolution.
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Appendix 1 Sequence analysis of the wheat mt 7p/2 upstream region.
Most sequences presented here have been obtained from only one strand. The
restriction sites shown in the figure are given as bold letters and the gaps as
series of letter N which are underlined. These sequences are

immediately upstream of the EcoR1 fragment shown in figure 3.1.

H SI SI E St B EH E
I | | 1 | l HE—I
1kb 3’ rpl2

AMGCYT GTAAAAATGACATCC CCTGCGARAACCAATAGGAT TTGTTG GGCCATC GAACAC TAGTTTC TGGTTT CTCAAGA-80
CCTTGAGGCAAGGGC AGTTACGCAACAT TTTCTCAATATTG AATGTGCATTTTT CCGAAT TTTTTCGATTCCACTTCTGT~160
ATCAGAAATTAGTGT CAAGGGATGGAGT TCCTGTTTCGTTAACTAAG TCTCGCG TTGTTT GCTTGAG GAAGGGACGGCCG~240
TAGCTCAATTTCCAT TGCTAATCTTACA TGTTCCACGAACAATARAG AAAGAGA AAGGCT ATTCTTAGACACAGAGGTGG-320
GNNNNNGCATGGGTG GCCCTA TCGATCACAAGGG TCTAGAT ACGGGT CTCGAAC GGAARAGTATGCT ACATAT TCGTCTG-400
CTCCAGTTCCCTCTGCTTACACCTGGTCAATTCGTTGATCGCCCCTT TTATTTC TGATTT TCAAAAG GGCCCCGCTCTCG-480
TCTCTGCT GACGAAGCCTTTATCTCTGT CTCTGT TATCCTC GTACCT GCTGATC TCTTCGACTGATAGAGTCTATGCTAT-560
TGGTGAAGCTGGTTC TACCTCAACAACAGGATCT GCAAATG GATTTT CAACTAACAGCCT CTGCTTCAATTTG TGATGAA-640
AGGYCEAC CAGTTTAGTCCTT GTACTTC GGTGGAACCAAAT TCCTGT ATATGGATTCGAAACCTTTTCTGCTT TGGGTCT-720
TAAGTGAATGAAAGG GTGGGT TARAAAA CCATGGCCAGCCC CCCTCAAGAAATC TCGCCC GTAGTTATCTGAG GGATCTG-800
ACGTCCGGGTATCAAGGAAAAACGTGGT GCAGAGACAACAR GATGTG CTAACACATATCC CTTATAT TTATTGGTTCTAC-880
AGAAGATGTATGATA AAGAGCTGGCATT AAGTCATGCAACC GGCTCA GGCTTTA TAAGAG GAAAGAC TCTCGC CAAGGTA-960
TAGATTGAACCGTAC GGCGCT TGTTCAC CAATTCTATCTTT TCCCTC TAAAAAA GGCGTATACTTTT GTTCTATAAGCAA-1040
ATAAAGATACTTCTT TTGCGGATCAAGCAGTCTTCTACCTT GGTGGG TAGCGGA GAATCAAATCAAT ATCGGAGTATTGC-1120
TCTAGCTGCTGCTGAATTAACCTTGGAT TCAATC GTGACTC TCGTGAACTAGGC TGTACT TCGTCTT CCCCTC TGGACCT-1200
CGGAAATGGAAARAA GTTACCGGTGCGT AAGATT CGGTGARAACTG GYCGAL TCCACCGCAGGTGCGAGATGT TGAGCTT-1280
CCTCGACGCCTACTC TGGGTATCAGCAA GTCTAT ATGGCTG AGGAAG ACAAAGA ARAAAC GAGTTTGATCGCC CCTTCCT-1360
TCTGCTACAAGCGGA TGCCCTTCGGTTT GATARATGCCGGC TCCACA TTTAAGC GCCTAR TGAGCCT CATCCT CAGGTCT-1440
CAGTTGGGTCGTAAT GCAGAAGTGTACG TTGACGACGCCGT CATCAA AAGCCGC TTGGCA GGGACTC ACCCCAAAAACAC-1520
CTCTTTTT TTGCATC TGCTGAGCAGAAC CAATTACCAGATC CTACTT CTAAGCT CTATGC TCTACTT CGGCCT TGCTCTC-1600
ACTTATGGGTAGGAA GGACAATAAGCAG GAATYC ATGTTGGCTAACT ATTCTAT CCAGGC GGAAGTT GTTTTCATAGGAA-1680
AGACGGAAGGTTTTGCGCGTTGGTTGTA TCGAAT TTCCCTT TCTAAT AGCATAC ACAAAT AGATAAG AARGTT ACGACGA-1760
TTGAATAAGGTAAAT GAARAACCTTTGAT TTACCT TACCATC AGTTCT GTCTTAT CTCTGT GCCTCCTCTAGCCATTTCAT-1840
AATTGGATATCGTCATTCAAATCTGTTATGACAACTGTTTGGTAAGA GGGATTC GAATCAAACAATAAATACCAACTCTA~1920
GTGTGATGGATAGGACCTGGT GCCTTAARCTACTCAACCTTGAAACCACGACCTACCTACC TCCTGCC TTTTTACCTTTCC-2000
TTCCTTTGTCCCAAT TCATATCGAGCAT GTCTTTCTCCATC TATAGA TAGAGAG ATATAG GATAGGG GCGCTC ARAGCAA~2080
ATAGGATTCTGTATC TAATACTAATAGG TACTAACCGCATT CAAGAT TGACTTGACCTCT TATTTTG GATAGGCAGAAAT-2160
TTACGCCC TAGGGGT TTAAAGGGCCCAC TCCCTT TGGTTGACTCATC AGGCTCACCACCTTTTG GAGCYC ATCCARCAGT -2240
CAGTCTACTTAATCA TAATCATAATCAA TCCGTTGCTATTGCTATCT ATGCCAT ACCCAC AAGAGGG TARTTTATCCAAC-2320
TCCCCGTGCGAAGCAAGTCCC GCGTCAGCAGTGATCGAGTT GTTCCT TGAGAGC AGGCTT ATGGCAT TCCAGG TAAACAT-2400
AARCAATAT GAGAGAGAACTCCGTTGGCT TATAAGTACTCGATGAACAATTGTTT TTTCAT TTCCAGT AGGTCACCTTGGG-2480
CCAGCTGCTGACTTT CTAGAAGAGACAA GGAAGGTCGTCCA ACCATAANNNNN TATCCTC TACGAGATAGCGAAGTAGCA-2560
TTAGCGGAAAAGTAAGCTCCTTTTCAAGCCTTCTCTTTCGT AACCTT TGATTAG TTCCTT AGATGCC CTTAGCAAGAATG-2640
ATGCAGGAGCAAGAAAGTCTATTTCCTCCGCCTTTCCAGAA TATAGC TATTCAAATAGAACAGTATARAATGCAATCCAT-2720
AAGTCATGCTGGTCAATCAATGACAATGATAAGCTCTATAA AAAAAAAGAGTCT ATTGCT CTTCGACACGTTT TATATCT~2800
ACTTCAGTCATGCTT TATTGAGTTATCT GACGCCAAGGAGG AAGGAA TAGAGATTA GGATCC TAGCCTTGTTCCGTTTGA-2880
AGTTCCTAAGAGAGG TTACAAAAGAAAG GGATGC TCAAACC AAGGAT TTGGAGT CTTATT AGTGCAT CAATCT ACAGAAA-2960
GGTAGGGGGGCATACCTGTGT GAAAATG GAGTGT AAAGCAT ATTCTAGATATTT CACTTC GAATTTC TTCCTC TTAARAG-3040
AGTCAAGT CCGCAGG GTTCCCTAAATTC CCCAGGAATCAAG TGGGAC CGGGAGA TCGTTG TTCATTC GGGGTT GGCCCTC-3120
CCCCTAAT RAGTACC TACCAAGAATTGG GCCAGT TAGTTCA AGCGGT ACCGAAT CACAAA GAACAGT TGAGTT TTCTAAT-3200
TCATCTAT TATCTAT TTTTTGCATTTCT AGAATAGCGTTGGAGCCGG GACACACATTTCT GCCCGAGTTCCAACAGCAAA-3280
CCAAATACGTTATCGTGGAAAACGAGTT TCGCCAACACAGAAGAGTT TGTGTGC TTTTTATTTTCACATGAGT TTCACAT-3360
ATGTGATGGTTGGTT GGGAGGGTACGCAATGACT CTAGATC TTTCTG GATACAACCACTG AACCGGAARATGGCCACTAT-3440
CGTCACCGAGARAAT ACTATCTTGTGGACTCAGGCTCTACGTTTATGCCTTARGGTCTTT CTCCTTACCGTGGGGAGCGG-3520
TAACCTTGCGTGATT CTAGAGAAAGAAG GCGGTGTCCCGAC CACAAG GCGGTTAAATTCCACTGGTGCTTGCTAGCCAGT-3600
CAAGAACGACTCGAAGACCGT GGGAAGG TCTTCACTGACGC CGAAGA CGACGAT GGCTCC ATACCGGGTGGTAATACACA-3680
GGTATAGGATTTCCT GTAATGATGTGAAACTGTATATTTCA GAGAAA TAGCTCA GTTCGAGAGGAAGGCGGAAACAGTTC-3760
CGGTTTTATTAACCTGATTCCTATTCAT TTACCGGTAAAGGAAG GAATYC- 3810
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Appendix 2 Sequence analysis of the rice mt 7p/2 and rps19 genes

