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ABSTRACT

To identify rcgion(s) of the mitochondrial genome that might be involved in

spccifying the "Polima" (pol) cyloplasmic male sterility {CMS) of Brassica napus.

transcripts corrcsponding to 14 mitoc!londrial genes and DNA clones representing >90%

of the mitochondrial genome of Brassica cQ/T'.pesrrîs were analyzed in nap (male fertile).

pol (male sterile) and nuclear fertility-restored pol cytoplasm plants. CMS-correlated

transcriptional differences among these plants w.:re deteeted only with the ATPase

subunit 6 (atp6 ) gene. Sequence analysis of the atp6 gene regions ofpol and nap

mitochondrial DNAs show that rearrangements in the pol mitochondrial genome

upstream of atp6 have generated a chirneric 224-codon open reading frame. designated

orf2?4, that is cotranscribed with atp6. In male sterile plants. most transcripts of this

region are dicistronic. comprising both orf2?4 and atp6 sequences. In fertility restored­

plants. genes at either of two distinct nuclear restorer loci specifically alter this transcript

pattern. resulting in predominantly monocistronic atp6 transcripts. The effeet of the

restorer locus on orf224/atp6 transcripts does not seem to be tissue or developmental

stage specifie. orf224 comprises a portion of the mitochondrial gene. orfB. fused to

sequence of unknown origin. The pol mitochondrial genome contains an apparently

functional copy of orfB. The expression of the atp6 region is developmentally regulated

in pol plants such that levels of monocistronic atp6 transcripts are increased in seedlings

as compared to the floral tissue. Preliminary data indicate that the chimeric gene. orf224.

is expressed al the protein level in pol plants.
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R~umé

Dans le but d'identilÏer une ou plusieurs régions du génome mitoehondrialc

pouvant jouer un rôle dans l'expression de la stérilité mâle cytoplasmique (SMCJ chez

Brassica napus ayant le cytoplasme stérile pol. l'ARN mc..,,--;ager corrc..~pondant il. 14 gènes

mitochondriales ainsi qu' Mes clones représentant plus de 90% du génome

mitochondriale de Brassica campestris a été analysé chez nap (li.:ruleJ. pol (stérileJ ct

chez des plantes ayant des gènes de restauration de la ferulité. Des différencc..~ au niveau

de la transcription pouvant être corrélées avec la SMC n'ont été détectées parmi ces

plantes qu'avec le gène arp6. Le séquençage de cette région chez nap ct pol a révélé un

réarrangement du génome mitochond:iale de pol en amont du gène arp6 de sorte qu'un

nouveau gène chimérique appelé orf224 se trouve cotranserit avec arp6. Chez les plantes

stériles, la majorité des ARN messagers provenant de cette région sont bicistroniquc..~

(orf224-arp6). Chez les plantes contenant un des deux gènes de restauration de la

ferulité, présent dans deux régions differentes du génome, ce gène semble altérer la

transcription de cette région de sorte que la forme monocisltonique du gène arp6

prédomine. L'effet des locus de restauration sur les ARN messagers orf224/arp6 ne

semble pas spécifique au stade de développement de la plante ou au tissu. Le gène

chimérique orf224 contient une partie du gène mitochondriale orfB fusionnée à une

séquence d'origine inconnue. Le génome mitochondriale pol contient également une

copie apparemment fonctionelle de orfB. La transeription du gène atp6 semble liée au

stade de développement de la plante pol, la forme monocistronique du gène arp6 étant

plus importante chez les très jeunes plantules que dans les tissus floraux. Des résultats

préliminaires indiquent que le gène chimérique, orf224, est exprimé au niveau de

protéine dans les plantes pol•
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

- - Idenùficaùon. cloning and structural characterizaùon of the mitochondrial gene region

(orj2U/arp6 region) associated with the "Polima" (pol) eytoplasmic male steriIity in

Brassica napus. AIso. cloning and structural characterization of the corresponding
,

region (arp6 gene region) of the mitochondrial genorne of male fertile cytoplasm (nap) of

Brassica napus.

- - Provided fmt demonstraùon that mitochondrial arp6 gene region is differeritially

expressed among nap (male fertile) •pol (male sterile) and nuclear fertility-restored

Brassica napus plants. including near isonuclear Iines.

- - For the first time screened mitochondrial DNA sequences covering >90% of the

genome for their differenti:l expression, at transeript level (RNA gel blot analysis),

between male fertile and male sterile near isonuclear plants and demonstrated that arp6

region is the onIy region of the screened genome whose altered expression is correlated

with pol CMS.

- - Demonstrated for the first time by segregation analysis of the backcross progeny, with

respect to the differential expression ofarp6 gene region in male sterile and male fertile

plants, that altered expression of this region is very tigbtly linked to the fertility­

restoration and CMS trait.

- - Demonstration that expression of the arp6gene region in pol p!3nts is

developmentally regulated.
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- - Provided evidence that pol mitochondrial genome contain~ apparently funcùonal copy

of the orJB gene. indicaùng that pol CMS is not caused by the absence of an intact.

expressed orfB gene.

- - Provided evidence that the complex transeript pattern of the arp6 region in fenility

restored pol plants appears to be generated by a combination of multiple transcription

initiation and processing events and the nuclear restorer locus alters transeripts of this

region most likely by affecùng RNA processing.

- - Demonstration that the effeet of the restorer locus on transeripts of arp6 region is not

tissue or developmental stage specifie.

- - Demonstration of the presence of a chimeric 224-codon open reading frame.

designated orf224. uPStrearn of arp6 gene. 0rf224 comprises a ponion of the

mitochondrial gene orfB fused to a sequence of unknown origin. Provided evidence that

orf224 is co-transcribed with arp6.

- - Developed a relatively fast procedure for isolaùng plant mitochondrial RNA. which is

particularly smtable for isolaùng mitochondrial RNA from a large number of samples.
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PREFACE

This thesis has been prcpared as per the regulations of the Faculty of Graduate Studies

and Rcsearch of McGill University. lt consists of an abslract (in English and French),

introduction and litcrature rcvicw, thrce chapters ofexperimental results presented in

manuscript form, ovcrall conclusion and appendices. Ail of the literature cited in this

thcsis has been combined and appcars lasL

Chapter II has been published in the scientific journal The Plant Cell. The complete

refcrencc of this paper is :

Singh, M., and Brown, G.G (1991). Suppression of cytoplasmic male sterility by

nuclcar genes alters expression of a nover mitochondrial gene region. Plant CeIl 3,

1349-1362.

Chapter III has been submitted for publication. This manuscript is authored by M. Singh

and G.G. Brown.

Chapter IV will be submitted soon for publication.

Preparation of manuscripts comprising various chapters was a collaborative endeavor

undertaken with Dr. G. G. Brown. AIl the experimental results presented in this thesis.

except othenvise stated in the acknowledgments of chapters mand IV. arc solely the

work of the candidate. Since this thesis bas been written in manuscript format, sorne

.degree of redundancy is unavoidable. ~ .
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Results presented in chapter II were considered interesting enough for oral presentation

(presented by the candidate) at the following scientific meetings:

1. "Third International Congress of the International Society for Plant Molecular

Biology". October 6-11.1991. Tucson. Arizona.

2. "6th Canadian Society for Plant Molecular Biology Annual Meeting". May 26-29.

1991, Laval, Quebec.

As required by the Faculty of Graduate Studies and research (McGiII university). the

foilowing statement is reproduced: " Candidates have the option. subject to the approval

of their department, of inc1uding. as part of their thesis. copies of the text of a paper(s)

submitted for publication, or the clearly-duplicated text of a published paper(s), provided

that these copies are bound as an integral part of the thesis.

-If this option is chosen, connecting texts, providing logical bridges between the different

papers. are mandatory.

-The thesis must still conform to all other requirements of the "GuideIines Concerning

Thesis Preparation" and should be in a literary form that is more than a mere collection

of manuscripts published or to be published. The thesis must include. as separate chapters

or sectiC"S~ (1) a table of contents. (2) a general abstract in English and French, (3) an

introduction which clearly states the rationale and objective of the study. (4) a

comprehensive general review of the background literature to the subject of the thesis.

when this review is appropriate. and (5) a fInal overall conclusion and/or summary.

- Additional material (procedural and design data, as weil as descriptions ofequipment

used) must be provided where appropriate and in sufficient detail (e.g. in appendices) to

allow a c1ear and precise judgement to be made of the importance and originality of the

research reported in the thesis.
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-In the case of manuscripts co-authored by the candidate and others. the candidate is

required to make an explicit statement in the thesis of who contributed to such work and

to what extent; supervisors must attest to the accuracy of such daims at the Ph.D. Oral

Defence. Since the task of the Examiners is made more difficult in these cases. it is in

the candidate's interest to make perfectly cIear the responsibilities of the different authors

of co-authored papers.
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Plants of the genus Brassica include sorne of the world's most importult oilseed

crops. Brassica napus (rape). grown in several parts of the world. is Canada's major

oilsced crop and reprcsents ::. significant contribuùon to Canadian revenue. Keeping in

view the importance ofBrassica napus to Canada's economy, appropriate strategies need

to be developed for the improvement of this crop. Tradiùonally, crop improvement has

been achieved through the development of hybrids of different inbred culùvated varieùes

which combine the desired traits of different parentallines. Such hybrids often yield

more as a result of heterosis which arises from the complementation of deleterious alleles

fixed in parentallines by inbreeding. The seed producùon from FI hybrids of rape

produced by emasculation and cross pollination has been shown to exceed that of the

parents by up to 60% (Sernyk and Stefansson, 1983; Fan et al., )986). Thus, hybrid

development would be highly useful for increasiI:g seed yield and introducing desired

characterisùcs into Brassica crops.

Since Brassica napus is a self poilinating crop, the large scale production of

hybrid seed requires that a simple method be available for preventing the production of

pollen by the seed parent of a cross. This can be done by incorporating a matemally

transmitted inability to produce functional pollen, cytoplasmic male sterility (CMS), into

the seed parent line. Plants possessing the CMS trait maintain female fertility and are

unable to produce viable pollen unIess they possess specific nuclear genes, termed

restorers of fertility (Rj), which suppress the male sterile phenotype. The large scale

production of hybrid seed is achieved by pollinating a CMS line with a variety that

carries nuclear restorer gene(s). The CMS phenotype bas bel:n observed in more than

140 species (Laser and Lersten. 1972).

Polima (pol) CMS cytoplasm was chosen for the studies described in this thesis

because this cytoplasm induces nearly complete male sterility in most of the Brassica

napus lines and restorer lines have been deveIoped by the plant breeders (Fan et al,
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1986). However. hybrids produced using pol cytoplasm may show up to a 20'ié

reduction in seed yield 'Clative to the corresponding hybrids carrying normal Brassica

napus cytoplasm (nap). In addition. pol male sterility breaks down at high tempcratures

(Fan and Stefansson. 1986). There are severa! other CMS systems (ogu. nap. Diplota:"L~

ete.) available in Brassica but they also have disadvantages: e.g. restorer Iines for ogu

cytoplasm in Brassica napus are not easily available and the introduction of restorer

genes results in a decrease in seed set. and nap cytoplasm does not induce male sterility

in most of the Brassica napus lines.

Obviously. there is a need to improve the CMS systems of Brassica in order to

produce high yielding hybrids. Studies leading to identification of molecular lesions.

responsible for CMS in Brassica. would help in finding out the ways and means to

manipulate and improve the CMS system in weil defmed ways. A1though the molccular

analysis ofCMS has been carried out in sorne plant spccics (Hanson. 1991: Braun et al..

1991). the molecular basis of the trait is not precisely understood in any system.

Moreover. there is a need to study the molecular basis ofCMS il: more than very few

plant species in order to allow generalization about the molecular principles underlying

this agronomically important trait For these reasons, 1chose to analyze the pol CMS

system in Brassica napus at the molecular level.

Considerable evidence strongly suggests that CMS is associated with

mitochondrlal dysfunction (pelletier et al.. 1983: Hanson and Conde. 1985: Barsby et al..

1987: Lonsdale. 1987). However. it is aIso clear that nuc1ear genes control the

expression of the CMS phenotype. CMS can arise in one of the four ways (Edwardson.

1970): (A) from intergeneric crosses; (B) from interspecific crosses ; (C) from

intraspecific crosses ; (0) spontaneous occurrences. In addition. CMS can he transmitted

by protoplast fusion (pelletier et al.. 1983; Barsby et al.. 1987). The CMS phenotype is

often observed when a nucleus from one species is combined with a foreign cytoplasm

by backcrossing. This results in plants containing the cyloplasm of the original maternaI

3
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parent and the nuclcar genotypc of the original male parent. In such plants. interaction

betwcen nuclear encoded and mitochondrial enc"lied gene products may be disturbed.

resulting in alterations of mitochondrial function (Hansen and Conde. 1985).

Incompatibility between nuclcar and mitochondrial genomes could result in the alteration

of mitochondrial gene expression (transcription. processing of RNAs. or translation).

Alternatively. the enzymes of inner mitochondrial membrane. which contain subunits

coded by both nuclcar and mitochondrial genomes. may become partially dysfunctional

as a result of aberrant interactions between various subunits.

Plant mitochondriaI DNAs (mtDNAs) are very large in size and complex in

sequence organization as compared to their animal or fungal counterparts. The smallest

mtDNAs are those of multicellular animaIs; in most cases these occur as a single circular

species and are about 16-18 kb in length (sederoff. 1984). severa! plant species. in

addition to a high molecular weight componen!. contain low molecular weight linear

and/or circular DNA or RNA molecu1es (Pring and Lonsdale. 1985; Brown and

Fmnegan. 1989; Lonsdale. 1989). These mini circular l1inear species. in most cases,

appear not to encode essential mitoehondrial genes and their function in mitochondria is

uncertain. The high molecular weight plant mtDNA varies in size from about 200 kb in

the genus Brassica to 2500 kb in muskme10n (Palmer and Herbon. 1988; Ward et al.

1981). Physical maps of the mitochondriaI genomes from severa! plant species have

been generated in the past few years [Lonsdale et al, 1984 (maize); Palmer and shields,

1984 (Brassica campestris); Quetier et al, 1985 (wheat); Palmer and Herbon, 1986

(Brassica nigra and radish); Palmer and Herbon,1987 (Brassica hirta); Siculella and

Palmer, 1988 (sunflower); Brears and Lonsdale, 1988 (sugarbeet); Folkerts and Hansen,

1989 (Petunia); Yamato et aL, 1992 (rice)]. The simplest organization occurs in

Brassica hirta, where the genome consists ofa single circular species of 208 kb (Palmer

and Herbon, 1987). The other Brassica species like Brassica campestris, Brassica

oleracea and Brassica nigra ail have similar size genomes, but have a relatively more
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complex organization than that of Brassica hina. Each cont:lins a pair of direct rcpcalS.

Homologous rccombination between two copies of the rcpeated sequence resullS in the

formation of LWO smaller subgenomic circles (Palmer and Shields. 1984: Palmer and

Herbon, 1987).

Due to their larger l'ize in comparison with those of other organisms. plant

mitochondrial genomes have the capacity to encode genes in addition to those for transfer

RNAs (tRNAs), ribosomal RNAs (rRNAs) and components of the respiratory chain that

are normally found in other eukaryotes. The mitochondrial genes identified in higher

plants include three rRNA genes (rm26, rmI8 and rm5>, genes for proteins of known

function [coxl, coxlI, coxlII (encode subunits ofcytochrome oxidasc): cob (cytochrome

b): atpA, atp6, atp9 (encode subunits of ATP synthase): nadI, nad3, nad4, nad5

(NADH:CoQ reductase subunits); rps3, rpsI2, rpsI3, rpsI4, rpII6 (encode ribosomal

proteins»), about sixteen tRNA genes and some conserved open reading frames (ORFs)

of unknown function (Brown, 1992). However, the total number of genes encoded by

the mitochondrial genome of higher plants is not known. Recently, the complete

mhochondrial genome of the liverwon Marchantia polymorpha (a bryophyte) has been

sequenced (Octa et al., 1992). The genome (186 kb) encod~ three species of ribosomal

RNAs, 29 tRNAs genes and 30 genes for proteins of known function. It also encodes 32

unidentified open reading frames (Oda et al, 1992). This information will undoubtedly

be useful in identifying more mitochondrial genes in higher plants.
,

This thesis bas been written in manuscript-format and relevant literature is

discussed in various sections of the chapters that follow. The following is a brief review

of major findings on various CMS systems with an emphasis on molecu1ar analyses.

During the past few years, severa! reviews dealing with various aspects of plant

mitochondrial genome, including CMS, have been published (Hanson and Conde, 1985;

Lonsdale, 1987; NewtOn, 1988; Levings and Brown, 1989; Levings, 1990; Braun et al,

1991; Hanson, 1991; Brown, 1992; Gray et al, 1992). Although molecular analysis of

5
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CMS has becn carricd out in several plant species, the maize cms-T (maIe sterile

eytoplasm Texas orn and Petunia-eMS are the most weil characterized CMS-systems

of higher plants.

Maizecms-T

Two dominant nuclear aIleles, Rf1 and Rf2, are required to restore fertility to

maIe sterile cms-T maize plants. Plants carrying cms-Teytopiasm are susceptible to

fungaI pathogen, Bipolaris maydis, race T (Mille~ and Koeppe,1971). The toxin BmT

produced by this fungus makes cms-TmitochondriaI membranes penneable to smaIl

molecuIes such as Ca++ and causes swelling of the membrane and loss of membrane

potentiaI (Miller and Koepe 1971; Berville et al., 1984; Holden and Sze 1984)..

However, the toxin does not affect the mitochondria from other maize eytoplasms.

Dewey et al (1986) identified a nove1 mtDNA region specific to the cms-T

cytoplasm by differentiaI hybridization of mtRNA sequences from sterile and fertile

mitochondria to mtDNA library from cms-Tmaize. The expression ofthis region at

RNA leve1 is affected by the nuclear restorer gene, Rf1 (Kennell et al. 1987; Kennell and

Pring. 1989). In fertile cms-Trevertant plants, this region was either deleted or altered

(Fauron et aI.• 1987; Rotttnan et aI•• 1987; Wise et al. 1987). providing additionaI

evidence that this locus is associated with the cytoplasmic maIe steriIity confetred by T­

cytoplasm. The region contains a unique open reading frame (ORF) which is

cotranseribed with a downstream nonnaI mitochondriaI gene. orf25. and has the

potentiaI to encode a 13 kDa protein. The ORF sequences are homologous 10 the coding

and 3' flanking regions of rm26 and its expression is driven by the sequences which are

homologous to a region upstream ofatp6 (Dewey et al. 1986; Kennell and Pring. 1989).