Rice mt cp-rpoB-mt rpi2-rps19 gene sequences. These sequences are the ones
published by Kubo et al, 1996 Ac. No. D78336. I have also sequenced this
region and my data is in agreement. A restriction map is given in figure

Figure 3.7.A. The 5.0 kb Bam H1 fragment is given here.

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001

gtcgaccaat
ataaggattc
aaatagcttt
aaatttcaqqg
atagaactag
tatcaattgc
aaattccttt
tgatcacaat
tgtttccaat
cgtataattc
gttctagcaa
taattgttgg
cctcgaattg
gcatcttaat
atcaatccct
tgaaattctc
gacaatttca
aaaagaccaa
tgaagtagag
gagcgettag
gtattactgt
aacgaagcac
ctcggatcge
agacgataga
tttgeettet
tttcecttegg
tcttecgegga
tccgaaagtg
tttcttggca
acgaatcgaa
ctttatgtag
ttccggtaga
cgaaggatgg
aatgtctttc
gaacttcgat
ccttgacaaa
gatgaaccaa
ctaggtgcta
gcattccgte
tggctecteg
atgaagctcce
gaaaaagcgc
aaagctcttc
taagcttege
gtttacaaag
cttcecagecce
Jagcttctgg
tactagagtc
gaacagcccc
aggcatggag
tgagcgatag