Earlier work on cms-Thas demonstrated synthesis of a 13 kDa protein specific 10

T-cytopiasm mitochondIia. The 1evels of this protein were reduced by the presence of

restorer gene. Rfl (Forde et al. 1978; Forde and Leaver. 1980). Antibodies raised
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against a peptide. synthesized on the basis of dedueed amino acid sequence of cms-T

specifie ORf. deteeted a 13 kDa protein associated with the mitochondrial membrane

fraction in T-cytoplasm plants. the levels of which were reduced by the Rfl allele

(Dewey et al.• 1987). These studies along with the genetie analysis (Wise et al.• 1987)

confmned that cms-T specific ORf encodes the 13 kDa protein specific to the T­

cytoplasm maize plants. This ORf. whieh represents a ehimeric gene. was eonsequently

designated as T-uifl3. These observations also suggest that URFl3 protein may bc

directly related to CMS trait. Since RjI alone does not restore male fertility. reduction in

the levels of URF13 protein is not enough for sterility suppression. The effects of the

Rfl allele. at the molecular level. in suppressing male sterility are not known.

Inœrestingly. the effects of fungal toxin on Escherichia coli cxpressing the

URFl3 protein are similar to those observed in cms-Tmitochondria (Dewey et al.• 1988).

Similarly. when this protein is expressed in yeast and targeted to mitochondria. the yeast

ceUs become sensitive to the toxin when grown on a non-fermentable carbon source.

However. the yeast cells cxpressing this protein without the target peptide remain

insensitive to the toxin (Huang et al.• 1990). These studies provide direct evidence that

URFl3 protein is involved in conferring sensitivity to fungal toxin in cms-T

mitochondria. However. the role of this protein in male sterility remains unclear.

PetuniaCMS

A mitochondrial DNA region associated with Petllllia CMS was identified by

analyzing mtDNA of the male sterile and male fertile somatic hybrid plants. produced by

the protoplast fusion technique. for restriction fragment length polymorphisms (Boeshore

et al.• 1985). The region contains. blee maize cms-T. a chimeric gene. designated pcf

(Petunia CMS-assocïated fused). comprised of portions of atp9 and coxII coding region

sequences fused 10 an unidentified reading frame aesignaœd urf-S (Young and

Hanson.1987). Again.like maize 1~uifl3.pcfis located upstream ofand cotranseribed

7
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with the two normal mitochondrial genes nad3 and rps12 (Rasmussen and Hanson.

1989). In Petunia. the expression of the CMS-associated region at the RNA level is

developmentally regulated and affected by the fenility restorer allele (Young and

Hanson. 1987; Pruitt and Hanson. 1991). The levels of the CMS-associated

mitochondrial transeripts were found significantly higher in anthers as compared to the

vegetative tissue of male sterile plants. In presence of the restorer allele, the levels of the

transeripts ofone of the three 5' termini were reduced. However, nuclear genes, other

than the fertility restorer gene, also affected the expression of the CMS locus at transcript

level (Pruitt and Hanson, 1991). CMS cytoplasm-specific synthesis of a 25 kDa protein

in mitochondria was demonstrated by Nivison and Hanson (1989) using antibodies raised

against a synthetic peptide corresponding to the uif-S portion of the pcfgene. This

protein was also observed in fertility restored lines but at significantly reduced levels.

This protein was found in both the soluble and membrane fractions of mitochondria,

suggesting its loose association with the mitochondrial membranes. At the physiological

level, differences in the partitioning of the electron transport through the cytochrome

oxidase and alternative pathway were reported in ccU suspension cultures and immature

anthers from near isonuclear male fertile and male sterile Petunia lines (Connett and

Hanson 1990). Male sterile plants showed a significant reduction in the alternative

oxidase activity as compared to the fertile plants. The fertility restoration of male sterile

plants resulted in the increased activity of alternative oxidase. So there seems to be some

correlation between these changes at the physiologicallevel and CMS. However, how

the pcfgene region is involved in these changes is not clear.

SunDower, bean and rice CMS systems

In sunflower. the comparison of the physical maps of the mtDNAs from normal

and male sterile cytoplasm plants, revealed a single region which was organized

differently in the two types of plants (Siculella and Palmer, 1988). This rearranged
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region is located near the arpA gene and contains a 5 kb insertion of un1.-nown ongin.

The inserted sequence possesses a 522 nucleotide open reading frame. urfH522. located

downstream of arpA (Kohler et al.• 199\). Analysis of tr.mscripts from this region

showed that urfH522 is cotranseribed with arpA and that the transcript pattern is altered

in sorne but not in ail restored lines (Hom et al.• 1991: Kohler et al.• 1991). Since near

isonuclear lines. differing in their aIleles primarily at the locus of interest (restorer locus

in the present case). were not used in these studies. it is difficult to judge whether the

effects on transeripts of this region are specifically due to the restorer allele. Studies

involving protein synthesis by isolated mitochondrla from male sterile and normal

sunflower lines showed that CMS plants synthesize a 16 kOa polypeptide which was not

detected in male fertile mitochondrla (Hom et al•• 1991). Interestingly. the size of this

protein is very close to the predicted size for the protein potentially encoded by urfH522.

However. whether urfH522 is actually translated in vivo and the role of its translated

product in CMS remains to be demonstrated.

The bean (Phaseolus vulgaris) CMS system is unique in the sense that the

nuclear restorer gene induces permanent change in the mtDNA of male sterile plants.

Thus. once this has been effected. the plants remain male fertile even in the absence of

the restorer aIlele. The permanent reversion of a male sterile to a male fertile cytoplasm

involves the deletion of a 24 kb restriction fragment from the mtDNA (Mackenzie and

Chase. 1990: Mackenzie et aL. 1988). Sequence analysis of a 3 kb portion of the deleted

mtDNA, which is not found in the mitochondrlal genome of plants reverted to fertility.

reveaJs the presence of two transeribed open reading frames. One of the ORFs contains a

chloroplast sequence. These ORFs have the potential to encode polypeptides of 10.9- and

26.7 kDa (Johns et al•• 1992).

In rice. the mitochondrial gene atp6 shows differential expression between male

fertile and male sterile near isonuclear plants at transeript leveL Normal n:ale fertile

cytoplasm plants were found to contain a single copy ofatp6-related sequences while the
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male sterile cytoplasm plants contain two. Sequence analysis showed that in male sterile

plants one of the two arp6 copies rcpresents an intact arp6 gene while the other rcpresents

a chimeric gene comprising 5' flanking and N-terminal arp6 coding sequences fused to a

sequence of unknown origin (Kadowaki et al.• 1990). Since the nucIcar restorcr allele

affects transcripts of Ibis gene when near isonucIear lines werc used. it appears to be

associated with the CMS trait.

Radish Ogura CMS

In radish. Makaroff and Pa11ner (1988) have demonstrated mtDNA

rcarrangements and transcriptional a1terations in the Ogura (ogu) male sterile cytoplasm

as compared to the normal (male fertile) cytoplasm. The transcriptional patterns of a

dozen known mitochondrial genes and rearranged radish mitochondrial gene regions

were studied in fertile. CMS and fertility-restored radish lines. The transeription patterns

of atpA. arp6 and cox! genes were found to be different among these lines. Since the

mtDNA rearrangements mapped near these genes. the rearrangements appeared to be

responsible for their transcriptional alterations in CMS plants as compared to the normal

cytoplasm plants. Nuclear fertility restoration does not affect the arp6 and cox! transcript

pattern. but it does affect the transcript pattern of atpA gene. Interestingly. after fertility­

restoration the transcript pattern of atpA appears similar to that of normal cytoplasm

plants. However. further analysis demonstrated that the atpA transeriptional differences

were due lO the non-specifie effeets of the nuclear genotype rather than the specifie effect

.~ of the restorer gene (Makaroffet al•• 1990). Thus. the differential expression of the atpA

gene is unlikely te be involved in male sterility. In ogu plants, a 105 codon open reading

frame. generated by mtDNA rearrangements. is located upstream of and cotranseribed

with the arp6 gene. whose coding region i.e; disrupted at the N-terminal end (Makaroff et

al. 1989). Since the expression of this region al transcript level is not affected by

fertility restoration, its association with CMS is not clear. Recent studies involving
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analysis of mitochondrial DNAs of CMS and fenile Brassica napuslOgura cybrids and

semanc hybrids have led to the identification of another mtDNA rcgion associated with

ogu CMS (Bonhomme et al.• 1991; Temple et al.• 1992).

Brassica Polima CMS

Most of the cartier molecular work on CMS in Brassica centercd around the 11.3

kb DNA plasmid which co-purifies with mitochondria and is observed in seme CMS

lines. Extensive genetic and molecular analyses showed that the presence or absence of

this plasmid does not appear to be associated with pol CMS in Brassica napus (Kemble

et al.• 1986; Erickson et al..1986). To identify regions of pol mtDNA which might be

associated withpol CMS in Brassica napus. Witt et al. (1991) and Singh and Brown

(1991) (chapter II of this thesis) screened 12-14 standard mitochondrial genes for their

differential expression at RNA level among fenile. CMS and fenitity restored Brassica

plants. Only the azp6 gene region showed differential expression among these plants and

fertility restoration altered the atp6 transeript pattern. Further studies using near

isonuclear Brassica napus lines showed that the alteration in atp6 transcript pattern is

specific to the nuclcar restorer locus and that twO distinct restorer alleles. RJp] and Rfp2.

exen the same effect on transeripts of atp6 gene region (Singh and Brown. 1991; Chapter

II of this thesis). Sequence analysis ofatp6 gene region in pol plants revealed the

presence of a chimeric gene comprising N-terminal region of orfB gene and a sequence

of unknown origin. This chimeric gene is located upstream of and cotranscribed with the

atp6 gene (Singh and Brown. 1991; Handa and Nakajima. 1992a). No differences were

observed by Handa and Nakajima (1992b) in RNA editing of atp6 gene traDScripts

between male fertile (normal cytoplasm) and male sterile (pol cytoplasm) plants.

11
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Possible mechanisms of CMS

Although in severa! cases studied, the rearrangements in the mitochondrial

genome have been found associated with CMS. it is not clear how these changes in

genome organization lead to the CMS phenotype and at the same ûme allow vegetative

parts of the plant to remain unaffected. It is possible !bat CMS-related mutations cause

mild mitochondrial dysfunction and that ûssues which uûIize energy at relatively slow

rate, such as vegetative ûssues. are able to tolerate this miId deficiency in mitochondrial

function. However, the ûssues that uûIize energy at a faster r.lte, which conceivably

could 'nclude those involved with pollen development, might be unable to cope with this

deficiency in mitochondrial funcûon and fail to carry out their physiological functions.

thus resulting in the oven phenotype. In this regard, it is interesting to note that the

number of mitochondria per cell increases about 20 ûmes in sporogenous ûssue and 40

times in tapetum. the inner layer of the pollen sac, indicating that the microsporogenesis

is a particularly high energy demanding process (Warmke and Lee, 1978; Lee and

Warmke, 1979). The tapetal cells are considered to perform a nutritive function for

developing pollen. In CMS Petunia and maize ems-T, abnormalities in tapetallayer have

been observed (Bino, 1985a; Bino. 1985b; Warmke and Lee, 1977). It is also possible

that the CMS mitochondria become dysfunctional in anthers only as a result of

interaction with anther-specific metabolic processes For example, it has been

hypothesized that T-type male sterility of maize is caused by mitochondrial dysfunction

resulting from interacûon of mitochondria with an anther-specific metabolite analogous

to T-cytoplasm specific fungal toxin (Flave11. 1974).

In severa! cases, the CMS-associated.mitochondrial gene regions contain chimeric

genes. The protein produet of these genes could interfere with the normal mitochondrial

functions or it could compete with the corresponding normal protein(s) in interactions

with other proteins as multisubunit complexes are assembled. Another possibility arises

from the observations made in maize. Petunia and Brassica that the CMS-assoclated
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chimeric genes are located upstrearn of and cotranseribed with the normal mitochondrial

genes. It has been suggested that the chimeric gene sequences might affect the

translation of the downstrearn normal gene. leading to the deficiency of the normal gene

protein and male steri!ity (Hanson et al.• 1989; Singh and Brown. 1991). However. it is

important to note that there are examples of chimeric genes being present in fertile !ines

and there are chimeric genes present in sterile !ines in regions of mitochondrial genome

that are notcorrelated with CMS (Hanson. 1991). It is also possible that the di- or

polycistronic transeripts containing chimeric gene sequences are edited differentially than

their counterparts in normal cytoplasm. resulting in abnormal protein which might

interfere with normal mitochondrial function. Differentiai editing of orj25 sequence

located downstream of uifl3-Thas been observed in male sterile and male fertile maize

plants, although no RNA editing was observed in uif13-Tsequence (Ward and Levings.

1991).

Severallaboratories are trying to demonstrate the role of these chimeric genes in

CMS. through studies involving targeting of the protein product of chimeric genes to the

mitochondria of normal cytoplasm plants. Ifmale sterile transgenic plants are obtained

as a result ofsuch targeting. the involvement of these genes in CMS would become clear.

On the other band, ifCMS is caused by the deficiency in expression ofa normal

mitochondrial gene. then targeting of the normal gene protein to mitochondria of male

sterile plants should resclt in male fertile transgenic plants and the gene for the targeted

protein cao be used as a synthetic restorer gene.

The possible mechanisms underlying the Polima CMS in Brassica napus will be

discussed in the following chapters.
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Identification, isolation and cbaracterisation of a mitochondrial gene region

associated with Polima cytoplasmic male sterility in Brassica napus
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SUMMARY

To idenüfy regions of the mitochondrial genome that could potenüally specify the

"Polima" (pol) cyloplasmic male sterility (CMS) of Brassiea napus. transcripL~ of 14

mitochondrial genes from nap (male ferüle). pol (male sterile). and nuclear ferolity­

restored pol cytoplasm plants were analyzed. Transcripüonal differences among these

plants were deteeted only with the ATP synthase subunit 6 (atp6) gene. Structura!

analysis of the atp6 gene regions ofpol and nap mitochondrial DNAs showed that

rearrangements in the pol mitochondrial genome occurring upstream of atp6 have

generated a chimeric 224-codon open reading frame. designated orf224. that is

cotranscribed with atp6. In CMS plants. most transcripts of this region are dicistronic.

comprising both orf224 and atp6 sequences. Nuclear restorer genes at either of two

distinct loci appear to specifically alter this transeript pattern such that monocistronic

atp6 transcripts predominate. The differences in expression of this region appear to

result, in part, from differenüal processing of a tRNA-like clement comprising a tRNA

pseudogene present immediately upstream of atp6 in both the sterile and ferole

mitochondrial DNAs. Possible mechanisms by which expression of the orf224latp6

locus and the Polima CMS trait may be specifically related are considered.
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INTRODUCTION

Cytoplasmic male sterility (CMSJ is a widespread trait of higher plants that is specified.

in most cases. by the mitochondrial genome {Hanson et al. 1989; Levings. 1990; Braun

et al.• 1991J. Although CMS is matemally inherited. in many cases specific nuclear

genes. termed restorers of fenility (Rf). have been identified that can suppress the male

sterile phenotype and restore fenility to FI hybrids. Although the regions of the

mitochondrial genome that specify certain forms ofCMS have been identified. the

molecular b:.sis of the trait is not precisely understood in any system.

Brassica napus. which is widely grown as the oilseed crop of rape or canola.

offers severa! advantages as a system for the molecular lIIlalysis of CMS. The relatively

simple organization of the mitochondrial genome in the Brassica and allied genera

(Palmer and Shields. 1984) facilitates detailed analysis of structural differences between

sterile and fertile mitochondrial (mt)DNAs (Makaroff and Palmer. 1988; Makaroff et al.

1989). In addition. the capability ofproducing Brassica somatic hybrids with

recombinant mitochondrial genomes (Kemble and Barsby. 1988) potentially allows for

direct genetic analysis of the cytoplasmic determinants ofCMS. Because seed yield in B.

napus hybrids may be enhanced by as much as 60% above that of parentallines. there is

also considerable interest in applying Brassica CMS in the production of hybrid

rapeseed.

Investigations ofCMS in Brassica have focused on three male sterile cytoplasms.

ogu. nap. and poL The nap cytoplasm is the normal cytoplasm round in most B. napus

cultivars; it is capable ofconferring male sterility on only a few B. napus nuclear

genotypes. and this male sterility is unstable under warmer growing conditions (Fan and

Stefansson. 1986). The "Ogura" or ogu cytoplasm. which originated in radish. is

associated with severa! disadvantageo\lS- traits in Brassica (Kemble and Barsby. 1988)

and effective Brassica restorer lines are not available (Pellan-Delourme and Renard.
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1988), Both because the "Po1ima" or pol cytoplasm confers a relativc1y tempcraturc

stable male steri1ity (Fan and Stefansson. 1986) and because of the availability of rcstorer

genotypeS (Fang and McVelty. 1989). this system appears to be the most advantageou._

for hybrid rapeseed production. Despite the relative importance of the pol system.

mo1ecular analysis ofCMS in crucifers has dealt primari1y with the ogu system.

The mtDNA of pol cytop1asm can be distinguished from the mtDNAs of other

Brassica cytop1asms by restriction analysis (Erickson et al.• 1986). Analysis of cybrid

lines bas indieated !hat the determinants for pol CMS reside in the mitochondrial genome

(Kemb1e and Barsby, 1988). To identify mitochondrial gene regions!hat might be

associated with the pol CMS trait. we have searched for differences in expression among

nap male fertile, pol CMS, and pol fertility-restored B. napus plants. Only a single

region that is expressed differently in these plants was identified. In severa! respects this

region resembles the well-defmed CMS determining segments of the mitochondrial

genomes of the T cytop1asm of maize and the S cytop1asm of petunia. It contains a novel

open reading frame (ORF), created through mtDNA rearrangements, !hat is positioned

upstream of, and cotranseribed with, a normal mitochondrial gene, in this case, the gene ..

encoding subunit 6 of the mitochondrial ATP synthase, atp6. Suppression of the pol

CMS phenotype by either of IWO distinct nuclear genes is associated with a1tered

expression of the pol mitochondrial chimeric ORF and atp6 gene.

MATERIALS AND METBOns

Plant Material

Brassica napus cytoplasms are designated according to the convention of Kemble and

Barsby (1988) and are indicated by the parenthetical italicized designations following

the cultivar name. The strains Regent (nap), Regent (pol), Italy, and UM2353 were

obtained from Dr. P.B.E. McVetty, University of Manitoba. Winnipeg; 2007 and 4007

. 17
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were from Dr. Larry Semyk. Cor-ti Seeds. Winnipeg. Manitoba; all other strains were

provided by Dr. D. Hutcheson. Agriculture Canada. Saskatoon. Saskatchewan. Floral

tissue from plants grown in the McGill Phytotron growth chambers under normal growth

conditions (day/night temperatures of 22116 oC, 16-hr photoperiod) was used for the

isolation of mitochondrial nucIeic acids.

MitochondriaJ Genes

The mitochondrial gene regions used in the analysis ofBrassica transeripts are described

in Table 2. Sources of the maize probes have been described previously (Ftnnegan and

Brown. 1990). Ors. Linda Bonen (University of Ottawa, Ottawa). C.S. Levings m
(North Carolina State University. Raleigh) and David Wolstenholme (University of Utah.

Salt Lake City) furnished the wheat, tobacco and bean probes. res-pective1y; the

Oenothera and waterme10n probes were supplied by Dr. Axel Brennicke (Institut fur

Genbiologische Forschung. Berlin).

Isolation of Nucleic Acids

mtDNA was isolated essentially as descrlbed by Kemb1e (1987). except that further

purification by equilibrium centrifugation in CsCI gradients was occasionally used to

improve ilS susceptibility to digestion by restriction endonuc1eases. mtRNA was isolated

by a modification of me high ionic strength-medium procedure of perez et aL(1990). AIl

steps were performed at 4°C unless otherwise stated. PIant tissue was homogenized in 3

to 5 volumes of high ionic strength buffer (50 mM Tris-HCl, pH 8.0. 25 mM EDTA, 1.3

M NaCI. 0.1% BSA. and 56 mM mercaptoethanol). The homogenate was filtered

through the two layers of Miracloth (Calbiochem IDc.). and the filtrate was centrifuged

twice at 2600 g for 10 min.. The pellet was discarded and the supernatant was

.- centrifuged at 17000 g for 20 min. ta sediment mitochondria. Mitochondria were lysed

in the presence of aurintricarboxilic acid. and mtRNA was obtained by LiCl precipitation

as described by Stern and Newton (1986).
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NucIeic Acid Analysis

mtRNA was size fractionated on agarose-urea gels (Finnegan and Br...wn 1986).

tranSferred to GeneScreen Plus (Dupont-New England Nuclear) hybridization

membranes by overnight capiIIary blotting with 1.5 M NaCIlO. 15 M sodium citrate. and

hybridized to radiolabeled probes in the presence of 1 M sodium chloride. 1% SOS. and

10% dextran sulfate for 24 br.. For homologous probes. membranes were hybridized at

60 oC according to the instructions of the supplier (Dupont-New England Nuclear).

Membranes were subsequently washed two limes for 5 min. with wash buffer (0.3 M

NaC1l0.03 M sodium citrate) at room temperature. twice for 30 min. with wash

buffer/l% SOS at 60°C, and twice for 30 min. with 0.05 X wash buffer at room

temperature prior to autoradiography. For heterologous probes. the hybridization and

high temperature washes were performed 5-8 oC lower than the corresponding

temperatures for homologous probes.

mtDNA was digested with restriction endonucleases and size fractionated on

0.7% agarose gels. Gels were treated with 0.4 N NaOHlO.6 M NaCI for 30 min. al room

temperature. and neutraIized by incubation in 1.5 M NaC1l0.5 M Tris-HCI (pH 7.5) for

30 min.; DNA was then transferred 10 the GeneScreen Plus membranes by overnighl

capillary blotting and hybridized with the labeled probe as described above for RNA gel

blot hybridization. except that hybridization and high temperature wash steps were

conducted at 5 oC higher temperatures.

DNA fragments were purified from agarose gels for cloning and labeling

purposes using a system from Bio-Rad. The Bluescript nphagemid vectors. SK+ and

SK- (Stratagene) were used for cloning. Recombinant DNA fragments were labeled

using the Dick translation system of Bethesda Research Laboratories Lüe Technologies

Inc•• according to the manufacturer's instructions. Oligonucleotides were end-Iabeled

and primer extension analysis was conducted as described in Brown et al. (1991).

DNA was sequenced with the Sequenase system (U.S. Biochemical Corporation).
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To obtain the pol mtDNA sequence, individual Hindill, Hindill-EcoRI and Hindill­

BarnHI fragments were flfSl gel purified from digests of the 8.2-kb PstI clone and

subcloned in pBluescripl II vectors. Sequencing rons were primed either with 1'3 and Tl

promoter primers or with oligonucleotides designed on the basis of obtained DNA

sequence that were fumished by the Sheldon Biotechnology Centre, McGill University,

Montrea1. RNA secondary structure was predicted using the FOLO algorithm of Zuker

and Stiegler (1982) and GenBank data base searches were conducted using the FASTA

program of Pearson and Lipman (1988).

RESULTS

Altered Organization and Expression of the atp6 Gene Region in pol CMS Plants

To determine regions of the pol mitochondrial genome that could potentially specify the

CMS trait, we attempted to identify mitochondrial gene regions that are expressed

differently in nap cytoplasm, pol cytop1asm, and nuclear-restored pol cytoplasm plants.

The characteristics of the B. napus strains used in this investigation are Iisted in Table l.

InitiaIly, RNA gel blots of floral mtRNA from four Iines, the male fertile cytoplasm line

Regent (nap), the pol CMS Iines Regent (POl) and 2007, and a nuclear restorer line,

4007, were analyzed using the probes (see Methods) of mitochondrial gene regions from

maize (atpA, arp6, cox/I [subunit 2 of cytochrome oxidase], TmI8, rm26 [18S and 26S

ribosomal RNAs», wheat (cob [cytochrome b], cox/, nad5 [subunit 5 ofNADH­

ubiquinone reductase], orf25), Oenothera (atp9, cox/Il), waterme10n (nadI), tobacco

(rps13 [encoding the ribosomal protein S12», and broad bean (rpsl4). No qualitative or

quantitative differences in transeript patterns were observed except with the probe for

atp6.

As shown in Figure lA, the atp6 probe deteeted a single, l.l-kb transeript in male

fertile Regent (nap) cytoplasm plants. In the pol CMS plants Regent (pol) and 2007,
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• Table 1. Genotype and Phenotype of B. napus Plants Used in This Study

Pedigree Restorer genotype'l Cytoplasm Phenotype

Regent (nap) rfpl/rfpl nap Fertile

Regent (pol) rfpl/rfpl pol Sterile

Karat(nap) rfpl/rfpl nap Fertile

Karat (pol) rfpl/rfpl pol Sterile

Westar (nap) rfpl/rfpl nap Fertile

Westar (pol) rfpl/rfpl pol Sterile

ltaly RfpllRfpl pol Fertile

UM2353 rfpl/rfpl. Rfp2IRfp2 pol Fertile

Westar-Rf RfpllRfplb pol Fertile

2007 rf/rf pol Sterile

4007 RflRjC pol Fertile

Karat (pol) x
FertileWestar-Rf Rfpl/rfpl pol

Karat (nap) x
Westar-Rf Rfpl/rfpl nap Fertile

aAll plants were homozygous for the rfp2 allele unless otherwise indieated.

bRestorer allele from the B. napus cv. ltaly (Fang and McVetty. 1989) was introgressed into
cultivar Westar through six backcross generations.

CRestorer locus in this line bas not been characterized.

•
-"
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• Table 2. Mitochondrial Gene Probes Vsed in Transcript Analysis

Gene Specics Fragment Reference

arpA Maire 4.2-kb Hindill Braun and Levings 1985

arp6'i Maire l.D-kb TaqI P. Fmnegan and G. Brown.
unpublished data

arp9 Oenothera 6.2-kb BamHI Schuster and Brennicke 1989

cob Wheat 0.7-kb BamHI-Hindill Boer et al. 1985

coxl Wheat 1.0-kb Hindill-PstI Bonen et al. 1987

coxlI Maire 2.8-kb Hindill Fox and Leaver 1981

coxlIl Oenothera l.1-kb EcoRI-PstI Hiesel et al 1987

nadl Watermelon 2.2-kb BamHI Stem et al. 1986

nadS Wheat l.1-kb BamHI L. Bonen, unpublished data

rpsl3b Tobacco 2.9-kb PstI Bland et al. 1986

rpsl4 Bean 178-bp deletion Wahleithner and Wolstenholme
1988

or/25 Wheat 2.0-kb BamHI Bonen et al. 1990

rm2(jC Maire 2.5-kb Hindill-SmaI Fmnegan and Brown 1990

rmlBd Maire 2.6-kb Hindill Finnegan and Brown 1990

aOerived from clone T25H (Dewey et al., 1985).
bAIso includcs arp9 and 5' nad] sequences.
cOerived from pB406 (Iams and Sinclair, 1982).
dOerived from pB40l (Iams and Sinclair, 1982)•

•
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levels of this transcript appeared greatly reduced and two larger transcripls of 2.2- and

1.9-kb were evidenL In the nuclear restorcr pol cyloplasm line 4007. the levd of the 1.1­

kb tranScript appeared to be markedly enhanced relative 10 the pol CMS lines. levels of

the 2.2- and 1.9-kb transcripts were slightly rcduced. and two additional prominent

transeripts of 1.4- and 1.3-kb werc observed. Because at least 90% of the probe sequence

was derived from the arp6 coding region, it seemed likely that all the detected transcripL~

contained arp6 coding sequences. When the sarne blot was stripped of atp6 sequences

and reprobed with the atpA gene, no differences among the lines werc obscrved (Figure

lB), indicating that none of the observed differences arose from unequalloading of RNA

samples on the gel or were otherwise artifactually generated.

To further investigate the association between arp6 genc expression and male

stcrility, the organization of atp6 sequences in the nap and pol mtDNAs was examined.

EcoRI. BamHI and Pst! digests of both nap and pol mtDNAs, as shown in Figure 2, as

weil as SalI digests ofpol mtDNA (data not shown) werc probed with the maire atp6

coding sequence. In each case, a single hybridizing fragment differing in size bctween

the two DNAs was detected. Thus. the atp6 gene is present in only a single copy that is

organized differently in the pol and nap mitochondrial genomes. The arp6 gene regions

of pol and nap mtDNAs were cloned as 8.2-kb Pst! and 3.S-kb EcoRI-BamHI fragments,

respectively. Restriction maps indicated that sites were conserved at one end of the

cloned fragments but that a point of divergence. apparently due to a sequence

rearrangement, occurred between the EcoRI and BstXI sites of the two DNAs. as shown

in Figure 3. Hybridization experiments using the mai7.e probe indicated that the Brassica

arp6 coding region was located in the conserved portion of the two clones, and the failurc

of the 2.3-kb BamHI-Pst! fragment at one end of the pol clone to detect transeripts in

RNA gel blot analyses allowed the approximate boundaries of the expressed rcgions to

be estimated.
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Figure 1. RNA gel blot analysis of mitochondrial transcripts from male fertile, male

sterile, and fertility-restored Brassica plants.

(A) Maize atp6 probe.

(B) Maize atpA probe.

(C) Brassica atp6 probe.

In (A) and (B), mtRNAs resolved on an agarose-urea gel were transferred to a

hybridization membrane and probed with a gel-purified maize atp6 coding region

probe; after exposure and removal of the probe, the filter was rehybridized with the

maize atpA gene probe. Lanes l, Regent (nap) (male fertile); lanes 2, Regent (pol)

(male sterile); lanes 3, 2007 (male sterile); lanes 4, 4007 (nuclear fertility-restorer).

Lengths in kilobases of the major discrete hybridizing transcripts are indicated.

In (C), mtRNAs from the lines Italy (lane 1), UM2353 (lane 2), Westar (nap) (lane

3), Westar (pol) (lar.e 4), Westar-Rf(lane 5), Karat (nap) (lane 6), Karat (pol) (lane

7), Westar-Rf(lane 8), Karat (pol) x Westar-Rf(lane 9), and Karat (nap) x Westar-Rf

(lane 10) were resolved on agarose-urea gels and probed with a Brassica atp6 probe.

Arrows indicate the locations of the 1.1-, 1.3-, 104-, 1.9-, and 2.2-kb transeripts.
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Figure 2. Analysis of arp6 gene sequences present in the 1UJ[J and pol mitoehondrial

genomes.

(A) B. napus line Regent (POl).

(B) B. napus line Regent (nap).

mtDNAs were digested with EcoRI (lanes 1), BamHI (lanes 2), and Pst! (lanes 3) and

hybridized with the maize arp6 coding region probe. Estimated lengths of individual

hybridizing fragments are indicated in kilobases at the side ofeach paneL

25



•
A B

1 2 3 1 2 3

,

•

9.2­
8.2-

5.2-_
>......

-.
.' ~;

"t

'1

-10.2

-7.0

i
-5.6



•

•

Figure 3. Physical maps of the arp6 gene regions of nap and pol mtDNAs.

sequenced regions are indieated by arrows. Restriction sites are designated as

follows: B, Bamm; E, EcoRI; S, BstXI; H, Hindill; P, PstI.
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Specific and Similar Alteration ofpol aJp6 Transcripts by Either of Two Distinct Rf

Genes

Fang and McVeuy (1989) have shown that restorcr alleles ateither oftwo distinct

genetic loci can supprcss the pol CMS phenotype; the locus characteristic of the restorcr

gellotype Italy has been designated Rfpl and !hat of the cultivar UM2353 has been

dcsignated Rfp2. Analysis of mtRNA from the cultivars Italy and UM2353, using the

2.2-kb EcoRi-BamHI fragment oi;;"i .I:~~A prcdieted to span the atp6 coding

sequence as <:. proùC, showed that the transeript profiles of the ~o lines werc similar, and

not obviously dissimilar from !hat detected for the restorer line 4007 using the maize

probe (Figures lA and lC). This suggested that the two distinct restorer genes had an

apparentiy identical effect on transerip:s of the pol atp6 gene rcgion, anè indicated that

no major features of the hybridization patterns detected in Figure lA resulted from

fortuitous homology with the maize probe..

Restorcr !ines may contain genes other than Rfgenes !hat affect mitochondrial

transCript profiles. This bas been most dramaticalIy demonstrated in radish, wherc,

although atpA transcript differcnces have been observed between fertile, ogu CMS and

fertility restorcd ogu plants (Makaroff and Palmer, 1988), subsequent anaIysis has

indicated that nuc1ear influences on ogu atpA transcripts are unrelated to fertility

restoration (Makaroff et al., 1990).- To investigate ü the alterations in atp6 region

transcripts observed in the restored plants werc specificalIy due to the corresponding pol

Rfgenes. we analyzed the transcripts of the near isogenic lines Westar (pol) and Westar­

Rf(pol) and compared these with the corresponding Westar (nap) line. Westar-Rfpolis

restorer line derived from Westar (POl) by introgression of the Rfpl allele frem the

cultivar Italy through six backcross generations. The two lines are thercfore expected to

be isogenic at most of their loci, and thus any mitochondrial transcriptional differcnces

between them are likely to be due to the introgressedRfgene. Asshown in Figure 1C,
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the arp6 transcriplS detected in the !ines Westar (nap). Westar (pol). and Westar-Rf{pol)

correspond to those of the other nap male ferùle. pol CMS. and ferùlity-rcstorcd pol

cytoplasm planlS. respcctively. described above. Thus the nuclear gene responsible in the

a1teration of pol arp6 region transcriPls must reside at or bc v~ry tightly linked to the

Rfpllocus.

Severa! additional!ines and hybrids were analyzed to further investigate the

effeclS of nuc1ear-cytop1asmic interactions on arp6 transCriplS. The arp6 transCriplS of

the !ines Karat (nap) and Karat (pol) were found to resemble those of their counterparts

in the cultivar Regent (Figure 1). A restored FI hybrid formed by crossing Karat (pol)

with Westar-Rfshowed the same arp6 transcript profile as the restorer !ines. whereas no

effeclS on arp6 transcriPls were evident in a Karat (nap) x Westar-RfFI hybrid (Figure

IC). This suggested that the effeclS of the restorer on arp6 transcripls were specific to

pol cyloplasm and similar when the restorer is present in either homozygous or

heterozygous condition.

The atp6 Gene Regions of nap and po! mtDNAs

To further investigate the association between the pol arp6 region and CMS. the

nucleotide sequences of regions corresponding to the atp6 traDseriplS of the nap and pol

mtDNAs were determined. The boundaries of the sequenced regions are indicated in

Figure 3. The derived DNA sequence of the pol mtDNA region is shown in Figure 4; the

corresponding sequence of nap mtDNA, where it differs from pol. is indicated

immediately above the pol sequence. The nap and pol sequences were found to be

identica1 from one end of the sequenced regions up to the position indicated as nucleotidc

1238; beyond this point the seque!lces diverge abruptly and no further similarity is

evident

The atp6 coding sequence spans 261 codons in the regionconserved between the

two DNAs and is capable ofencoding a 29.126 Da polypeptide. It is identica1 to the atp6

28
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Figure 4. Nucleotide sequences of expressed regions of the Brassica pol and nap arp6

gcne loci.

The nucleotide sequence ofpol mtDNA extending from a position 685 bp beyond the

EcoRI site of the pol Pst! clone to the most distal HindllI site indicated in Figure 3 is

shown. The nap sequence extending from a position approximately 500 bp upstream

of the conserved BstXI site to the distal HindllI site indicated in Figure 3 was

determined; the sequence upstream of the point of divergence with pol mtDNA is

indicated immediately above the pol sequence. The amino acid sequences of the

protcins pn:dicted to be encoded by the orf224 ORF, which extends from positions

571 to 1242. and atp6 gene, which extends from positions 1454 to 2236, are indicated

immediately below the the pol DNA sequence. Nucleotides enclosed in boxes

indicate the tmfM gene of normal radish mtDNA (Makaroffet al., 1989) and the

corresponding sequences of nap and pol mtDNAs; positions ofsequence identity

between the nap and radish sequences and the pol sequences are indicated by

asterisks. The nap and pol sequences are identical from position 1238 through the

end of the analyzed region. With the exception of LWO adjacent nucleotide

substitutions in the noncoding region 3' to the arp6 gene, the Brassica sequences are

identical to the normal radish sequence from the 3' end of the tmfM gene to a point of

sequence divergence located 101 bp downstream of the arp6 tennination codon.