ccttectaat
cgaaaatacc
ttcttttgac
gtaggaaaca
aacagatatc
taattccgat
atggtctaat
tcggtatate
ataaatggtt
ggaagaatag
ttgatatcct
aaacttctcea
gatctgacta
cttaagttte
acagatcgat
gggaactcca
acgaaagttc
cgaaacgacg
gtttcatcga
acatttcact
ttttcaccga
ttcgtetatt
tctagtacga
agagttcgct
ttegttctet
cagctcttta
gcgaatgaga
gagaacgcat
gagtttgagg
gctgaaggcg
tggtcggect
agctagtcgc
agcgtacaaa
gcgaagcgac
ctgatgcggg
tggccgttea
tgtgaatgag
cecgtggtage
tcacacggga
cggagtatag
ggcaaaggga
gggctgactc
gagctttctc
ttcceceectt
ctttgcttet
agaatgccta
cgcaggaggc
ttgagttttt
ctgteccttta
atgggaaggc
cgaagccgcee

tcacattttt
aggtcccege
tcaatcctct
ttatctagaa
ttrttgtttte
cttecteceece
tccgageggt
ccatttatta
tgettttgea
gtgagtgatt
ttcgcaaata
agttcttctg
aatccgggta
ctgtttatcg
ctagcaatta
catacgtatt
gaatttgcca
agtgagaagg
gtgatgacga
ttgagtacgg
gggggtggat
ggcattgtgg
tggatcgaag
ctgeccgegta
tcecectgtect
ggtttcccaa
gagaagaaaa
tgcgttctet
cagcaaaaaa
gatcaaggta
tcetacette
ttcggtagcet
gtcgatcgtg
ccacctagaa
tatccaatcce
ccattgttgt
tgtaagcttc
aagagaggcc
agagaggtca
ctcacatcca
aggcctgcca
ggagacctga
cgccagcgge
atgaaaaaaa
tgtagttggc
ctgacgttaa
caagcattct
ctttcttttt
gatttgcata
cgaccactac
tataggcgaa

gttgaaaaaa
ctacacaagc
tcttctectt
tttcttttag
tactcacgcg
aatctgatat
agtaaatacc
taaaggttcc
catcgaaacc
catacacagc
attgaaatga
ccaagcecttg
ttgtggacat
aagaaaaatt
tggaatctat
tcatatatgt
ggggtccaaa
ataaggggga
gagatagaat
ggaagtcecge
cgaagcgatt
aaaggatcga
gggtgctgec
agatcctcga
ctceettgge
ggatagcggt
tcggaaaaaa
gggcacatag
ctttagaact
gcttgetccee
atgcctctag
tgecegecaa
cacctgtcgt
acagctctcce
cgecegetggg
tagaagagca
gttgecccgaa
cggeggtgac
aatggcaaag
aacatctgat
ggcegtatgce
gaccttggct
ttatgtagtg
gtagtcggca
cctceceatgcce
gctaaccgcce
gccagacgcc
tcattatagc
gtcaagggct
actacacgga

gggacgaaag

tttcttttgt
aaattgttga
agcattaggg
atttgaacce
agcccatatc
tatagtcccg
aggacttagc
taaggaattc
aaaaattaat
atccctttct
aattccgtga
attaatgaac
tceccetecattt
ccattatcag
attctgttta
atttcataca
tggaatgaaa
gtagtaggag
gagacaaagc
agggaggaat
gcagcgaaaa
atatgaccct
cggccgecag
atccaccacg
ccagggagag
agctggggca
gacgttttct
gatcaaacgt
tgttggagct
aaggcaagtg
aagcttctac
gcegectata
gtgacccgtt
ttttaggagg
atgtccagcg
aaaggcccgg
cacgattggt
aattgagagg
caaaaggcca
tggggaacgg
tcatgggtgc
tagctacgaa
gtecggccaat
ttctataagc
tcecetteatt
agaagcgaca
cecgggagecc
taagtttcaa
tataagaaaa
gagatttcta
ccegttagac

aattectcac
taaaactcca
aaagacaaga
atagctgatg
ctttcrttte
gtgtagatag
aatatttgatc
attataggaa
cgcgeggata
tttatcgaag
tctggatctet
ctacaaaatc
ccattccgga
ctcactctte
ctaaatcaca
tatgaataga
atgggtatat
gagctttcat
ataaagggga
tcttccgggce
attgacctta
aatcgttcte
aggaaattca
gccactatct
actgcatccee
aagcecgett
ctttgcgaga
aaagcagcgce
gctgagcata
cttgcttacg
aaagetttgce
ggcgaagggce
ggtcctaagce
caaaaaaatg
gattccgggg
ggcatagcag
gctgaccaca
ttgtcactga
tacgcecegtg
ggcaacgccc
aggattcttc
tgaaggggag
taaagctegce
gacttgtcga
tgettgcctce
cccgaagggt
cgtttgecett
aagcaaaggt
gtaaggaagg
taccaagtca
ctgatgggaa
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3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561

cacaggggct
ggtgataaat
tgectcataca
agggggcagt
ggatctaaat
ggtacatgat
ttatgctaaa
tgaaaaactc
tggtgecacgt
tcgtggtgte
aggaggtaga
agtgggggtg
ttttgttgat
aatttggtca
caatggaaaa
agagtttgct
ggggaaaaag
ttcatactcg
cttcgeteceg
ggatc