Regions corresponding to the oligonucleotides oligo(A) and oligo(B) used in the

hybridization analysis of Figure 6 are underlined.
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coding sequence of normal radish mlDNA (Makaroff el al.• 1989). The similariLy

bclween the radish and Brassica mLDNAs eXlends from 181 nucleotides upsueam of the

atp6 initiation codon lo 101 nucleotides downstream ofatp6lermination codon and

encompasscs a putative ribosome binding motif (Makaroff et al., 1989). The upstream

boundary of this sequence similariLy falls within the initiator methionine tRNA gene

(tmjM) of the normal radish mLDNA. There are three nucleotide differences bctween the

radish and Brassica DNAs (indicaled above the Brassica sequences in Figure 4) in the

conserved upstream region, ail of which fall within the 23-bp :mfM region ofsimilarity.

Interesüogly, the normal radish and Brassica mLDNAs a.re more similar in both the

coding and 5' flanking regions of the atp6 gene than are the normal radish and CMS

Ogura radish mtDNAs (Makaroff et al., 1989).

An ORF Encoding a Fusion Protein Loeated Upstream of thepol a1p6 Gene

A second ORF lerminaüog 208 nucleotides upsueam of the atp6 initiation codon is

found in the pol mtDNA sequence. This ORF is capable ofencoding a 224-amino acid

protein with a predicled molecular mass of 26,218 Da and has been designaled orf224.

The f1I'St 58 codons of orf224 are highly similar to the amino terminal coding region of

an Oenothera and sunflower mtDNA sequence designaled oifB. as shown in Figure 5

(Hiesel et al., 1987; Quagliariello et al., 1990). The oifB coding sequence is transeribed

in both Oenothera and sunflower mitochondria (Hiesel et al., 1987; Quagliariello et al,

1990), and fùter hybridization with the sunflower oifB coding sequence has delected

homologous regions in a Ilumber of monocot and dicot mtDNAs (Quagliariello et al.,

1990), suggesting o.'jB is a common proLein coding sequence of plant mtDNAs. Over the
~, --
frrsf';3 codons, the sequence similarities between the Brassica orf224 and Oenothera

oifB are 96 and 90% at the nucleotide and amino acid sequence levels, respectively. A 5

nuc1eotide deletion relative to the Oenothera sequence occurs after codon 58, and only a

shon stretch of limiled identity-between the two sequences is apparent beyond this point.
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Figure 5. Nucleotide and amine acid sequence similarities between 5' UpStreanl and

the N-tenninal coding region of the Brassica pol orf224 and corresponding regions of

the Oenothera orfB (Hiesel et al.• 1987) and tobacco arp9 (Bland et al.• 1986) gencs.

Conserved amino acid residues are indicated in bold type; dashes are uscd to indicatc

deletions; the boxed region corresponds to a putative ribosome binding site.
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Oenoebera orEB TTTTICCCATGCAATGCATTC·CCTTGGTCAACAACCACAGGTGTGTATCAATMAGATC... .... . .............. ............... . ......... .. ... . ..
Brassica ;>01 orE224 TTTCTCCCATGC······TTT·TCTTGGTCAACAACCAACCACAACTTTCTATA··CTTC

.......... .............. ...................... ..... ..... .. . .... .
Tobac:co atp9

Oenothera orES

Braasica pol orE224

Tobacco atp9

Oenothera orIS

TTTCTCCCATGC--····TTTCCCTTGGTCAACAACCAACCMAGTGCTCTATA··CTTC

····GATC
..

.TTTI~

K P Q L D K F T Y F T Q F F W
TCAAT···· ·CGAGAATCCCTCAACTGGATMATTTACTTATTTCACACAATTCTTCTGG... . ... . .. ... .. .. .. . .. . .. . .

•

Braaaica pol orE224 TCAATTAATCTAATCATGCCTCAACTGGATMATTCACTTATTTTICACAATTCTTCTCG
K P Q L D K F T Y F S Q F F W

S C L F L F T F Y l PIC N D G D G V L
Oenothera orES TCATGCCTTTTCCTCTTTACTTTCTATATTCCCATATCCAATGATGGAGATGGAGTACTT· . .· . .
Braasica pol orE224 TTATGCCTTTTCTTCTTTACTTTCTATATTTTCATATGCAATGATGGAGATGGAGTACTT

L C L F F F T F Y l FIC N D G D G V L

GIS R l L K L R N Q L L S ft R T K N l
Oenothera orES C:GGATCAGCAGAATTCTCMACTACGGAACCAACTGCTTTCACACCGGGGTAAGAACATC·. . . .. .. ... . . .... . ..·. ............... . .,
Braasica pol orE224 GGGATCAGCAGAATTCTAAAACTATGGAACCAAGTGCTTTCACAGCGCGGGAAGACCCTC

GIS R l L K L W N Q L L S ft R G K T L

L R K 0 P N S LEE L L R KGF S TGV
Oenothera orES CTCCGCAAGGACCCMACACTTTC:GAAGAACTCTTCAGAAAAGGTTTTAGCACCGGTGTA. .. .. . ... . ..
Braaaica pol orf224 CTCAGCAAGG-··· ·GAAGGCTTCGAAAA!\ATCGT·ACTTCAGATTCAAGTGGCTTCGAG

LSK GRLGKNR SSOSSRFE
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The remaining portion of the Brassica ORF does not show significant similarity to any sequence

in the GenBank sequence librnry (GenBank re1case numbcr 67.0; 1991).

Similarity between the Brassica and Oenothera sequences is maintained over

approximate1y 120 nudeotides in the noncoding region upstr= of orj2U. This region falls

witlùn a 6S7-bp repeated sequence of Oenothera mtDNA that also occurs upstream of the cad

gene (Hiesel et al., 1987). The 6S7-bp Oenotilera repeat spans a s<'Cond ORF and a putative

promorer element!bat are not induded in the region homologous to the Brassica mtDNAs. The

noncoding region conserved between the Brassica and Oenothera mtDNAs, howevcr, reprcscnL~

a general plant mitochondrial expression e1ement !bat indudes a put:llive ribosome binding site

and is positioned upstrcam of sevcral other plant mitochondrial genes including tobacco atp6 and

atp9 (Bland et al., 1987; Figure 5).

Expression ofBrassica atp6 Regions

Transcription of the Brassica arp6 regions was investigated in greatcr detail by probing

membrane blots of mtRNAs from the lines Regent (nap), Regent (pol), 2007, and 4007 with

sequences derived from different segments of the pol atp6 clone, as shown in Figure 6. A

subclone extending from a Hind1l1 site 253-bp downstream of the atp6 gene (nucleotides 2493 to

2498 ofFigure 4) to the conserved BamHI site (Figure 3) faUed to detect transcripts in any of the

lines, indicating !bat the 3' termini ofboth the pol and nap transcripts are located witlùn 250

nucleotides doWDStrcam of the arp6 termination codon. This furthcr indicated that the S'

terminus of the 1.1-kb transcript, wlûch constitutes the major nap atp6 transcript and wlûch is

e1evated in pol mitochondria by the nuclear restorcr gene, corresponds to a site positioned in the

vicinity of the poUnap homology breakpoint and the truncated tRNA pseudogene.

Two oligonuc1eotides, designated as oligo(A) and oligoCB), were used to map the longer

pol transeripts. Oligo(A), wlûch corresponds to bases 168 to 197 on the pol sequence of Figure

4, detected ooly the 2.2-kb transcript ofpol cytoplasm plants (Figure
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Figure 6. Mapping of atp6 region transeriplS from male fertile. male sterile, and

fertiIity-restored plants.

(A) oligo(A) probe.

(B) oligo(B) probe.

(C) Primer extension analysis.

In (A) and (B), RNA gel blolS of mtRNAs isolated from 4007 (lanes 1),2007 (lanes

2), Regent (POl) (lanes 3), or Regent (nop) (lanes 4) planlS were probed with

oligonucleotides corresponding to the regions indicated as oligo(A) or oligo(B) of

Figure 4.

In (C), primer extension prodUClS were obtained using an oligonucIeotide

complementary to bases 1466-1485 of Figure 4 and 5 pg of mtRNA from 4007 (lane

1),2007 (lane 2) or Regent (nap) (lane 3) plants. One-fifth of the product ofeach

reaction was run alongside DNA sequencing reaclions primed with the same

oligonucIeotide; approximately one-twentieth of the amount ofthe produet loaded in

lane 3 was run on the opposite side of the gel. Horizontalaaowheads indicate

positions of5' transeript termini; the verlicalaaow indicates direction of

transcription.
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6A). whcr= oligo(B). which corresponds to bases 1071 -1099. also dctected the 1.9-kb

transcript and the 1.4- and 1.3-kb transcripts specific to fertility-restored plants (Figure

6B). Neither probe detected transcripts in the male fertile nap cytoplasm line. These

rcsults indicated that the various arp6 transcripts have different 5' termini and one or a

few cIoscly spaced 3' termini mapping approximately 200 nucIeotides downstream of the

gene.

The 5' transcript termini mapping in the vicinity of the tRNA pscudogene were

more preciscly positioned by primer extension analysis (Figure 6C). An oligonucIeotide

corresponding to positions 1466-1485 of Figure 4 was uscd to prime cDNA synthesis off

mtRNA from fertile nap cytoplasm.pol CMS. and fertility-restored pol cytoplasm plants.

Major transcript termini were identified in nap cytoplasm and fertility-restored pol

cytoplasm plants that mapped to two adjacent nucleotides positioned at the precise 3'

terminus of the truncated tRNA pscudogene. These transcript termini were present at

reduced levels in pol CMS plants, consistent with the lowe: obscrved levels of the 1.1-kb

transcript.

DISCUSSION

Role of a tRNA-like Element in Formation of the S' Termini of Brassica atp6

mRNAs

The organization and transcription of the arp6 mitochondrial gene regions of normal

radish cytoplasm (Makaroff et aL. 1989) and the Brassica nap and pol cyt'lplasms are

summarized in Figure 7. In radish. the major 5' arp6 transcript termini map to two sites

positioned very near the 3' end of the rrnfM gene. Makaroff et al. (1989) have suggested

that the 5' end of the normal radish arp6 message may be generated as a result of

endonucleolytic cleavage of the -llpstrCam initiator-methionine tRNA from a polycistronic

precursor RNA. analogous to the formation of mature mammalian mitochondrial
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Figure 7. Organization and expression of the atp6 gene regions of fertile radish. fertile

(nap) B. napus and pol CMS B. napus mtDNAs.

Transcripts are represented by the lines immediately below each depicted gene

region. Small and open arrowheads indicate 5' and 3' tennini, respcctively. Black

boxes indicate regions corresponding to or showing sequence similarity with atp6 and

tmfM genes. Lightly shaded boxes indicate the region upstream of the

Brassiealradish divergence that is conserved in the nap and pol mtDNAs; the regions

of the Brussiea DNAs showing sequence similarity to the radish tmfM gene are

designated as "ItmfM. The region of oif224 that is derived from the oifB sequence is

indicated by the verticaIly stripcd box, the remainder by the unfilled box. The

positions of the radish initiator-methionine tRNA and corresponding tRNA-like

element of the nap mtDNA transcript (see text and Figure 8) are depicted to show

their postulated roles in the fonnation of the 5' tennini of atp6 transcripts; dashed

lines indicate hypothesized unstable transcripts. Transcripts of fertility-restored and

male sterile pol cytoplasm plants are indicated by the symbols Rfand if, respectively.
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messages through tRNA processing (Attardi and Schatz. 1988). Recent analysis of L~NA

processing activity in plant mitochondria indicates that. as in animal mitochondria, both

the 5' and 3' termini of tRNAs are fo:med through precise endonucleolytic cleavage of a

precursor species (Hanic-Joyce and Gray, 1990; Marchfelder et aL, 1990), thus providing

suppon for this view.

Because the 5' arp6 mRNA terminus of nap mitochondria maps precisely to the 3'

end of the truncated rmfM pseudogene (indicated as wrmfM in Figure 7) corresponding

to the intact rad:sh tRNA gene, it seems probable that it too is formed through a tRNA

processing mechanism. Thus the sequence similarity between the radish and Brassica

mtDNAs over the 23 bp corresponding to the 3' elld of the tRNA sequence appears to

allow for maintenance of efficient processing in nap but not in pol mitochondria.

Processing in CMS pol mitochocdria is apparently li"tlited by l'le rcarrangement

occurring 58-bp upstream of the putative processing site.

The finding that extracts of wheat mitochondria will process not only bona fide

tRNA precursors, but also transcripts of a class of shon wheat mtDNA repeats termed "t­

elements" (Hamc-Joyce et al., 1990) provides a possible explanation for thcse

observations. T-element transcripts are potentially capable of folding into tRNA-like

structures that possess analogs of the amine acceptor, 'N'C, and anticodon arms, as weil

the appropriate nucleotides at positions that are invariant or semiinvariant among ail

tRNAs. Severa! of these invariant nucleotides occur in the 'N'C loop that. together with

the 3' end of Üle anticodon arm, is represented in the Brassica wrmfM pseudogene.

Computer-aided secondary structure modeling indicates that in the most stable predicted

conformation, sequences of the nap pseudogene transcript are positioned in the amino

acceptor arm - 'N'C arm configuration of an intact tRNA. as shown in Figure 8, In

addition, the nap upstream sequences are predicted to adopt stem-Ioopstructures at the

positions of the dihydrouridine and anticodon arms, and the derived structure maintains

most of the invariant nucleotides ofa conventional tRNA. It is likely, therefore, that this
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Figure 8. Predieted secondary structure of a tRNA-like element in a transeript from the

nap alp6 upstream region.

Sequence similarity with the radish rmfM gene and f1anking region is indieated by

boldface type. Closed circles designate bases corresponding ta nucleotides that are

invariant or semi-invariant in aU tRNAs. Arrow indieates the S' terminus of the nap

atp6 transeript terminus determined by primerextension analysis.

--.
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tRNA-like clement is rccognized and cIeaved by the activity ncnnally responsible for 3'

end proccssing of mitochondrial tRNA prccur..,ors. to general.e a 5' terminus for the atp6

mcs.~ag:: '-"hich ,,,rrcsponds to that ::,ostulated to be formed in normal radish by the

processing of the intact tRNA.

PotentiaI Modes of Action of Restorer Genes

As a rcsult of the pol mtDNA =ngement. the sequences of the nap tRNA-like

eIement that form the dihydrolil'Îdine and anticodon arms, and form base pairs with the

amino acceptor stem component of the pseudogene. are replaced with unrelated

sequences. As a result. a stable tRNA-1ike element is not predicted to form in the pol

transeript and processing at the 3' end of the pseudogene would be expected to be

rcduced, consistent with the observed reduction in the level of the 1.1-kb transeript.

NucIear fertility restoration leads to the occurrence ofadditional UpStreaIn atp6 5'

transcrïpt termini. and to a noticeable increase in transcripts mapping to the 3' end of the

pseudogene. Thus, one consquence of restorer gene action appears to be enhanced

processing at the 3' pseudogene site. Conceivably. the restorers could either cause a

subtle alteration in the specificity of the processing machinery such that the pol transeript

is more efficiently recognized as a substrate or cause the pol transcript to adopt a

configuration more r~mbling that of a conventional tRNA precursor.

A number of possible mechanisms by which the restorer genes might act to alter

-- ciiïe folding of the pol transcript cao be envisioncd. For example. the genes might act to

promote transcription at sites corresponding to the termini of the 1.3- and 1.4-kb

transcripts specific to fer:ility-restored plants; increased processing at the 3' end of the

pseudogene might occur ü these transcripts adopted a sècond3ry Stnlcture düferent from

mat of the 2.2- and 1.9-kb tnII1SCI;;>ts found in bath CMS and restored pol cytop1asm _

'!llan:;;. A1tered folding could also occur through a specific interaCtion between the

restorer gene product and the pol transcript. Proteins that assis! in the processing of
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specific fungal mtRNAs are thought to act by facilitating formation of correct RNA

struct!.!..res (Lambowitz and Perlman. 1990). and the yeast nuclear gene NAM2. which

encodes one suc!! protein.1S ana!ogous to the pol Rfgenes in that it can suppres.~ mtDNA

alterations leading to processing defects (Labouessc et al.. ! 9~7). The occurrence of

RNA editing in plant mitochondria (Covello and Gray. 1989; Gualabcrto et al.. 1939;

Hiesel et al.• 1989) provides another potential mechanism for restorer gene ;:;;tïon.

bccause differential editing in restored plants would result in transcripts with altered

primary and hence secondary structures. We are currently auempting to distinguish

among sorne of these possibilities experimentally.

Fang and McVeuy (1989) have previously shown that the restorer genes present

in the lines ltaly and UM2353 reside at LWO distinct. independently segregating loci. and

the finding that both these genes had an apparently identical effect on polCM~

transcripts was therefore somewhat unexpected. One possible explanation may lie in the

fact that B. nap/ls is an amphidiploid, with one set cf its chromosomes derived from B.

oleracea (the c genome), the other from B. campestris (the a genome). Conceivably,

Rfpl and Rfp2 are allelic forms of homologous genes, one derived from the a genome

and the other from the c genome.

A Chimeric Protein Gene Associated with pol CMS

Chimeric genes, formed by rearrangement of coding and noncoding segments of

mtDNA, have been found to be associated with CMS in a number of spccies, including

maize (Dewey et al., 1986; Braun et al., 1991), sorghum (Bailey-Serres et al., 1986),

petunia (Young and Hanson, 1987), and rice (Kadowaki et aL, 1990). The orf224 gene

ofpol mitochondria also has the characteristics ofa chimeric gene. The 58 N-terminal

codons appear to be derived from a conventional mitochondrial gene of unknown

function, designated orfB, that is positioned upstream of, and cotranscribed with, t!le

coxlll gene in Oenothera and sunflower mtONAs. The source of the sequences
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comprisir:g the r::mainder of the orf224 gene :s not known. Because an oligonucIeotide

corrcsponding to the orfB ho:nologous region of orf224 detects three tI'alISCripts in both

pol and nap mitochondria in :Iddition to those deteeted by arp6 probes (chapter m of this

thcsis). it is likely that an expressed. intact orfB gene resides eIsewhere on Brassica

mitochond1ial gcnomes. The finding that the orjB probe detects two restriction fr.lgments

in 6amHI. EcoRI and Pst! di~eslS of both nap and pol mtDNAs is consistent with this

possibility (chapter III of this thesis).

Figure 9 shows Üle relative hydrop..thy profile of the predicted orf224 gene

producL The ORF'..24 protein is predieted (Klein et al.• 1985) to contain LWO membrane­

spanning domains. one derived from the orfB homologous region (amino acid residues

12-27) !lnd one derived from the downstream portion of the ORF (residues 82-97). The

ORF224 protein is predicted to be an integrai membrane protein.

Possible Role of the orf224/atp6 Gene Region in Brassica pol CMS

Of 14 mitochondriai gene regions surveyect. only arp6 showed differentiai expression at

the RNA level between pol and nap cytoplasm plants; of these 14 regions. which

represent approximaUy one-haIf of the probable protein coding regions ofBrassica

mtDNA (Makaroff and Palmer. 1987). only arp6 transcripts were found to be affected by

nucIear restoration. Witt et al. (1991) have recently described the use ofa similar

approach to compare the tran5Cripts ofB. campestris to those ofpol Cyloplasm B. napus.

Their results are similar to those described here. aIthough they do not report a specifie

increase in the level of the l.l-kb pol transcript upon nuclear fertility restoration. The

collective results of these two surveys. both previously reported in abstraet fonn

(Hansen et al.• 1990; Sù~h and Brown. 1990). suggest that the pattern of expression of

the Braisica pol arp6 region is tightly associ~d with male sterility.

~ Previously. only in the Ca..~ ofcms-T maize, CMS nce. and CMS petunia have

specifie nuclear restorer genes been shoWn 10 exert an effeet on mitochondriai transcripts
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Figure 9. Hydropathy plot of 0RF224.

Values for hydropathie index f:J axis) caleulated aC\:ording to Kyte and Doolittle

(1982) are plotted against amino acid position. Hydrophobie domains are

represented by positive values.
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(Dewey et al.• 1986: Kennell and Pring. 1989: Kadowaki et al.• 1990: Pruitt and Hans:>n.

1991). In the case of cms-T cytoplasm maire. there is substantiai genetic evidence

correlating a mtDNA region that is afiected by the restorer. the T-uifl3 re~ion. with the

CMS trait. Our finding that either of two independently segregating restorer genes exert

specific and similar effects on transeripts of the pol orj224larp6locus. the only region

found to be e:t,'ressed differently between pol and nap cytoplasm planL~. provides the

slrongest support for the view that the locus may specify male sterility.

Although rearranged genes have been found on severa! CMS mitochondri,,1

genomes. only two chimeric gene regions. the maire T-uif13locus and the petunia S-pcf

locus. have been implicated in specifying the trait by genetic analysis (HallSùn et al..

1989; Levings. 1990; Braun et al.• 1991). Thesc regions share certain features of their

organization and expression with one another and with the Brassica pol orj224latp6

locus. In aIl three cases. the chimeric gene is cotranseribed with conventionai

downstream mitochondriai genes to form a poiycistronic mR.t'l{A, and in each case.

nuclear restorer genes exert specific effects on the expression cf the region. In tllC case

of T-urfl3. the effect of the restorer gene Rfl ap!lCafS to resemblc that of the pol res<orers

in that processing of the tranScript is atTected (Dewey et al•• 1986; Kennell and Pring.

1989). These simùarities also suggest that the pol orj224larp6 region may be involved in

specifying male sterility.

It has been suggested that the CMS trait could result directly from the presence of

the aberrant proteins encoded by T-urfl3 and pifgenes or from the indirect effect

translation of these genes might have in inhibiting tranSlation of the proteins encoded on

the downstream mRNA regïons (Hansen et al. 1989; Braun et al.• 1991). In each case.

9nly partiaIly dysfunctional mitochondria would result. Such partili! mitochondriai

dysfunction may be manüested at the gross phenotypic level as male sterility (Levings.

1990; Braun et al. 1991); more severe mitochondrial defects might lead to a loss in cell

viability in vegetative organs. as expressed in nonchromosomal stripe mutants of maire
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By similar reasoning. the pol CMS could result either from a partial impairment

of mitochondrial funcûon as a result of the presence of the putaûve ORF'.-24 protein or

from a deficicncy in ATP synthase subunit 6 due to a limitaûon in translation imposed by

the cotranseribed upsueam orj224 gene. The effects of restorer gene acûon on

orj224/arp6 transeripts. however. are more consistent with the latter alternative. IfCMS

was directly due to the presence of the 0RF2?4 protein. then it might be expected that

conditions which suppress male sterility would also suppress expression of the orj224

gene. While nuclear restoraûon leads to a slight decrease in the levels oforj224/arp6

dicistronic transeripts. this. pending unforeseen specific effects on orj224 translation.

would not be expected to lead to markedly reduced leveIs of the putative ORF'.-24

protein. The major effect of the restorer genes is to elevate the leveIs of monocistronic

arp6 transeripts. Because translaûon ofatp6 on such messages would not be affected by

the upstream ORF. it is anlicipated that a specific increase in the rate of translation of the

ATP syntnase subunit 6 protein would result. anà thus the possible deficiency in the

subunit would be compensated. It is also possible that the combined effects of an ATP

synthase subunit 6 deficiency and the presence of the aberrant orj224- encoded protein

contribute to the CMS phenotype.

Stronger support for a role for the orj224/arp6locus in specifying CMS could he

obtained li~ region could be shown to be genelically correlated with male Sterility.

Analysis of recombinant mtDNAs. formed by somalic hybridizalion of male-sterile and

fertile lines bas allowed for genelic correlation of the petunia S-pcflocus with CMS

(Boeshore et al•• 1985; Hansen et 3:!-:_1989). Although somatie hybridization has been

extensively employed in Brassica to obtain novel organelle eombinations. no

recombination between pol and male fertile mtDNAs bas been reponed (Kemble and

Barsby. 1988). There are Many examples of mtDNA reeombinalion between the ogu and

male fertile mitochondrial genomes in Brassica. however (Kemble and Barsby. 1988).
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and since a somatic hybrid in which the pol CMS and male fenik mtDNAs have

apparently recombined has recently œen identified in this Iaboratory (H.M. Kao and

G.G. Brown. unpublished observations). this approach seems IikeIy to prove usefuI in

funher analyzing the pol CMS determinant(s).

A role for the oTj224/arp6 region in specifying the pol CMS is supponed by two

additional observations. Fust. we note that restriction analysis indicates a high degrce of

overall similarity betwcen the mtDNAs of the pol and fertile B. campestris (cam)

cytoplasms (Erickson et al.• 1986). the latter ofwhich acts as a male fertile cytopIasm in

both B. campestris and B. napus (Kemble and Barsby. 1988; Braun et al.• 1991); the arp6

locus is one ofonly a very few regions that appear to be arranged differcntly in these two

mitochondrial genomes ('l. L'Homme and G.G. Brown. unpublished observations).

Second. HPLC analysis of Fo ATP synthase preparations indicalPs that the amount of

subunit 6 relative to other subunits is about 40% lower in pol CMS plants than in fertiIity

restored plants (S. Gleddie. unpublished observations); this is consistent with the

hypothcsis that the pol CMS may result from a deficiency in the atp6 gene producl Our

rcsults clearly indicate that nuc\ear genes that suppress pol cytoplasm-induced male

sterility specifical1y alter expression of this region. More dire::ted experiments

addressing the possible roIe of the oTj224/arp61ocus in pol CMS and the mechanisms of

restorer gene action should now he possible.
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In chapter II. 1have shown that the oif224/atp6 gene region of the mitochondrial

genome of male sterile Polima cytoplasm is assocïated with cytopl'lSmic male

sterility trait. In this chapter. 1have charai:terized further the expression of

oif224/atp6 gene region at the RNA level with respect to the Polima CMS in

Brassica napus. Experimental data will be presented to demonstrate !bat the

expression of oif224/atp6 region is developmentally regulated in pol cytopIasm

plants. Rp.sults presented in this chapter also suggest that the pol CMS is not caused

by the absence ofan intact, expressed orfB gene.
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SUMMARY

The mitochondrial genome of the Polima (pol) male sterile cytoplasm of Brassica

napus contains a chimeric 224-codon open reading frame (orf2U) that is located

upstream of and co-transe:ibed with the arp6 gene. The N-telminal coding region of

orf224 is derived from a conventional mitochondrial gene. orjB, while the origin of

the remainder of the sequence is unknown. We show that an apparentiy functional

copy of orjB is present in the pol mitochondrial genome. indicating that the pol

CMS is not caused by :he absence of an intact, expressed orjB gene. The 5' termini

oforf224/arp6 tranSCripts present in both sterile and fertility-restored (RfJ po!

cytoplasm plants are shown to map to sequence.~ resembling mitochondrial

tranSCription initiation siteS, whereas the 5' termini of two transeripts specifie to

restored lines map to sequences which resemble neither one another nor

mitochondria\ promoter motifs. It is suggested that the complex orf224/arp6

tranSCript pattern ofRfplants is generated by a combination of multiple transcription

initiation and processing events and that the nuclear restorer gene acts to specifically

alter orf224/arp6 transcripts by affecting RNA processing. Northern analyses

demonstrate that the effeet of the restorer gene on orf224/arp6 tranSCripts is not

tissue or developmental stage specific. However, the expression of the arp6 region is

developmentally regulated in pol plants. resulting in increased levels of

monocistronic arp6 tranSCripts in seedlings relative to floral ti.~uc. It is suggested

that this developmental regulation may be related to the absence of oyen phenotypic

effects of the CMS mutation in vegetative tissues
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INTRODUCTION

Cytoplasmic male sterility (CMS). a maternally inherited inability of plants to

produce functional pollen. is a widespread trait of higher plants that is encoded by

the mitochondrial genome (Edwardson 1970; Hanson and Conde 1985; Lonsdale

1987). Although the regions (If the mitochondrial genome associated with CMS

have been identified in some plant species (Hansen 1991; Braun et al. 1991; Levings

1990). the molecular basis of the trait is not precisely understood. Because in many

cases. specific nuclear genes termed restorers of fertility {Rf) have been identified

which suppress CMS and restore fertility to FI hybrids, the CMS trait can be viewed

as a manifestation of nuclear-mitochondri3l gene interactions.

The "Polima" or pol CMS system ofBrassica napus bas severa! features

which bave facilitated its analysis at the rnolecuIar level These incluae the relative1y

small size of the Brassica mitoch~drial genomes (Palmer and Herbon 1988). which

bas simplified mitocbondrial DNA (mtDNA) structural studies, and the system's

well-defmed genetics of fertility restoration: dominan:-slle1es at either of two

unlinked nuclear gene loci can restore fertility to pol cytoplasm FI hybrids (Fang

and McVeny 1989). Previons studies on the molecular basis of the pol CMS have

demonstrated the association of altered expression of the mitochondrial atp6 gene

region with this traie (Singh and Brown 1991; chapter nof this thesis; Witt e"i al

1991; Handa and Nakajima 1992). While in male fertile nap cytoplasm plants there

is only one abundant atp6 transeript of 1.1 kb. pol cytoplasm plants exhibita

complex transeript pattern which is affected by the fertility restoring nuclear

background. Sequence analysis of the atp6 gene regions ofthe nap and pol mtDNAs

has shown that rearrangements in the pol mitochondrial geno:ne ocCUIIing upstream

ofatp6 have genciated <& chimeric 224-codon open react'1g frame. designated

49



•

•

orf224. that is corranseribed with arp6 (Singh and Brown 1991; chapter Ill. In sterile

plants. the predominant orf224/arp6 transeripts are 2.2 and 1.7l::t.. in ferùlity

restored plants addiûonal transeripts of 1.4 and 1.3 kb are detected. In addiûon. in

pol CMS plants levels of the 1.1 kb arp6 transeript of ferùle nap cy10plasm plants

are greatly reduced; levels of this transeript are increased upon nuc1ear ferùlity

restoraûon (Singh and Brown 1991; chapter m. The fust 58 codons of orf224 show

very high similarity with the amino- terminal coding region of the orjB gcne of

Oenothera and sunflower (Hiesel et al. 1987; Quagliariello et al. 1990).

MÏtochondrial gene regions which are thought to govem the CMS trait have

been identified in a number of other species (Hansen 1991). These regions have aIso

been found to contain ~:.imeric genes. and it has been sug",oested that the expression

ofthese genes results, c!irectly or indirectly, in parùal1y dysfuncûonal mitochondria

and, consequently, male sterility. CMS mutaûons generally affect ooly the male

reproductive organs and it is unclear wby mitochondrial dysfunction would not have

an effect on vegetatiw plant growth. To g-~ insight into the mechanistic basis for

pol CMS and its suppression by nuclear restorer genes. wc have further

charaetetJzed the expression of the orf2241arp6 region ofpol cytoplasm Brassica

napus plants. We show tbat its expression is developmentally regulated and thatpol

CMS does not appear to result from the absence of an intact, expressed orjB gene.

MATERIALS AND METHOnS

Plant Material

The genotype and phenotype of the B. napus strains uscd in this study have been

desaibed earlier (Singh and Brown 1991; chapter m. Cytoplasms are designated as

per the convention of Kemble and Barsby (1988), the parenthetical italicized

cytoplasm designations following the cultivar name. Regent (nap) and Karat (nap)
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are malt: fertile nap cytopIasm strains wlrile Regent (pol). Karat (pol). and 200;

(pol) are male sterile pol cyIoplas'11 strains. Wesw-Rf and 4007 are male fertile pol

cytoplasm restorer Iines. The sterile and fertile (nuclear-restored) pI2nts possessing

the pol C)'toplû5iü were differentiated by their ability to produce weil developed

stamens and functional pollen. Bora! tissue from plants grown under normal growth

conditions (day/night temperatures of 22116 oC, 16 hours photoperiod) was used,

unless otherwise stated, for the isolation of mitochondrial nucIeic acids.

Isolation of nudeic acids

The procedure of Kemble (1987) was foIIowed for the isolation of mtDNA, except

that the mtDNA was further purified byequilibrium centrifugation in esa gradients

(Brown and Simpson 1981) to improve its digestion by restriction endonucIeases.

Mitochondrial RNA (mtRNA) was isolated essentially as described by Singh and

Brown (1991) (chapter m.

Northern and Southern bybridizations

The rnitochondrial RNA was size fractionated on agarose-urea gels (Finnegan and

Brown 1986), transferred te Genescreen Plus (DupontlNEN) hybridization

membrane by overnight capiIIary blotting with l.SM NaCllO.ISM sodium citrate,

and hybridized to the radiolabeled probe as described earlier (Singh and Brown

1991; chapter m. Restriction endonuclease-digested mtDNA was size fractionated

on 0.7% agarose gels. Gels were successively treated with 0.4 N NaOH/O.6 M NaCl

andl.5 M NaCllO.5 MTris-Hel (pH 7.5>, for 30 min each; DNA was then

. transfened to the hybridization membrane (Gene5creen-Plus) and hybridized with

the labeled probe as described by Singh and Brown (1991) (chapterm. The

hybridization and high-temperature washes were performed at 60 oc.

SI
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Labeling of nudeic acids

The 2.2 kb EcoRI-BamHI fragment (spanning arp6 coding region) of an 8.2 kb PsrI

clone from pol mtDNA (Singh and Brown 1991: chapter m was purified from

agarose gels m.ing the Prep-A-Gene system from Bio-Rad. and the purified DNA

fragments were labeled t:Sing the nick translation system of BRL Life Technologies

Inc.. The oligonucleotides were end labeled by phcsphorylation with bacteriophage

T4 poiynucleotide kinase as described by Sambrook et al. (1989).

Sequence determinatio:l and primer extension analysis

The double sttanded DNA was alkall-denatured. annealed with the appropriate

primer and sequenced with the Sequenase system of U.S. Biochemical Corporation

!>y follov.r!"'g the vendor's protocoL Primer extension analysis was carried ou: as

described in Brown et al (1991).

RESULTS

A copy of orfB is simil2rly orgaJli%ed and expressed in male sterile and male

fertile plants

We have shown previously (Singh and Brown 1991; chapter m!hat transeripts of

mitochondrial arp6 gene region, associated with the Polima CMS in Brassica napus,

span :wo open reading frames. one coding for subunit 6 of the ATPase complex and

the other, upstream of arp6 sequence and designated or:f224, coding for a chimeric

protein, the first 58 codons of which are derived from the amino-tenninal coding

region of the mitochondrial orfB gene (Hiesel et al 1987). This gene bas been

found in the mitochondria of severa! plant species and shown to be transeribed and

transIated (Quagliariello et al. 1990; Gualberto et al. 1991), thus is apparently an

essential gene.

It seemedpOssible !hat the Polima CMS might be caused by the absence of

52



•

•

an intact orfB gene in the mitochûndrial genome ofpol cytoplasm plants rather than

the orf224/arp6 rearranged gene regionper se. To explore this pos,ibility. the

Southem blots of nap and pol mtDNA. digested with SalI. EcoRJ. BamB! and Pstl.

were probed with an end labelled synthetie oligonucleotide (2Çl-mer) specifie to the

orfB portion of orf224 (Figs. 1and 4). The presence of two hybridizing fragments in

each lane of figure lA and lB shows that the orfB sequence is present in two copies

in both pol and nap eytoplasm plants. One of the copies in pol cytoplasm plants

represents the orf224 sequence; we have previously shown that this region is

organized differently in nap and pol mtDNAs (Singh and Brown 1991; chapter m.
The other eopy, which is the same size (10.5 kb) in both mtDNAs (Fig. 1C), likely

represents the intact orfB gene in pol plants. To determine if the -:npy that is

organized similarly in nap and pol mtDNAs is expressed in poi plants, a gel blot of

mtRNAs iso1:lted from nap. pol and fertility restored pol plants was probed with the

end iabelled nrfE specific oligonucieotide. Tr.mscripts of 1.2-, 0.9- and 0.8 kb were

common to ail three types of plants (Fig. 2). As expected, the orfB specific probe

also hybrillized to 2.2- and 1.9 kb transcripts in pol cytoplasm plants (Fig. 2, Lanes

2, 3 and 4), corresponding to the dicistronic arp6 transcripts containing the chimeric

orfB gene sequence (Singh and Brown 1991; chapter m. As we have previously

shown that sequences specific to orf224 are not expressed in nap mitochondria, we

infer from these results that the transcript.. common to both the nap and pol

cytoplasm plants are derived from intact orfB and that a functional copy of orfB is

present in pol plants. It is thus more probable that the Polima CMS results from the

rearrangement upstteam of arp6. and not from the absence ofo:.functional orfB gene.