taggtcaaca
tgcgattgct
taccttcggt
cagctggcag
tcaaaagtag
attgaatgte
ataattaagg
atagatteccc
aagcttagaa
gcaatgaatc
ccttcggtgt
gggaaacgca
gctttcctgt
cgtagatctt
actcectgtte
tttacacgga
taaagtctaa
accagccecta
agtccgactg

cttatatatt
ccaaaccttc
tccaagagcet
cttctrggcce
gaaatagcat
atccaggtca
ageccageccce
gatgccgagc
aagcaggaca
cagtggatca
caccttgggg
gaatttagtt
ttagaataaa
ctatrttcgece
gttgtaagat
gacgaagacce
gcgacatatt
ggtrggggat
ggacggaatg

agccagtcat
taaaagcggc
tggacgcaca
acgcccecct
accattagct
aggcgcaaag
acaatgtctt
tactattggt
aagecggtgg
tcctcatgga
gaagcccacce
catgccacga
gaagaacaga
ggaattcgtt
cactgaagga
ctatcaaaca
cggtaatccg
aatgattttt
ggggacccag

caattggaag
ttcttgcgac
gtgaataaag
gcttatagac
gatatacgta
ctggctcggg
gtgcggctac
atagtttcca
tcaggcagac
ggaggrgagg
aaagcaggat
cgatctatat
gaaagtctga
gattgctceg
aaggttggtc
aatagaggaa
aatcccatat
tcaaatcttg
gecccttcaat

cgggtaatat
crgcccagaa
gtcgggttga
acgagatatt
tgggaacatg
ccgeaggaac
catcgggtgt
atcccaacca
gcceccattgt
ggcgcacgaa
ttcgggcagg
ggaagggaag
tgagcaggaa
tactcattta
ataaatttgg
agggcagaaa
aggtcttttc
ttgggagatg
gcctecetee
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Appendix 3 Sequence analysis of the rice mt nad4L gene region.

These sequences are immediately downstream of the rice mt rpl2-rpsl9
gene sequences Accession No. D78336( Kubo et al., 1996). The sequences
presented here are obtained from only one strand. The coding region is
shown and the experimentally determined editing sites are given as
underlined bold letters with the derived amino acid sequences. The 5’&
3'end of the nad4L mRNA are indicated by arrows and the conserved
promoter motif by bold underlined sequences. The restriction sites BamH]1,
EcoR1 and the Hind III are shown as bold letters.

GGATCCACTAACTCGGAAGAGCTATTCAAAGGTTTTCTGGCTGACTGTGAGGACACCTCTGCATCCCAGG 70
AGCAGACCGCTCCCCCGGAAGCTGTGGTCAGTCARGAGCGGCATCCGAATCCCGCTCCAATCCCTGGAGE 140
GGCCGCGAAGACGAACAGAACCCTCCTTCTTTTTCTTGGGAGGGACGACTCTCTCTCTTTGARAGGAAAG 210
TTCTCTACAAAAGGCCCGCGCCTGTCACGCCCAGATTCTGGACACATTGCGTGATATTACTCTGARGAAT 280
GGAGAGGAGCTCCATGAAGAAGACTATCGCACCATGCTTGATTTCATGTTGAGCCGACTCCAGTCCGACG 350
TCAATCCCCGGGCGCTGAAGGAGCTCCTGA?CAC;A]CFCCMAACGGTCGGGCACGATCTCAMCTTCTAG 420
oligo
GGCGGCAAGGAGATTCCTCGACGAGGACTAGTGAGGCTATAGTACTGACTATGCATAGGACTACAARGGT 490
TCAAAGACAGGATGTATTCGACCCTTGGATGTGATCGGCARGAGARAGATGGAATTCCTTTGGTATARGG 540
AAGGAARTCARACGCGTTGTTTGAGAAGGGGTARCTAGAGAARAAATCCAAATAGGCTCTCCCTGGACTC 630
M
TACGCAGGACTTCTTTCTARGCCTCACATAATTTGAATTTCTCTGACATTCCGATGTTTCCGRARCGGAT 700
- T D

L F W
CE?ATAAAATATTTCACTTTTTCTATGATCATCTSIATTTTAGGTATTEGGGGAATCCTCCTTAATAGAC 170
P I K Y F T F S M I I s I L GIRGTITULULNR

L L L
GAAATATTCTTATTATGTEAATGCEAATTGAATEAATGTTATTAGCTGTCAATTTGAACTTTTTGGTATT 840
R N I L I M S M P I E S M L L AV NTLNTFLUVFEF

L L L
TTCCGTTTCTTTGGATGATATGATGGGTCAATSATTTGCTTSATTAGTTCEAACAGTGGCAGCTGCGGAA 910
S VvV S L DDMMGA® QST FASTLVPTUVAARBAETE