The Complex atp6 transcript pattern inpol plants appears to be generated by a

combination ofmultiple initiation and proœssing events.

The arp6 gC:lc is present in single copy in both pol and nap mitochondrial genomes.
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FiguI'f' 1. Southem analysis of orfB sequences of nap and pol mtDNA:;.

Regent (POl) (A) and Regent (nap) (B) mtDNAs were digested with SalI (lanes 1), EcoRl

(lanes 2), BamHI (lanes 3) and Psd (lanes 4) and hybridized with the end labeled 29-mer

orfB-s-~c oligonucleotide (S' CfGCTGATCCCAAGTACTCCATCTCCATC 3').

SOU digested mtDNAs (C) from Regent (POl) (lane 1) and Regent (nap) (lane 2) plants

were hybridized with the labeled orfB-specüic oligonucleotide. The 20.1 kb band in lane

2 is faint due to the poor ttansfer of the larger DNA fragments from the geL Estimated

lengths of the hybridizing fragments are indicated in kilobases at the side ofeach panel.

54

•



•
A

1 2 3 4
B

1 2 3 4
C

1 2

•

...,.
.• -1S.7

~ , '~ ., -.- :

.~.-8'2i ..;

-5·7

-3.5

20.1-

7.3­

5.7-

3.5-

, ' .

-20·1

... -10.5



•

•

Fïgure 2. RNA gel blot analysis of orfB tranSCripts of male fertile. male sterile and

fertility restored B. napMS plants.

Mitochondrial RNAs resolved on an agarose-urea gel were transferred to a hybridization

membrane and probed with the end labeled orfB-specitic oligoilucleotide. Lane 1. Karat

(nap) (male fertile); lane 2. r'.aIaI. ÎpuÎ) (male sterile); lane 3. WesIM-RfCpol cytoplasm.

nuclear fertility restored); lane 4. Karat (POl) x Westar-Rf. Lengths of the transeripts are

indicated in là1obases.
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While a single abundant tran5Cript is observed in nap plants. male sterile and fertility

restored pol cytoplasm plants display a relatively complex pattern (Singh and Brown

1991; chapter m. To understand the basis of this complex tran5Cript pattern. the 5'

ends of the 2.2- and 1.9 kb arp6 tranSCripts. found in both sterile and restored pol

plants. as weil as the 1.4- and 1.3 kb tranSCripts. specific to restored pol plants. were

mapped by primer extension analysi.<: (Figs. 3 and 4; primer extension data for 1.3 kb

tranSCript shown in Figure 1 of appendix m.
The largest pol tranSCripts. aU approximately 2.2 kb in size. mapped to sites

located 443. 449 and 521 nuc1eotides UpStrealn of the orf224 initiation codon. These

sites comprised two similar sequence motifs (atp6-1 and atp6-2; Figs. 3B and SA)

which closeIy resemble (8 of 9 nucleotide identity) the yeast mitochondrial promoter

(Fig. SA) (Biswas et al. 1985; Schinkel et aL 1986). The finding of two 5'

mitochondrial tranSCript termini mapping to a single sequence motif is unusuaI. but

bas been observed previously (Coveilû and Gray 1991). I:1 addition. severa! other

plant mitochondrial tranSCript termini have been found to map to sequences simi1ar

to the yeast promoter (Issac et aL 1985; Young and Hanson 1986). The 5' end of the

1.9 kb tranSCript maps to a sequence motif (Figs. 3C and SB) which has previously

been shown by sequencing in vitro capped transcripts and primer extension analysïs

to be assocïated with the transcription initiation in soybean mitochondria (Brown et

aL 1991). Eighteen of the twenty one nucleotides al positions -13 to +8 are identical

in the Brassica (arp6-3) and soybean sequences surrounding the 5' tranSCript termini

(Fig. SB). Similar regions have also been found surrounding 5' tranSCript termini in

Petunia (Fig. SB) and other dicot mitochondria Cioung et aL 1986; Moon et aL

1985; Schuster et aL 1987). The 1.4- and 13 kb transeripts. specific 10 the fertility

restored pol plants. map to sequence regions wmch show no significant simi1arity

with any of the known I!Ùtochondrial promoter-like eIements (Figs. 3A and SC>, and

thus RNA processing seems more 1i1œly 10 be responsible for generating these

56



•

•

Figure 3. Mapping of S' termini of mitochondrial a:p6 transeriplS of male sterile and

fertility restored pol cy<..oplasm plants.

Primer extension prodUCIS were obtained using an appropriate oligonucleotide as primer

with 5 Ilg of mtRNA. The extension-reaction product was run alongside DNA

sequencing reactions primed with the same oiigonucleotide. The positions of S' transeript

termini and direction of transcription are indicated by horizontal and vertical arrows,

respectively. (A) Primer extension with oligonucleotide (S'

CCAGGAGGGCTrGACGCCG 3') complementary to bases -328 to -346 Upstream of

the atp6 initiation codon ofpol mtDNA. Lane 1 represents 4007 plants (fertility restored)

and lane 2 represents 2007 plants (pol cytopIasm. male sterile). (B) Primer extension

with oligonucleotide (S' GCAAcrcAACAGAAACGG 3') complementary 10 bases ­

1204 to -1221 upstteam of the atp6 initiaticn codon ofpol mtDNA. Lane 1.2007 (pol);

lane 2. 4007. (C) Primer extension with oligonucleotide (S'

AGTIGTGGTIGGTIGI IG 3') complementary 10 bases -970 to -987 UpStreaill of the

atp6 initiation codon ofpol mtDNA. mtRNA from 2007 (POl) plants was used for primer

extension reaction.
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Figure 4. Graphical representation of the pol atp6 region and mapping of5' transcript

tennini.

Vcrticallines at the right end of lines with arrows on the left indicate the position of the

primers used for the primer extension reactions; the position of the arrows indicate the

mapped 5' transeript tennini. The 5' tennini of the 22 kb atp6 transcript observed in

RNA gel blots correspond to atp6-1 and atp6-2, while the 5' tennini of the 1.9-, 1A-, 1.3­

and 1.1 kb atp6 transcripts correspond to atp6-3, atp6-4, atp6-5 and atp6-6, respectively.

Asterisks indicate the 5' tennini of transcripts specific to fertility-restored plants. The

unfilled box represents the region of orf224 which corresponds to the orfB coding

sequence. The position of the 29~mer orfB-specific oligonucleotide, used for the

Northern and South~rn analyses (Figs. 1 and 2), is shown by the vertical bar below the

oifB coding region. The filled inverted triangle represents the approximate position of the

3' atp6 transcrlpt tenninus.
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Figure S. Comparison of nucleotide sequences surrounding the 5' tennini of pol atp6

transCripts with the yeast mitochondrial promoœr and dicot mitochondrial initiation

sequences.

(A) Alignment of nucleotide sequences surrounding the 5' transeript tennini representing

the 2.2 kb atp6 transeript and their similarity with the yeast mitochondrlal promoter

sequence. The identical nucleotides are shown by bold letters. (B) Comparison of 5'

tenninal region of the 1.9 kb atp6 transeript with mitochondrial initiation sequences of

soybean and the 5' tenninal region of the Petunia arp9-2 (-301) transeript. Nucleotides

corresponding to the derived soybean identity (Brown et aL. 1991) are indicated by bold

letters. (C) 5' tenninal regions of 104- (arp6-4) and 1.3 kb (atp6-5) atp6 transeripts of

fertility restored pol cytoplasm plants. The initiating nucleotide or the mapped 5'

transCript end is indieated by arrow. Nucleotide +1corresponds to either the mapped 5'

transCript end or the first nucleotide of the soybean primary transeripts.
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transcript lCrmini. We have already shown that t:le 5' end of 1.1 kb arp6 t..anseript

maps to the 3' end of a tRNA pseudo gene (Fig. 4) and suggested that it is most

likely generated by processing of a tRNA-like element (Singh and Brown 1991).

Taken together. these observations suggest that the eomplex arp6 transeript pattern

observed in po; eytoplasm plants is a result of multiple transcript initiation and

processing events.

Expression of the pol atp6 gene region is developmentally regulated

Young and Hansen (1987) observed anther-specifie quantitative changes in CMS­

associated transcripts in Petunia. and suggested that this developmental regulation

might account. in part. for the failure of CMS mutations to affect tissues other than

those involved in pollen production. To determine if expression of the pol

oif224/atp6 region is developmentally regulated. transcripts from floral tissue and

dark-grown seedlings. were probed with Brassica atp6 sequences (Fig. 6). The

leveIs of monocistronic 1.1 kb atp6 transcripts were found higher in seedlings as

compared to the floral tissue in pol plants (Figs. 6b and 6c) and this increase in the

seedIings was observed irrespective of the presence or absence of the reslorer gene.

However. no significant differences in the leveIs of atp6 transcripts were observed

between seedIings and floral tissue in nap Cyloplasm plants (Fig. 6A). nor betwecn

the rm18 transcripts of seedIings and floral tissue of any of the plants examined.

Smaller shifts in the relative amounts of the 2.2- and 1.9 kb pol specific ttanscripts

were aIse observed (Fig. 6).

DISCUSSION

We have previously shown that the atp6 and flanking sequences of the pol and nap

mtDNAs are identical to a point situated 34 bp uPStream of a truncated gene

('Vf17lfM) that lies within the conserved region and encodes only the sixteen 3'
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Figure 6. RNA gel ~101 analysis of atp6 transeriPLS of seedlings and floral tissue ofB.

napus plants.

Mitochondrial RNAs resolved on an agarose-urea gel were transferred to a hybridization

membrane and hybridized with the Brassica arp6 probe (2.2 kb EcoRi-Bamffi fragment

of pol mtDNA: Singh and Brown 1991:chapterm (lanes 1 and 2). Afterremoval of the

arp6 probe. the filler was rehybridized with the maize rm18 probe (2.6 kb HindIII

fragment; Finnegan and Brown 1990) (lanes 3 and 4). (A) Regent (nap) mtRNAs; (B)

2007 (POl) mtRNAs; (C> 4007 mtRNAs. Lanes 1 and 3 represent mtRNAs isolated from

floral tissue; lanes 2 and 4 represent mtRNAs is01ated from seedlings. Lengths of the

transeripLS are indicated in kilobases. Arrows indicate the locations of the 1.1-. 1.8-. 1.9­

and 2.2 kb transeripts.
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terminal nucleotides of tRt~Aa.1Cl: no similarity between the pol and nap sequences

funher upstream of this point is evident We have suggested that the single LI kb

arp6 transCript found in nap cytoplasm plants. which maps precisely to the 3' end of

the pseudo gene. is generated by the tRNA processing machinery. since the nap

sequences upstream of wrmfM are capable of base pairing with the remnant tRNA

sequence such that the transcript would be expected tel adopt a tRNA-like structural

configuration (Brown and Singh 1991: chapter m. Larger nap atp6 transeripts of

approximately 2 kb observed upon longer exposure of the autoradiograph of figure

6A (shown in Figure 2 of appendix mare likely candidates for precursors to this 1.1

kb transeript The pol sequences upstream ofwrmfM do not allow for the formation

ofa tRNA-like element. and processing at the 3' end of the pseudo gene is thereby

expected to be markedly reduced. resulting in the predominance of long dicistronic

orf224/atp6 transeripts observed in floral tissue ofCMS plants.

Densitometric analysis (not shown) indieates that the ratio of the 1.1 kb

monocistronic to dicistronic atp6 transcripts is approximately four limes higher in

seedlings !han in floral tissues of male sterile pol plants and it seems likely that this

relative increase in 1.1 kb atp6 transcripts results from enhanced tran..~pt

processing at the 3' end of the pseudo gene. In floral tissue of nuclear fertility

restored plants. the ratio of monocistronic to dicistronic transcripts is increased. ::

part as a result of generation of the restored-specific 1.4- and 1.3 kb transeripts and

in part as a result of enhanced processing at the 3' end of the tRNA pseudo gene.

Because of the close correlation of monocistronic transcripts with male fertility. we

have suggested that the pol CMS may be caused by partial mitoehondrial

dysfunction that results from inefficient translation of the ATP6 protein off

dicistronic messages. The relatively higher levels of monocistronic tranSCripts in

seedling tissues might circumvent this possible deficiency in the ATP6 protein and

could account. at least partially. for the failure of the pol cyroplasm to induce oven
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phenotypic effects on vegetative tissues in male sterile plants. The activity

responsible for enhanced levels of the 1.1 kb pol transerïpt in seedlings is apparently

different from the restorer gene produc!. since this increase is observed in bath CMS

and restored plants and since 1.4- and 1.3 kb transeripts specitic to restored plants

are not seen in seedIings of CMS plants. The LI kb transeript is apparently

generated by tRNA proœssing activity and it seems likely !hat there is differential

expression of tlris activity in seedIings and flowers. Developmentai regulation of

plant mitochondrial transeript levels bas previously been reported by Young and

Hanson (1987); these transcripts were also derived from a CMS-associated gene

region.

Since the 1.4- and 1.3 kb arp6 transeripts specific to fertility restored pol

cy!oplasm plants were observed in seedIings and flowers (Fig. OC) as weil as leaves

(shown in Figure 2 ofappendix m. the effect of the restorer gene is not specific to

floral tissue. We have shown (chapœr IV of !bis thesis). by anaIyzing individual

progeny of a backcross between CMS and fertility restored pol cytoplasm plants,

that transeript alterations of restored lines co-segregate with. and hence are very

likely to be due to. the Rfpl restorer allele. Primer extension anaIysis maps the S'

~nds of the 1.4 and 1.3 kb arp6 transeripts, specific to restored lines. to regions of

mtDNA which show no similarity either to one another or 10 suspected plant

mitochondrial promoœr eIeanents (Young and Hanson 1986; Schusœr et al. 1987;

Mulligan et al. 1991; Covello and Gray 1991; Brown et al. 1991). It seems unlikely

that the produet ofa single nuclear gene couId create new transcription initiation

sites al !WO unreIated sequences which bear no resemblance 10 mitochondrial

promoters, and we therefore infer!hat an RNA processing event is lilœly 10 be

involved in the generation of the restored-specific transcripts. Hence. the restorer

gene probably encodes a factor involved, directly or indirectly. in transaipt

processing. However. the sequences 10 which these transeripts map also show no
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significant sirnilarity to putaùve mitochondrial transeript processing signals

(Maloney et al. 1989: Schuster and Brenniclœ 1989) or to sequences corresponding

to the processing sites of transeripts specifie to ferùlity restored cms-T maize

(Kennel anà Pring 1989); we. therefore. cannot re:e out the possibility that the

:egions surrounding the 5' ends of 1.4- and 1.3 kb transeripts are recognized as

highly unusual promoters specifie to ferùlity restored pol plants by an unusual

mechanism.. Since the regions surrounding 5' termini of the two transeripts specifie

to the restored plants are not sirniIar to one another. it is possible that the specificity

of the nuclear restorer acùvity does not involve primary structure recognition and

that the restorer gene produet enhances oTj224/arp6 transeript processing by

recognizing or altering mtRNA secondary structure.

We have previously suggested that the pol CMS could result from partial

mitochondrial dysfunction. due either to the presence of the aberrant 0RF224

protein or to a deficiency in ATPase subunit 6 resulting from a limitation in

translation imposed by the co-transeribed oTj224 gene (Singh and Brown 1991;

chapter m. However. fertility restoration leads to ooly a slight decrease in

oTj224/arp6 dicistronic transeripts. and would not therefore be expected to result in

appreciably lower amounts of the 0RF2'Z4 protein. Since fertility restoration

increases the levels of monocistronic arp6 transeripts. it nuy thus be more likely that

mitochondrial dysfunction in sterile plants results from a deficiency in the ATP6

protein. In this sense. it is interesting that seedling tissues of sterile plants also have

increased levels of monocistronic arp6 transeripts. while the levels ofdicistronic

transeripts do not change significantly. This would reduce the impediment imposed

on vegetative growth by mitochondrial dysfunction arising from ATP6 deficiency

but not from the presence ofthe 0RF224 protein. Considered together. the

alterations in the pol oTj2241arp6 region transeripts observed both during

developmental and upon fertility restoration suggest that mitoehondrial dysfunction

64



•

•

in floral tissues of sterile plants is more likely to result from ATP6 detïeieney.

Recent studies in this laboratory provide further evidence in suppon of the

possible involvement of the orj22-1/arp6 gene region in pol CMS. A comparison of

the physicaI maps of mitochondrial genomes of the sterile pol :md fenile car.:

cytoplasms shows that the only difference detected hetween the two genomes is an

insertion upstrearn of arp6 in the pol mtDNA that encompasses the previously

descrihed rearrangement upstrearn of arp6 • In addition. the orj224/arp6 region

appears to he the only region whose transeripts are affected by nuclear fertility

restoration (Y. L'Homme and G. G. Brown. unpublished observations: chapter IV of

this thesis).

ACKNOWLEDGMENTS

We thank Ors. Peter B.E. McVeny. Dave Hutcheson and Larry Sernyk for gifts of

seed: Barbara Young for her help in performing one of the primer extension

experiments (Figure 3C); and Martine Jean for useful comments on the manuscript

and for providing floral tissue for FI hybrid plants used in this study. This research

w....s supp0rted by grants from the NaturaI Sciences and Engineering Research

Council of Canada. Plant growth facilities of McGill University Phytotron were used

for this study. Mahipai Singh is the recipient ofa Government of India scholarship.

6S



•

•

CHAPTERIV

Nuclear gene influences on expression of the Brassica nùtochondrial genome and

Polima cytoplasmic male sterility
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In chapters II and m, 1have presented experimental results regarding identification and

detailed characterization at the sttuctura! and expression levels of the pol mitochondrial

gene region, orj224/arp6, associated with CMS in Brassica napus. Since only sequences

representing 14 known mitochondrial genes were screened in these studies. it was not

clear whether orj224/arp6 is the only differentially expressed region among fertile.

sterile and fertility-restored plants. To deœrmine if region(s) of the pol mitochondrial

genome, other than orj224/arp6, might be differentially expressed at RNA level among

these plants, Brassica campestris clones representing more than 90% of the

mitochondrial genome were used as probes. The results of this screening are presented in

this chapter. Also. the tight correlation between the a1tered expression oforj224/atp6

transcripts in pol plants and CMS will be demonstrated through the analysis of backcross

progeny.
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SUMMARY

The a~sociation of altered expression of the arp6 gene region with Polima (pol)

cytoplasmic male sterility (CMS) in Brassica napus has previously been demonstrated by

screening fourteen of the known mitochondrial genes for their differential expression

among male fertile nap. male sterile pol and fertility restored pol cytoplasm plants at the

RNA levei. To explore the possibility of other pol mitochondrial DNA (mtDNA)

region(s) bcing associated with the pol CMS. we screened Brassica campesrris clones.

representing more than 90% of the mitochondrial genome. for their düferential

expression among these plants. Two clones. BC-IO and BC-32. representing 2.0- and

12.4 kb PsrJ fragments. respectively. were found to show differential expression. In each

case. a complex pattern of transcripts was obtained and only the smallest of the

hybridizing transcripts showed düferential expression, suggesting that a transcript

processing event might be involved in the generation of the transcript düferences. The

smallest of the transcripts detected by clone BC-IO was 1.3 kb while the smallest

transcript detected by clone BC-32 'Nas 1.6 kb; both tra1tsCripts were detected in male

fertile nap and male sterile pol cytoplasm plants but not in male fertile pol cytoplasm

plants homozygous for the fertility restorer nuclear gene Rfpl. Further analysis showed

that both these transcripts were present in the male fertile pol cytoplasm plants

heterozygous for the Rfpl gene, suggesting that Rfpl is recessive to ifpl with respect to

effects on transcripts of these mitochondrial gene loci. Interestingly, these transcripts

were not detected in male sterile nap cytoplasm plants (nap cytoplasm induces male

sterility in Bronowski line ofBrassica napus) and FI hybrid male fertile plants obtained

from the cross Bronowski (nap) X Westar-Rf(Westar-Rfline is homozygous for the Rfpl

gene), suggesting that Bronowski nuclear genome is homozygous for the recessive allele

affecting the expression of these transcripts. Since these transcripts are present in male

fertile nap, male sterile pol and male fertile pol cytoplasm plants heterozygous for Rfpl

gene and absent in male fertile pol plants homozygous for the Rfpl gene and male sterile
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and fertility restored Bronowski (nap) plants. their dil1i:rential expression does not show

any correlation with the cytoplasmic male stcrility in Bra.,~,·icu naplls. Howevt:r. tht:

nuclear gene involved in their expression might reside at or be very tightly linked to the

Rfpllocus. On the other hand. analysis of the backcross progeny shows that the altered

expression of the pol atp6 transcripL~ in male fertile planL~ cosegregates with the fertility

restoration , demonstrating its very tight association with the pol CMS and Rfp1 gene.

INTRODUCTION

The nuclear influences on mitochondrial gene expression with respcctto CMS have been

examined in severa! cases. In Texas male sterile (T) cytoplasm maire. the abundance of

T-urfl3 (a mitochondrial gene associated with CMS) transcripts is slightly reduccd and a

new transcript is generated as a result 0: fertility restoration by the dominant nuclear

restorer gene, Rfl. The 5' terminus of the transcript specific to the fertility restorcd

plants mapped internal to T-urfl3 (Kennel et al., 1987 : Kennel and Pring, 1989). The

nuclear restorer gene, Rf, influences the relative abundance of the three 5' transcript

termini of Petunia CMS-associated S-pcflocus (Pruitt and Hanson, 1991). In addition.

other nuclear genotypes which lack the Rfallele also influence the total abundance of pcf

transcripts (Pruitt and Hanson, 1991).

Alterations in mitochondrial gene expression have heen observed when teosinte

(wild relative of maize) cytoplasms are introduced into certain maize inbred nuclear

backgrounds (Cooper et al.,1990). Zea perennis and Zea diploperennis (teosintes)

mitochondrial coxIl transcript patterns were found to he depcndent upon the maize

nuclear genotype. Genetie analysis showed :bat a single nuclear gene, designated Met. is

responsible for alterïng the coxII transcript pattern. The action of this gene was found to

he specific for coxII, as the transcript pattern of other two mitochondrial cox genes (coxI

and cox1l[) remained unaffected. However, no direct correlation hetweell the expression
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of CMS and the altered coxIl transcript pattern was found (Cooper::t al.. 1990). In

Nic01iana. nuclear intluences on mitochondrial gene expression at RNA level were

analyzed in six different male-fertile and male-sterile alloplasmic lines. Changes in

lranscript pattern, which showed correlation with male sterility were detected for three

genes (atpA, orf25 and coxI/). However. the changes were not found to be consistent for

all the male-sterile materials (Hakansson and Glimelius. 1991). Transcripts of the

mitochondrial gene atpA are affected by nuclear genotype in radish and the alterations in

tmnscript pattern were found not to be strictly corrclated with cyloplasmic male sterility

(Makaroff et al.• 1990).

The differential expression of the mitochondrial arp6 gene region at RNA level

among male fertile nap cyloplasm. male sterile and fertility restored pol cyloplasm plants

and its association with the pol CMS bas been demonsttated (Singh and Brown, 1991;

chapter II of this thesis; Handa and Nakajima, 1992). Since only sequences representing

relatively small portion of the mitochondrial genome (sequences representing 14 known

mitochondrial genes) were screened in these studies, it was not clear whether or not arp6

is the only differentially exprcssed region. To determine if region{s) of the pol

mitochondrial genome, other than arp6, might be differentially exprcssed among nap. pol

CMS and fertility-restored cytoplasm plants, Brassiea eampestris clones representing

more than 90% of the mitochondrial genome were used as probes to analyze the mtRNA

gel blots of fertile, CMS and restored plants. Brassiea napus and Brassiea eampestris

mitochondrial genomes are similar in size (approximate1y 220 kb) (Palmer and Herbon,

1988). Two clones, carrying 2.0- and 12.4 kb Psu fragments of the Brassiea eampestris

mitochondrial genome, were exprcssed differently in these plants. However, unlike the

atp6 region. the differential expression of these regions is not corrcIated with the Polima

CMS. On the other hand, the analysis of the progeny of the backcross, invoIving pol

male sterile (rf/rfJ plants and pol male fertile FI hybrid plants {RprfJ, demonsttates a

very tight association between altered expression of the arp6 region and the Polima CMS
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in Brassica napus.

MATERIALS AND METHODS

Plant material

The phenotype and restorer genotype of the Brassica napus lines used in the present

study have already been described (Singh and Brown. 1991; chapter II of this thesis).

except for the line Bronowski (nap). which is male sterile and lacks bot.!} of the nuc1car

restorer alleles llfpl and llfp2 (restorers of pol CMS) (Brown et al.. unpublished

observations). Conventions of Kemble and Barsby (1988) were followed for dcsignating

cytoplasms (parenthetical italicized cytoplasm designations following the cultivar/strain

name). Karat (nap) and Westar (nap) are male fertile nap cytoplasm strains while

Westar (POl) and Karat (POl) are male sterile cytoplasm lines. Westar-Rfand ltaly are pol

cytoplasm lines which are homozygous for the nuclear fertility restorer allele Rfpl while

UM2353 pol cytoplasm plants are homozygous for the nuclear fertility rcstorer allele

llfp2. Plants were c1assified male sterile or male fertile based on their ability to produce

weIl developed stamens and functional pollen. Mitochondrial RNA was isolated from

floral tissue of plants grown under normal growth conditions (day/night temperaturcs

22116 oC. 16 br photoperiod).

Mitochondrial DNA dones

Mitochondrial DNA clones. representing more than 90% of the Brassica campesrris

genome (Palmer and Shields. 1984; Palmer and Herbon. 1988). used in the analysis of

Brassica napus mitochondrial transeripts are described in Table 1. Dr. Christopher A.

Makaroff (University of Ohio. Oxford. USA) fumished all of the Pstl and SaIl Brassica

campestris clones used in this study. The two Kpnl clones (Table 1). BC-51 and BC-52•

were generated in this laboratory (Yvan L'Homme and Gregory G. Brown. unpublished
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• Table 1. Mitochondrial DNA Clones From B. campestris Used in Transcript Analysis

Clone Fragment Clone Fragment

BC-I 4.8-kb Pstl BC-27 4.4-kb Pstl

BC-3 7.7-kb Pstl BC-28 10 1-kb Pstl

BC-S 10.I-kb saIfi BC-30 S.7-kb Pstl

BC-9 10.2-kb Pstl BC-31 3.1-kb Pstl

BC-I0 2.D-kbPsJ> BC-32 12.4-kb Pstl

BC-1I 9.7-kb Pstl BC-33 2.9-kb Pstl

BC-12 7.5-kbPstl BC-34 1O.I-kb Pstl

BC-13 2.9-kb Pstl BC-36 S.D-kb Pstl

BC-14 I.3-kb Pst] BC-37 8.3-kbSanc

BC-lS 0.9-kb Pstl BC-38 6.2-kb SalI

BC-l7 S.7-kb Pstl BC-40 4.8- and I.3-kb SalI

BC-21 21.1-kb Pstl BC-41 4.D-kbS~

BC-22 3.6-kb Pstl BC-43 6.9-kb Pstl

BC-2S 12.2-kb Pstl BC-Sl 8.8-kbKpnI

BC-26 S.2-kbPstl BC-S2 5.7- and I.S-kbKp~

•

aAdjacent to 4.4-kb SoU fragment of the B. campestris physical map (palmer and

Herbon. 1988).

bAdjacent to 9.7-kb Pstl fragment of the B. campestris physical map.

cAdjacent to 33-kb SalI fragment of the B. campestris physical map.

dAdjacent to 4.8-kb SalI fragment of the B. campestris physical map.

eAdjacent to S.7-kb KpnI fragment of the B. campestris physical map.
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data).

Isolation of mtRNA and RNA gel blot anaI)'SÏS

Mitochondrial RNA was isolated as describcd earlier by Singh and Brown (1991)

(chapter II). RNA was resolved on agarose-urca gels (Finncgan and Brown. 1986) or

agarose-formaldehyde gels (Maniatis. 1982). transfcrrcd to gcne scrcen plus

(DupontlNEN) hybridization membrane by capillary blotting with I.5M NaCVO.5M

sodium citrate. and hybridized to the radiolabelled probe as described earlier (Singh and

Brown. 1991) (chapter m.

Labelling of nudeic acids

DNA probes were radio1abelled using the nick trans1ation system of BRL Life

Technologies Inc..• as per the protocol supplied by the vendor.

RESULTS

Mitochondrial DNA regions other than atp6 show differential expression between

male sterile and male fertile plan~

Previous studies have shown that the differential expression of the mitochondrial atp6

region is associated with the Polima CMS in Brussiea napus (Singh and Brown. 1991;

chapter II; Handa and Nakajima, 1992); no differences in the expression of the other

thirteen mitochondrial gene regions analyzed were observee!. To explore the possibility

of association of sorne other region(s) of the pol mitochondrial genome with CMS. we

searched for differences in expression among the near isogenic lines male fertile Westar

(nap). male sterile Westar (POl) and ferti1ity-restored Westar (Pol). using a set of

Brassica campestris clones (Table 1). representing >90% of the mitochondrial genome.

Two clones. BC-10 and BC-32 containing 2.0- and 12.4 kb Psd fragments. respective1y.
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showed differential expression among thesc three types of plants (Fig. 1). Both clones

hybridized to more than one transeript and since the transeript sizes are different in each

case. thesc two clones most likely represent two different transcribed sequences.

Interestingly. clone BC-IO d~teets a 1.3 kb transeript in male fenile nap and male sterile

pol plants but not in fertility restored pol plants which are homozygous with respect to

the fertility reslorer nuclear gene Rfpl (Fig. lA). Similarly. the clone BC-32 detects a

1.6 kb transcript in nap and male sterile pol plants but not in pol (Rfpl/Rfpl) plants (Fig.

lB). This suggests that a nuclear gene located at or near the Rfpl restorer locus is

influencing the transcripts of these regions. In case of both clones. it is of interest to note

that the differentially expressed transeript is the smallest of the hybridizing transeripts.

suggesting that it is most likely generated by a transeript processing event, though the

possibility of involvement of transeript initiation or termination event cannot be ruled

out

Mitocbondrial DNA regions showing difTerential expression do not appear to be

involved in cytoplasmic male sterility

To further study the nature of the nuclear gene(s) influencing this differential expression

and its relationship with the pol CMS. wc probed northern blots of mtRNA isolated from

various Brassica napus lines of different nuclear backgrounds with the clone BC-IO (Fig.

2). The Karat (nap) and Karat (POl) CMS plants showed the expression of 1.3 kb

transcript similar to the Westar (nap) and Westar (POl) CMS plants (Fig. 2, lanes 1 and

2). The nuclear restorer gene is dominant with respect to its effect on bath the

suppression of pol cyloplasm induced male sterility and transeripts of the pol

mitochondrial atp6locus. The finding that the male fertile FI hybrid plants (Rfpl/ifpl;

pol cytoplasm), obtained from a cross between Karat (POl) CMS (if/if) plants and the

Westar-Rf (POl) male fertile plants (Rfpl/Rfpl), also expressed the 1.3 kb transeript at

levels simi1ar to that of the Karat (POl) CMS plants (Fig. 2, lane 4), was therefore
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Figure 1. RNA gel blot analysis of mitochondrial tranSCripts of ncar isogenic Brassica

napus lines. hybridizing to 2.0 - and 12.4 kb Pstl fragments of Brassica campestris

mtDNA.

Mitochondrial RNAs resolved on an agarose-fonnaldehyde gel were transferred to a

hybridization membrane and probed with (A) 2.0 kb Pstl Brassica campestris clone.

BC-10 and (B) 12.4 kb Pstl Brassica campestris clone. BC-3~. Lanes 1. Westar-Rf (pol

cytoplasm. nuclear fertility restored plants); lanes 2. Westar (pol) (male sterile); lanes 3.

Westar (nap) (male fertile). Molecular sizes are in kilobases.
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Figure 2. RNA gel blot analysis of mitochondrial transeripts of Brassiea napus lines

with different nuclear genotypes, using a 2.0 kb Pst! Brassiea eampestris clone.

Mitochondrial RNAs resolved on agarose-urea gels were transferred to a hybridization

membrane and probed with the labeled 2.0 kb Pst! clone, BC-IO.

Lane 1, Karat (nap) (male fertile); Lane 2, Karat (POl) (male sterile); Lane 3, Wesw.r-Rf

(pol cytoplasm, male fertile, Rfpl/Rfpl); Lane 4, Karat (POl) X Westar-Rf, Lane 5, Karat

(nap) X Wesw.r-Rf; Lane 6, Itaiy (pol cytoplasm, male fertile, Rfpl/Rfpl) Lane 7,

UM2353 (pol cytoplasm, male fertile, Rfp2lRfp2); Lane 8, Karat (nap) (male fertile);

Lane 9, Bronowski (nap) (male sterile); lane 10, Bronowski (nap) X Wesw.r-Rf.

Molecular sizes are in kilobases. Arrows indicate the locations of 1.3- and 2.2 kb

transeripts.
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unexpected. Similarly. the FI hybrid plants obtained from the cross Karat (nap) X

Wesl2.I-Rf (pol; Rfpl/Rfpl) showed the presence of this transcript (Fig. 2. Lane 5). Wc

have shown earlier that the two nuclear restorer genes Rfpl and Rfp2. which are localed

at two distinct chromosomalloci and segregate independently of one another (Fang and

McVeny. 1989). have similar effects on expression of the atp6 gene region (Singh and

Brown. 1991; chapter m. It was. therefore. of interest to examine the effects of these

two restoring nuclear genotypeS on the BC-IO 1.3 kb transcripL As with the atp6

transcripts. both nuclear backgrounds have similar effects on expression of the 1.3 kb

transcript; this tranScript was not deteeted in cither of the two strains {Fig. 2. Lanes 6 and

7). The nap cytopIasm induces male sterility in certain Brassica napus lines such as the

cultivar Bronowski (Fan et al•• 1986). Again surprisingly. the combination of nap

cytoplasm with the Bronowski nuclear background results in the disappearance of the 1.3

kb transcript (Fig. 2, Lane 9). and as expected the FI hybrid plants (male fertile) from

the cross Bronowski (nap) CMS X Wesl2.I-Rf do not show the deteetable levels of this

transcript (Fig. 2, Lane 10).

The effects of nuclear genotype on the presence or absence of the 1.6 kb

transcript deteeted by clone BC-32 were similar to those on the 1.3 kb transcript detected

by clone BC-lO. BC-32 hybridizes to a 1.6 kb transcript in Karat (nap). Karat (pol) and

FI hybrid plants from the cross Karat (POl) CMS X Wesl2.I-Rf (Fig. 3. Lanes 1,2 and 4).

Again. the 1.6 kb tranScript was not deteeted in Bronowski (nap) CMS plants and FI

hybrids obtained from the cross Bronowski (nap) CMS X Wesl2.I-Rf(Fig. 3. Lanes 5 and

6). The male fertile FI hybrid plants (Rfpl/ifpl) showed a transcript pattern similar to

that of fertile nap and male sterile pol plants (both ifpl/ifpl). The resuIts suggest that

nuclear restoring genotypeS (RfplRfp) possess an alle1e which is recessive to that of

genotypes which maintain pol sterility (ifplifp) with respect to effects on transeripts

deteeted by clones BC-IO and BC-32. The nuclear genotype Bronowski. which

maintains nap cytopIasm induced male sterility. also possesses this or a related recessive
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Figure 3. RNA gel blot analysis of mitochondrial transeripts of Brassica napus plants

with different nuclear backgrounds hybridizing to 12.4 kb Pstl fragment of Brassica

campestris mtDNA.