TCTGCTATTGGATTAGCCATTTTCGTTATTACTTTTCGAGTCCGAGGGACTATTGCTGTCGAATTTATAA 980
S A I GLATI F UV ITFRUVRGTTIAVETFI

oligo # 12

ATTGCATTCAAGGTTARACATAACTACAGGGGAGTTACCAAATACARAGTTCTGTTTTCCTTTCGTTCTC 1050
N C I Q G U ‘

TTCTTTCTTTTTGATTTTGTTGTTTTGCCACCGAAATAGCTCTATAGGAGGAATTGTTCAAGACCAGTTC 1120
TCATTCTTTCCTTTTTGCTAATCCATCCGTCCGTCCTCTTTCCATTAGAGCGATTGAAAGCAAGTGAGAA 1190
CCTTTATAGCCAGTGAGCTAGTAAGAATCCGCTTTCGAGACATCATAAGAAAAGGCGGCTAGGGCAGGGG 1260
TGCCATGTCTTAGAGGTTCCAAGCAATCCTCTTCCCTTCAACTCGTACCGAAGGCTATGTCCCAGTAAGC 1330
ATTTCCTCTGTTTCCTTGTTTCCCACCTTCACATGCAAGGAGCAAGCAATCGTACCTCCGCCTATCTGCG 1400
AGATCGACTCTATGGCTGCGTCGGACAAAGCATCAGCTGCTCCATTCTTGGCTCCCTTGLGICGE TATTA 1470
AGTCCAAAAGCTT 1483
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Appendix 4 Sequence analysis of the 3’RACE product of the
wheat mt rpl2

oligo#18

AAGGGATCCAGCATACAAGGC CGAGCGTGCACCTCTCAATTACATAATAGCCAGC CATCARATGGAACCG
R D P A Y KA ERATPUVNZYTITIAST HIGQQMTEUP

GGCAGCATGGTGGTGAACAGCGACTCCTC CAAACCCTCCACGALCCGGCTCCTTGA TGCGGCCTGCCCACA
G S M vV vV N 8 D 8 8 K P 8 T T 6 8 L M R P A H

ATGCCAATTCCATCCT TCGGTTCCAAGAG CTGTTCCGCAAAGCCAGCCAAGAAGG CGAAGAGGGCACTGA
N A N S I L R FF QR L P R KA S QK G E R G T D

TGATCAAGCAMGGAT GCGGCGETTCCAGCAGE TTGTTGCTCCGAGGGAAAGGTACCGCATCTTTATGTG
D Q AKD A AV P A ANANCC S E G KV P H L Y V

GCTATGGATGACAAAGCTGAGGATTATCATGCTTGTTTTTTT GTTTTCGAAAAAACGGTTTCCGCCGCAG
A M DD K A E DY B A CVFF V F E KT V S A A

CACTTTGACTTTATTATTATGTATTAATAATAACAGGTGATG TTTGGACCTGCCT GCGCCCAGTTTGCAT
A L * L Y Y Y VLI I T GGD VW T C L R P V C I

TCCTTCCTGGCATTTT GACATTAACTTGT TTAGGCATGTTCCTTGTGATTGATAATTTGCTCTGTCTGGT
P S W H F DI N L F R HV P CDUU F AL S G

TAATCTAACTGGGAGG GAACAAAATGATGATGTGCATATATT TAGTTCCAGTTTC TGTAGCTGCTGTTCG
U S N W E GG T K U U CA Y I U F Q F L U L L F

GCCATCACAAGCATGCATGGGATGAGCTGCATACATATACAGTAGTTTATTCAGT TTATCCGAATTAGCT
G H H K H A W DEUL HT YT V VY S VY P N U L

GATTCAGATCAGTGTAATTTCTGTTGGTG TAAAACCATTACATATGTTGAAAGTTAGCATGATTGATTGA
1 Q I s v I §$ VvV GV K P L HM L KV s M I DU

oligo#24

TTTGCAAAAAABRAABAGCTT 720
F A K K K S L

70

140

210

350

420

490

560

630

700

150



Appendix S List of L2 snd S12 sequences used in the phylogenetic

analysis

Organsm

L2

Rice

Wheat
Arabidopsis
Liverwort
Yeast

Rice

Tobacco
Yeast
Arabidopsis
Wheat

E. coli
Oenothera
Arabidopsis
Reclinomonas
Potato
Methanoc occus jannaschii

S12
Wheat

E. coli

Rice

Petunia
Liverwort
Oenothera
Yeast

Tobacco

Rice
Reclinomonas

rpl2 mt
rpl2 mt
rpi2 mt
rpl2 mt
rpi2 mt
rpi2cp
rpl2 cp
rpl2cyt
rpl2 cyt
rpl2 cyt
rpi2

rpi2 mt
rpl2 mt
rpl2 mt
rpi2mt

rpi2

rpsi2 mt
rpsi2

rpsi2 mt
rpsi2 mt
rpsi2 mt
rpsl2 m
rpsi2 m
rpsi2 cp
rpsi2 cp
rpsi2 mt

Compartment

mitochondria
nuckus
nuckus
mitochondria
nuclkus
chloropiast
chloroplast
nuckus
nuckus
nuckus

mtochandria
mitochondria
mitochondria
mitochondria

mitochandria

miochandria
miochondria
miochandria
nuckus
nuckus
chloroplast
chloroplast
nuckus

Accession No.

This work & D78336
This work
S49579

P26859
S30827=YEL050¢
P17351

P06379
S50243=L8e
1173018

This work
P02387

S46947

S46378, S49606
021247
AF(095278
D64322

P10851
P02367
P28520
P49195
P26871
Q01607
P53732
R3NT12
P12149
AA11866

Note: The gene referred to as cytosolic 7pl2 inyeast by Presutti et al, (1995) is in
fact not the plant cytosolic rpi2 homologue.