Mitochondrial RNAs resolved on an agarose-urea gel were transferred to a hybridization

membrane and probed with the labelled 12.4 kb Pstl clone. Lane 1, Karat (nap) (male

fertile); Lane 2, Karat (pol) (male sterile); Lane 3, West:M-Rf, Lane 4, Karat (pol) X

WestM-Rf, Lane 5, Bronowski (nap) (male sterile); Lane 6, Bronowski (nap) X WestM­

Rf. MolecuIar sizes are in kilobases.
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allele.

Nudear gene effeets on expression of the pol alp6 gene region cosegregate with

fertility restoration

We have previously shown (Singh and Brown. 1991; ehapter m that the altered

expression of the mitochondrial atp6 gene region is associated with the pol CMS. To

further confmn this association. we analyzed the baekcross population of male sterile and

male fertile pol plants with respect to the expression of atp6 region. The male sterile

K;uat (pol) plant was crossed as the female to a male fertile FI hybrid plant (Rfpllrfpl)

obtained from the cross Karat (pol) CMS (rj7if) X Westar-Rf (RfpllRfpl). Northern

analysis of mitochondrial transcripts of fûteen male sterile and futeen male fertile pol

individual baekcross progeny. using atp6 as a probe. showed that all the sterile plants

(rf/if) tested exhibit male sterile-specifie transcript pattern (absence of 1.3- and 1.4 kb

atp6 transcripts specifie to fertility restored pol cytoplasm plants) and all the male fertile

individuals show transeript pattern that is specifie to the fertility restored pol plants. i.e.•

the presence of 1.3- and 1.4 kb transcripts (Fig. 4). This gives further support to the

view that the atp6 region of the pol mitochondrial genome is involved in CMS in

Brassica nopus.

Discussion

It has been shown previ!lusly that the pol mitochondrial atp6 gene region is differentially

expressed between male sterile and fertility restored pol cytoplasm Brassica napus plants

(Singh and Brown. 1991; chapter m. The nuclear restorer gene Rfpl is dominant with

respect to its effects on both male fertility and the atp6 region transeript pattern. The

studies involving mapping of the S' ends of the restored plant specifie atp6 transeripts

(1.3- and 1.4 kb) by primer extension analysis suggest that the produet of the restorer

gene is a nuclear encoded factor involved in transeript processing event (chapter m of
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Figure 4. RNA gel blot analysis of arp6 transcripts of scgrcgating backcross progeny of

pol cytoplasm Brassica napus plants.

Mitochondrial RNAS size fractionated on agarose-urca gels werc transferred 10

hybridization membranes and hybridized with the Brassica napus arp6 probe (2.2 kb

&oRl-BamHl fragment ofpol mtDNA; Singh and Brown 1991; chapler m.
(A) Lanes 1-15 male sterile plants of the backcross progeny; Lanes 16-17, male fertile

plants of the backcross progeny

(B) Lanes 1-13, male fertile plants of the backcross progeny. Arrows rcprcsent the 1.1-,

1.3-, 1.4- and 1.9 kb transcripts. Molecular sizes arc in kilo bases. Arrows indicate the

locations of the 1.1-, 1.3-, 1.4- and 1.9 kb transcripts.
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this thesis)o

Present studies identify two additional mtDNA regions which are differentially

expressed between male sterile and male fertile pol plants homozygous for the nuclear

fertility restorer gene Rfpl. Surprisingly. however. these two mtDNA regions do not

show differential expression at the RNA level between male sterile pol planL~ (rfpllrfpll

and male fertile FI hybrids pol plants (Rfpl'rfpl). Since these differences are observed

in near isogenic lines. il appears that the Rfpl gene behaves as a recessive allele in

affecting the expression of these two mtDNA regions or that there is a rece.....~ve allele(s).

which is recessive with respect to effects on transeripts of these regions. that is tightly

linked to Rfpl. Interestingly. the nuclear gene(s) affecting the expression of the mtDNA

regions corresponding to clones BC-IO and BC-32. appears to be sorne factor(s) involved

in the transeript processing event since it is the smallest hybridizing transeript which is

differentially expressed and more likely to be generated by processing evenL If this

assumption is true. then it raises an interesting possibility that the restorer gene Rfpl and

the gene(s) affecting the expression of 1.3- and 1.6 kb transeripts are two alleHc forms of

the same gene. These different alleles could conceivably allow for processing of

transeripts of different mitochondrial gene regions by recognizing different structural

motifs in RNA.

Obviousl~ the presence or absence of the 1.3- and 1.6 kb transeripts is not

involved in the pol CMS. since they are present in male sterile and male fertile (FI

hybrids) pol plants and absent in male fertile pol plants homozygous for the fertility

restorer nuclear gene Rfpl. Also. they are absent in nap CMS plants (Bronowski) and

fertility restored Bronowski (nap) plants, and thus sbow no correlation with the CMS

phenotype. On the other band, a very tight correlation between the altered expression of

atp6 region transeripts in fertility restored pol plants and CMS is demonstrated through

the analysis of backcross progeny with respect te expression of atp6 region•

This study was initiated with the intent of determining if there were any regions
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of the mitochondrial genome other than atp6 whose expression differed among nap male

fertile. pol CMS and pol fertility restored plants. Only the atp6 region was found to be

exprcsscd differentially between pol CMS and male fertile nap plants. A1though the

expression of mtDNA regions other than atp6 were found to be affected by alleles at the

restorer locus. only the pol atp6 region expression was found to be affected by the

rcstorer allele per se.
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Overall Conclusions

The following conclusions emerge from research data presented in this thesis:

The mitochondrial atp6 gene region is differentially expressed at the RNA level in male

fertile (nap) and male sterile (pol) cytoplasm plants ofBrassiea napus. In fertility

restored pol plants. the transcript pattern of the atp6 gene region is altered as compared

to male sterile pol plants. Since near isonuclear lines were ttsed in these sLUdies. the

alteration in transcript pattern seems to be due :0 the presence of the restorer locus

(Chapter m. Segregation analysis of the backcross progeny with respect to the

expression of atp6 region also demonstrates the co-segregation of the restorer locus and

the transcript alteration (Chapter IV). The atp6 gene region seems to be the only region

of the pol mitochondrial genome whose altered expression at RNA level is correlated

with the CMS trait (Chapter IV). The two distinct restorer loci have similar effects on

the expression of atp6 region at RNA level (Chapter m. The effect of the restorer locus

on transcripts of atp6 gene region does not appear to be tissue or developmental stage

specific (Chapter Ill).

Nucleotide sequence and RNA gel blot analyses of the atp6 region show that a

chimeric gene, capable ofencoding a polypeptide of224 amino acids, is located

upstream of and cotranscribed with the normal mitochondrial gene, atp6. This chimeric

gene comprises a portion of the orfB gene fused 10 a sequence of unknown origin

(Chapter m. Thus, the pol CMS-associated gene region resembles the CMS-associated

regions of Petunia and maize (ems-T). An apparently functional copy of orfB (a normal

mitochondrial gene) is present in pol mitochondrial genome, indicating that the pol CMS

is not cattsed by the absence of an intact, expressed orfB gene (Chapter Ill).

Rearrangements in the pol mitochondrial genome upstream of the atp6 gene

which apparently affect the folding of transcripts ofa pseudo tRNA gene, present
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immediately upstream of arp6. inlo a tRNA-like structure. appcar to he responsible for

the differential expression of this region in male fertile (nap) and male sterile (pol)

Brassiea napus plants (Chapter II). In male fertile normal cytoplasm (nap) planL~.

sequence in the region of pseudo tRNA gene could potentially fold into a tRNA-like

structure which could aIIow for efficient processing ofarp6 transcripts (Chapter In.

In fertiIity-restored pol plants. the levels of monocistronic arp6 transcripts are

increased as compared to the male-sterile pol plants which contain predominantly

dicistronic arp6 transcripts (Chapter m. The expression of arp6 gene rcgion is

developmentaIIy regulated in pol plants. resulting in increased levels of monocistronic

arp6 transcripts in seedIings relative to floral tissue (Chapter III). Together. these

observations suggest that the deficiency in ATP6 protein might be responsible. at least

partIy. for causing the pol CMS in Brassiea napus.

The S' termini of dicistronic arp6 transcripts (2.2- and 1.9 kb) present in both

sterile and fertiIity restored pol plants map to sequences resembling mitochondrial

transcript initiation sites. whereas the S' termini of arp6 transcripts (1.3- and 1.4 kb)

specific to fertiIity-restored pol plants map to sequences which resemble neither one

another nor mitochondrial promoter motifs (Chapter III). Thus, it appears that the

complex arp6 transcript pattern of fertiIity-restored plants is generated by a combination

of multiple transcription initiation and processing events and that the nuclear rcstorer

locus alters transcript pattern ofarp6 region by affecting RNA processing.

In summary. this study was undertaken with the aim of identifying the region of

the pol mitochondriaI genome that is responsible for the CMS trait. The following lines

ofevidence presented in this thesis indicate that 1have been successful in identifying the

arp6 region as the locus that specifies pol cytoplasmic male sterility: (i) the arp6 gene

region is the only mitochondrial gene region found 10 be expressed differently in pol

CMS and male fertile nap cytoplasm plants; (ü) the arp6 region is the only region

whose expression is affeeted by the nuclear restorer aIIele. Rfpl; (ili) the arp6 region
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rescmblcs the weil characterized CMS-encoding gene regio=: ~ of maize and Petunia with

respcctto both ilS organization and expression; (iv) the pattern of developmental

regulation of atp6 region transeriplS. is consistent with a role for this locus in specifying

the CMS trait

86



•

•

Appendix 1

Detection ofpol orf224 encoded protein



•

•

SUMMARY

The mitochondrial atp6 gene region. associated with polima (pol) cytoplasmic male

sterility (CMS) in Brassica napus, contains a chimeric 224-codon open reading frame,

designated orj224, that is located upstream of and cotranscribed with atp6 gene. To

determine whether orj224 is expressed at the protein level, we used antibodies raised

against a fourreen amine acid-long synthetic peptide corresponding to the deduced amine

acid sequence from the portion of orj224 containing sequence of unknown origin. The

antibodies recognize a protein with an apparent molecular mass of approximately 21 kDa

in both male sterile and fertility restored pol cytoplasm near isonuclear plants. Although

the protein is present in fertility restored plants, its levels are somewhat reduced in

comparison to pol CMS plants.

INTRODUCTION

The experimental results in chapters II, m, and IV demonstrate a very strong correlation

between the expression ofatp6 gene region of the pol mitochondrial genome and CMS.

This gene region has structural and expression features which are similar ta those CMS­

associated mitochondrial gene regions of maize and Petunia (chapter 1), In each case,

there is a chimeric gene which is located uPStream ofand cotranscribed with standard

mitochondrial gene(s) (chapter 1). In maize ems-T, the chimeric gene T-urfl3 encodes a

13 kDa protein and its levels are reduced by the presence of fertility restorer allele Rfl

(Dewey et al•• 1987), Similarly in Petunia.levels of the CMS-assoclated 25 kDa protein,

encoded by the pcfgene. were significantly reduced in fertility restored plants as

compared to sterile plants (Nivison and Hanson, 1989), So. it was of interest to examine

the expression oforj224 at the protein level Antibodies raised against a synthetic

peptide derived from the portion oforj224 containing sequence of unknown origin were
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used 10 study the expression of orf224 al the prolcin Icvcl. Preliminary data indicate thal

this chimeric gene is expressed al the protein Icvcl.

MATERIALS AND METHOnS

Isolation of mitochondria and protein extraction

Mitochondria from the floral tissue were isolated by the modified high ionic strength

medium procedure of perez et al. (1990). as described in chapter II of this thesis.

Isolated rnitochondria were washed twice with acetone, centrifuged for 10 min and the

pellet was driecl. The pellet was suspended in 2X sample buffer (0.14M Tris-HCl (pH

6.8).6% SDS (sodium dodecyl sulfate). 10% ~mercaploethanol and 20% glycerol).

boiled for 5min and 1 rnicrolitre ofeach sample was dot blotted on a nitrocellulose

membrane. The membrane was stained with amido black. Arnount of protein in each

sample was calculaœd by densitometeric tracing using UltroScan XL (LKB). Bovine

serum alburnin was used as a standard.

Generation of antibodies

Rabbit antisera to a synthetic oligopeptide [RLGKNRSSDSSRFE; encoded by

nucleotides 747-789 of Figure 4 (chapter ml derived from the predicted 0RF224 amino

acid sequence were generated by Assay Research !nc. (College Park, MD) after

subcutaneous administration of peptide in rabbits. The rabbits were bled after seven days

of boost The peptide was fumished by the Sheldon Biotechnology Center. McGill

University. Montreal.

Protein gel eleetropboresis, Western blotting and immunodetection

Approximately 150 rnicrogram ofeach protein sample was resolved by 16%

polyacrylarnide gel electrophoresis under denaturing condition according to L2emmli.
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1970. Proteins were transferred to nitrocellulose sheets as described by Towbin et al.•

(1979). using a Bio-Rad transblot apparatus. The membranes were incubated ovemight

at 4 oC in a blocking buffer containing 1% BSA (bovine serum albumin) in PBST (10

mM sodium phcsphate. 150 mM NaCI. 0.05% Tween 20). The blots were then reacted

for 2 h with anti-0RF224 peptide rabbit antisera diluted 1:1000 in PBST containing

0.5% BSA at room temperature. The membranes were then washed three times (15 min

each) in PBST and incubated for 1 h with a 1:4000 dilution of an affmity purified

horseradish peroxidase-conjugated goat anti-rabbit IgG in PBST containing 0.5% BSA.

The blots were then washed extensively with PBS (10 mM Sodium phosphate. 150 mM

NaCI) and incubated with 4-Chloro-l-naphthol developing solution (prepared according

to Maniatis et al.• 1989). The immunostained membranes were washed with PBS. dried

and photographed.

RESULTS AND DISCUSSION

Western bloIS, containing total mitochondrial proteins from male fertile (nap). male

sterile (pol) and fertility restored (POl) near isonuc1ear Westar lines ofBrassica napus,

were probed with the 0RF224 -specific antibodies. The antibodies recognized a protein

with an apparent molecular mass of approximately 21 kDa, which is close to the

predicted molecular mass of 26 kDa, in pol plants (figure 1A, lanes 2 and 3). The levels

of this proteins were slightly reduced by the presence of the restorer gene Rfpl (figure

lA, lane 3) as compared to the levels in the male sterile plants (figure lA, lane2). The

male fertile nap plants do not appear to synthesize this protein (figure lA, lane 1).

although there seems to be a very faint band present in nap plants. One of the

possibilities is that there is sorne leakage of the pol protein from lane 2. It is interesting

to note that Nivison and Hanson (1989) also observed the presence ofa faint band

eorresponding to 25 IDa protein. specifie to CMS-cytoplasm. in Petunia plants
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Figure 1. Protein blot analysis of mitochondrial proteins of Brassica napus with anti­

0RF224 antiserum.

The total mitochondrial proteins isolated from male fertile Westar (nap) (lane 1). male

sterile Westar (POl) (lane 2) and fertility-restored Westar (pol) (lane 3) plants were size

fractionated on sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred to

nitrocellulose membrane. The protein blot was eut to make replicate blots. Equal

~ounts of protein (150 micrograms) were loaded in each lane.

(A) Protein blot probed with anti-0RF224 peptide antiserum.

(B) Protein blot probed with anti-0RF224 peptide antiserum that had been preincubated

with an excess of 0RF224 peptide.

Lane M represents prestained molecular mass standards (in kilodaltons).
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containing male fertile cytoplasm. They believed that it was an artifact caused by

bleeding of protein. or possibly the immunoblot developing reagent. from the adjaccnt

lanes containing protein from CMS lines. They did not detect any signal at 25 kDa in

male fertile lines. when adjacent lane does not carry protein from a CMS line (Nivison

and Hanson, 1989). Another possibility is that the seed stock for nap cytoplasm plants

had a 10w level contamination of seeds from fertility restored pol plants.

The specificity of the 21 kDa signal to the anti-pepùde anùbody was

demonstrated by the competition experiment (figure lB). A replicate protein blot was

probed with anti-pepùde antibody that had been pre-incubated with an excess of ûRF224

peptide. Figure lB shows that the antibody does not bind to 21 kDa protein in the

presence ofcompetitive peptide, showing specificity of the anti-peptide antibody for the

21 kDa protein. These preli'llinary results indicate that the pol CMS-assocïated chimeric

gene orf224 is expressed at the protein level.

Since the levels of the 21 kDa protein are not greatly reduced on fertility

restoration, it may be more likely that the pol CMS in Brassica napus is causcd by a

deficiency of the A1P6 protein, which is aIso indicated by the results presented in

chapters II and m of this thesis. If this turns out to be true, then the atp6 gene has the

potential to be used as a synthetic restorer gene for the pol CMS system. Appropriate

atp6 COnslI'Uets can be designed, using mitochondrial targeting presequences. to introduce

an ATP6 protein encoàed by a nuc1ear atp6 gene (generated through plant

transformation) into pol mitochondria. In this way. one could convert any maintainer

line of interest into a restorer line relatively quickly as compared to the convenùonal

methods of plant breeding, which usually take more than 5 years to transfer a restorer

gene from one line te another. Moreover. by using a synthetic restorer gene, one can

avoid the deleterious alleles which might be linked te the natural restorer genes and get

transferred aIong with it when conventionaI methods are usee!. Hence. the results
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presented in this thcsis may eventually bc applied in the producüon of hybrid Brassica

crops.
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Figure 1. Mapping of 5' terminus of mitochondrial 1.3 kb atp6 tranSCript of fertility

restored pol cytOplasm plants.

Primer extension products were obtained using an oligonucleotide complementaIy to

bases 1466-1485 of Figure 4 of chaptern of this thesis and 5 Ilg of mtRNA. The

extension-reaction product was run alongside DNA sequencing reactions primed with the

same oligonucleotide. The position of 5' transcript terminus and direction of

transcription are indicated by horizontal and vertical arrows, respectively. Lane 1

represents Regent (nap) plants (male fertile); lane 2 repœsents 2007 (POl) plants (male

sterile); Lane 3 represents 4007 (POl) plants (fertility-restored).
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Figure 2. RNA gel blot analysis ofarp6 transcripts of B. napus plants.

(A) mtRNAs isolated from Regent (nap) seedlings (lane 1) and floral tissue (lane 2). (B)

mtRNAs isolated from leaves ofWestM-Rj plants. The RNA gel blots were hybridized

with the Brassica atp6 probe.
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