Appendix 6 List of genes used in the codon usage analysis

NUCLEAR GENES

Wheat mRNA for cytosolic phosphoglycerate kinase
T.aestivum mRNA for starch branching enzyme |
Triticum aestivum COR39 (cor39) mRNA, complete cds
Triticum aestivum mRNA for wpk4 protein kinase,

T. aestivum 1,4-alpha-D-glucanotransferase mRNA,

T. aestivum L-isoaspartyl methyltransferase mRNA,

Triticum aestivum manganese superoxide dismutase (SOD3.1)
mRNA jnuclear gene encoding mitochondrial protein.

T.aestivum atp-2 mRNA for ATP synthase beta subunit

Triticum aestivum ADP-glucose-pyrophosphorylase large subunit
(AGP-L) mRNA

T.aestivum VDAC3 mRNA for voltage dependent anion channei.
T.aestivum mRNA for transmembrane proton pump,

T.aestivum ribulose-1,5-bisphosphate carboxy lase/oxygenase
(RUBISCO) gene, exons | and 2.

Triticum aestivum Cu/Zn superoxide dismutase (SOD1.2) mRNA,
nuclear gene encoding chloroplast protein.

Wheat mRNA for plastid omega-3 fatty acid desarase

Wheat FBP gene for chloroplast fructose-1,6-bisphosphatase.
Wheat major chlorophyll a/b-binding protein gene.

MITOCHONDRIAL GENES

T.durum mitochondria genes afpA and atp9.

Wheat mitochondrial coxl cytochrome-c oxidase subunit 1
T.aestivum mitochondrial COX2 cytochrome ¢ oxidase subunit 1I.
Triticum aestivum mitochondrial cox3 gene.

Triticum aestivum mitochondrial nad | gene.

Triticum aestivum mitochondrial NADH dehydrogenase subunit 2.

Wheat mitochondrion NADH-ubiquinone

oxireductase subunit S gene

T.aestivum ND6 gene for NA DH-ubiquinone oxidoreductase
(subunit 6).S47556

T.aestivum mitochondrial nad7 gene for NADH dehydrogenase
subunit 7

T.aestivum mitochondrial nad9 gene for 30 kDa subunit

of complex | NADH dehydrogenase.

Wheat mitochondrial ORF25 gene.

Triticum aestivum mitochondrial matR gene & nad1 gene, exon 5
T.aestivum mitochondrial rps1A gene and orf589.

T.aestivum mitochondrial gene for S7 ribosomal protein.
Triticum aestivam rps2 gene.

Wheat mitochondrial DNA for ribosomal protein S 13.

Wheat mitochondrial rpsi 2 gene.

Ac.No.
X15232
Y12320
AF058794
D21204
U66376
L07941

u72212
X74545

AF(026539
X82148
Y09815

M37328

U69632
D43688
X53957
MI10144

X80469
X56186
X52867
X15944
X57966.7.8
Y14435

M74157
X62100

X75036
X69720

X54311
X57965
X69205
X67242
Y13920
Y00520
X59153



Appendix 7 Codon usage table for wheat mitochondrial, nuclear and wheat nuclear-located
mt 7pl2 genes

7.1 Codon usage table for wheat mitochondrial genes

Wheat mitochondrial ribosomal protein genes (mt)

91010)
goc
gua
ULs

cuu
cac
cuoa
CUG

AUU
AUC
AUA
AUG

GUU
GUC
GUA
GUG

24
20
20
19

18

6
10
14

36
23
23
16

11
12
13
13

RSCU
.09
.91
.38
.31

H O

.24
.41
.69
.97

QOO =

.32
.84
.84
.00

PO OoOY

.90
.98
.06
.06

PP OO

UcCu
UccC
uca
UcG

CCuU
ccCcC
CCA
CCG

ACU
ACC
ACA
ACG

GCU
GCC
GCA
GCG

Whea t mitochondrial

uuu
gucC
UuA
JuG

cuu
cuc
cua
CuG

AUU
AUC
AUA
AUG

GUOU
GUC
GUA
GUG

202
143
168
106

109
59
94
45

174
104
103
149

94
60
105
73

RSCU
1.17
0.83
1.73
1.09

1.13
0.61
0.97
0.46

1.37
0.82
0.81
1.00

1.13
0.72
1.27
0.88

UcCu
UccC
UCA
UCG

CcCU
CcCcC
cca
CCG

ACU
ACC
ACA
ACG

GCU
GCC
GCA
GCG

RSCU
18 1.89 UAU 17
9 0.95 UAC 4
10 1.05 uaApA 2
5 0.53 UAG O
7 1.00 CAU 19
50.71 CAC 3
11 1.57 CAA 24
50.71 CAG 7
13 1.41 AAU 26
9 0.97 AAC 7
7 0.76 AAA 50
8 0.86 AAG 31
26 1.58 GAU 38
12 0.73 GAC 12
14 0.85 GAA 29
14 0.85 GAG 16
respiratory protein
RSCU

93 1.39 UAU 127
63 0.94 UAC 38
70 1.05 UAa 4
46 0.69 UAG 5
76 1.41 CAU 80
46 0.85 cac 31
73 1.35 CAA 109
21 0.39 CAG 27
91 1.43 AAU 91
80 1.26 AAC 44
56 0.88 AAA 104
27 0.43 AAG 76
144 1.53 GAU 117
94 1.00 GAC 56
92 0.98 GAA 135
46 0.49 GAG 66

926
RSCU
1.62 UuGU 12
0.38 UGC 3
0.00 uGa 3
0.00 UGG 8
1.73 CGU 17
9.27 CGC 8
1.55 CGA 18
0.45 CGG 7
1.58 AGU 6
0.42 AGC 9
1.23 AGA 27
Q.77 AGG 13
1.52 GGU 16
0.48 GGC 9
1.29 GGA 24
0.71 GGG 10
genes (mt) 4829
RSCU
1.54 UGU 43
0.46 uGc 29
0.00 UGA 3
0.00 UGG 82
1.44 CGU 54
0.56 CGC 25
1.60 CGA 72
0.40 CGG 20
1.35 AGU 83
0.65 AGC 46
1.16 AGA 64
0.84 AGG 33
1.35 GGU 119
0.65 GGC 53
1.34 GGA 125
0.66 GGG 62

codons
RSCU
1.60
0.40
0.00
1.00

1.13
0.53
1.20
0.47

0.63
0.95
1.80
0.87

1.08
0.61
1.63
0.68

codons
RSCU
1.19
0.81
0.00
1.00

1.21
0.56
1.61
0.45

1.24
0.69
1.43
0.74

1.33
0.59
1.39
0.69

153



7.2 Codon usage tabk for wheat nuclear-located mt 7pl2 sequences

Wheat mt rpl2 copy

TTT
TTC
TTA
TTG

CTT
CTC
CTA
CTG

ATT
ATC
ATA
ATG

GTT
GTC
GTA
GTG

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

Ile
Ile
Ile
Met

val
Val
val
val

POoONO

N Wi

~NrR o

N D

(0.0)
(0.9)
(0.0)
(0.9)

(0.9)
(1.4)
(0.9)
(3.3)

(0.0)
(3.3)
(0.9)
(3.3)

(0.9)
(3.3)
(0.9)
(3.3)

r

TCT
TCC
TCA
TCG

CCT
ccc
CCA
CCG

ACT
ACC
ACA
ACG

GCT
GCC
GCA
GCG

Wheat mt rpl2 copy II

TTT
TTC
TTA
TTG

CTT
CTC
CTA
CTG

ATT
ATC
ATA
ATG

GTT
GTC
GTA
GTG

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

Ile
Ile
Ile
Met

val
val
val
val

NOoOwWwOo

A B W

A Wwd O

[ o R BN, I ool

(0.0)
(1.6)
(0.0)
(1.1)

(0.95)
(1.6)
(1.1)
(3.2)

(0.0)
(2.2)
(1.6)
(3.2)

(0.5)
(2.7
(0.0)
(4.3)

TCT
TCC
TCA
TCG

CCT
ccc
CCA
CCG

ACT
ACC
ACA
ACG

GCT
GCC
GCA
GCG

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thy
Thy
Thr
Thr

Ala
Ala
Ala
Ala

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

P =W - (83 0 (S I -8 MOWO

-

E-SNE IS 0 S % F e ol

N W

ow

(0.0)
(4.2)
(0.0}
(0.9)

(1.9)
(0.9)
(1.9)
(2.3)

(0.5)
(1.4)
(0.5)
(0.9)

(0.5)
(5.1)
(3.3)
(2.3)

(0.5)
(4.3)
{0.5)
(2.2)

(2.2)
(1.1)
(1.1)
(2.2)

(1.1)
(1.6)
(1.1)
(1.1)

(1.6)
(5.4)
(2.2)
(1.6}

TAT
TAC

TAG

GAT
GAC
GAA
GAG

TAT
TAC

TAG

GAT
GAC
GAA
GAG

Tyr
Tyxr
End
End

His
His
Gln
Gln

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

Tyr
Tyr
End
End

His
His
Gln
Gln

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

oo ; WwWwwn OO WwWOo w0 O N & & W W OO0OWOo

o) b () D

(0.0)
(1.4)
(0.0)
(0.0)

(2.3)
(1.4)
(1.9)
(1.4)

(1.9)
(1.9)
(0.9)
(4.7)

(2.8)
(1.9)
(2.3)
(2.3)

(06.0)
(1.6)
(0.0)
(0.0)

(1.1)
(1.6)
(1.6)
(1.6)

(2.7)
(1.1)
(0.5)
(4.8)

(4.3)
(1.6)
(2.2)
(3.2)

TGT
TGC
TGA
TGG

CGT
CGC
CGA
CGG

AGT
AGC
AGA
AGG

GGT
GGC
GGA
GGG

TGT
TGC
TGA
TGG

CGT
CGC
CGA
CGG

AGT
RAGC
AGA
AGG

GGT
GGC
GGA
GGG

Cys
Cys
End
Trp

Arg
Arg

Arg

Ser
Ser

Arg

Gly
Gly
Gly
Gly

Cys
Cys
End
Trp

Arg
Arg

Arg

Ser
Ser

Arg

Gly
Gly

ly
Gly

— OO [[SIN ST (S I 4 NO & O S @D BN =N Wl ~ R W Wowo

W 4o

(0.0
(1.4)
(0.0)
(1.4)

(1.4)
(1.4)
(0.9)
(3.3)

(0.0)
(2.8)
(0.0)
(0.9)

(0.9)
(3.7}
(L.9)
(1.9)

(0.0)
(2.2)
(0.0)
(1.1)

(2.2)
(1.1)
(1.1)
(L.1)

{(0.0)
(3.2)
(0.0)
(0.5

(0.0)
(3.8,
(1.6)
(1.1)
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Appendix 7.3 Codon usage table for wheat nuclear genes

Wheat nuclear genes coding for mt proteins 1534 codons
RSCU RSCU RSCU RSCU

Uguu 15 0.48 Uucu 19 1.11 UAU 14 0.55 UGu 2 0.40
guc 47 1.52 Ucc 18 1.05 UAC 37 1.45 UGC 8 1.60
UUA 4 0.16 UCA 23 1.34 UAA 0 0.00 UGA 4 0.00
uuG 23 0.94 UCG 11 0.64 UAG 1 0.00 UGG 17 1.00
CcCuu 31 1.27 CCU 20 1.18 CAU 15 0.77 CGU 16 1.35
cuc 51 2.08 CCC 18 1.06 CAC 24 1.23 CGC 16 1.35
CUA 8 0.33 CCA 14 0.82 CAA 15 0.61 CGA 4 0.34
CUG 30 1.22 CCG 16 0.94 CAG 34 1.39 CGG 5 0.42
AUU 34 1.15 ACU 22 0.97 AAU 13 0.43 AGU 11 0.64
AUC 49 1.65 ACC 38 1.67 AAC 48 1.57 AGC 21 1.22
AUA 6 0.20 ACA 20 0.88 AAA 25 0.56 AGA 9 0.76
AUG 23 1.00 ACG 11 0.48 AAG 65 1.44 AGG 21 1.77
GUU 41 1.43 GCU 37 1.01 GAU 27 0.66 GGU 38 1.27
GUC 34 1.18 GCC 59 1.62 GAC 55 1.34 GGC 38 1.27
Gua 3 0.10 GCA 28 0.77 GAA 25 0.53 GGA 27 0.90
GUG 37 1.29 GCG 22 0.60 GAG 70 1.47 GGG 17 0.57

Wheat nuclear genes coding for cp proteins 1434 codons
RSCU RSCU RSCU RSCU

Uuuu 14 0.50 ucCu 9 0.44 UAU 4 0.16 UGU 3 0.27
uuc 42 1.50 UcC 40 1.95 UAC 46 1.84 UGC 19 1.73
UuA 1 0.05 uca 5 0.24 UAA 3 0.00 UGA 0 0.00
uuG 12 0.55 UCG 20 0.98 Uuac 2 0.00 UGG 28 1.00
Cuu 19 0.87 CCU 150.71 CAU 15 0.68 CGU 5 0.52
CuC 64 2.93 CCC 29 1.36 CAC 29 1.32 CGC 20 2.07
cua 2 0.09 CCA 18 0.85 CAA 5 0.22 CGA 5 0.52
CuG 33 1.51 CCG 231.08 CAG 40 1.78 CGG 8 0.83
AUU 15 0.76 ACU 10 0.53 AAU 10 0.44 AGU 4 0.20
AUC 37 1.88 ACC 36 1.92 AAC 35 1.56 AGC 45 2.20
AUA 7 0.36 ACA 10 0.53 AAA 7 0.23 AGA 3 0.31
AUG 31 1.00 ACG 19 1.01 AAG 54 1.77 AGG 17 1.76
GUU 14 0.51 GCU 19 0.57 GAU 6 0.17 GGU 26 0.76
GUC 45 1.65 GCC 64 1.92 GAC 66 1.83 GGC 70 2.04
Ggua 2 0.07 GCA 14 0.42 GAA 7 0.22 GGA 12 0.35
GUG 48 1.76 GCG 36 1.08 GAG 58 1.78 GGG 29 0.85



Wheat nuclear genes coding for cytosolic proteins 3267 codons
RSCU

guu
goc
gua
UuG

cuu
cuc
CUA
CcuG

AUU
AUC
AUA
AUG

GUU
GUC
GUA
GUG

69
74
15
36

54
66
15
54

49
63
18
92

72
57
23
66

0.
1.
c.
0.

1.
1.
0.
1.

1.
1.
0.
1.00

1.
1.
0.
1.

97
03
38
90

35
65
38
35

13
45
42

32
05
42
21

ucu
ucc
UCA
UcaG

CCU
CCcC
cca
CCG

ACU
ACC
ACA
ACG

GCU
GCC
GCA
GCG

39
39
42
16

61
28
55
35

46
79
36
31

69
77
66
47

RSCU
1.18
1.18
1.27
0.48

1.36
0.63
1.23
0.78

0.96
.65
.75
.65

OO

.07
.19
.02
0.73

e

UAU
UAC
UAA
UAG

CAU
CAC
CAA
CAG

AAU
AAC
AAR
AAG

GAU
GAC
GAA
GAG

55
60
2
2

62
67
20
61

45
58
47
158

100
107

94
113

RSCU
.96
.04
.00
.00

OOoOrHO

.96
.04
.49
.51

H OO

.87
.13
.46
.54

HOKFrO

.97
.03
.91
.09

o o

UGu
UGC
UGa
UGG

CGU
CGC
CGA
CGG

AGU
AGC
AGA
AGG

GGU
GGC
GGA
GGG

7
15

3
42

20
47
13
25

18
44
22
25

82
125
75
64

RSCU
0.64
1.36
0.00
1.00

0.79
1.86
0.51
0.99

0.55
1.33
0.87
0.99

0.95
1.45
0.87
0.74
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