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ABS TRACT

AphysicalmapoftherntDNAofAchlyak]-ebsianahas
been constructed. The mt genome is a circular rnol-ecule

of50.4kb.AtotalofTlrestrictionsitesforlJ

enzqes have been r,oapped. A targe poriion of the

mt genome exists in the form of an inverted repeat'

each repeat region being from 9'68 to 12'+5 kb in

length. The repeat regions are separated by single copy

sequences which are present in head-to-head or

head-to-tail- orientations. These two flip-flop isoners

are present in approximately equal abundance in the

population of DNA mol-ecul-es' Two restriction fragnents

of the mtDNA have been cloned into plasmid vectors.

one cloned, fragrnent originates wholl-y froro the repeat

regions whil-e the other contains DNA from both repeated

and unique sequences. The two cloned. fragments share

about 3.7 kb of comlaon sequence' The physical maps of

A. kl-ebsiana and A. ambisexualis were compared and

although they are essentially colinear' A. kl-ebsiana

appears to contain an insertion of O'4-0'7 kb in the

repeat region relative to the anal-ogous region of

¡. gqÞtge"34.q. Analysis of sequence divergence

between the two species indicates that base

substitutions i" éshry" are non-random, the inverted

repeatevolvingmoreslowlythanthesinglecopyDNA.
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TNTRODUClI ON

Mitochondrial genomes are functionally conservative,

encoding basical-J-y the same genes in all eukaryotes.

These include the components of a distinctive ¿

mt protein-synthesizing system whose purpose is to

translate a limited nrmber of mtDNA-encoded messenger

RNAs (hrallace, 1982; Gray, 1982; Dujon, 19ü).

fn contrast to this functional conservatism, mt genome

structure and organization are highly diverse.

Except for the metazoa, mtDNAs are highly variable in

size and hence ín potential genetic infonnation content.

l4itochondrial gene order is the sa.rne in cl-osely related

organisrns but differs in more distantly related. ones.

Among fungi, information coneerníng mt genome

organization is primarily derived fron stud.ies of the

Ascomycotina. There is a six to seven-foltl variation Ín

mt genome size (ll-115 kb) and gene order is highly
variable. Among zoosporic f ringi (Mastigomycotina) ,

ínformation is limited to physical maps for the chytrid

Allomyces (Borkhardt and Delius , 1983) and the

o omycetes Phytophthora (Klirnczak and Prell , 1984) and

}SE$1"9 (uudspeth et âf , 1985; Boyd et at, 1984; Shumard

et àI, 1986). Restriction mapping of the heterothallic
A. ambisexualis E-BJ revealed that the mtDNA contains a

large inverbed ::epeat (Hudspeth et aI, 19ü)"
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Large inverted repeats are typícally found in

chloroplast Dl\TAs but are relatively rare in mtDNAs

(Pa1mer, 1985). Preliminary restriction mapping of the

homothal-1ic A. klebsiana mtDNA confÍrmed the findin gs

for E-87 and thus sr¡ggest that the chloroplast-like

organization is general fo" .A9þIJ.* specÍes (Boyd et al,

1984). fndeed, mapping of mtDNA from three other

heterothallÍc Açhl-ya strains revealed similar

organizations (Shrmar¿ et àL, 1986). Comparison between

the maps of the :flour hetero'uhallic strains showed. that

the -þSg mt genome is subject to Ínsertion/deletion

events, and in addítion t àhal.ysis of sequence

divergence between strains showed that the repeat DNA

sequences are evolving more slowly than are the sÍngle

c opy seque nce s ( Shi.mar d et aI , 1 986 ) ,

îhe availability of a detailed physical map of

é: -El-u-þpf""" mtDNA not only will add to the limited.

in-flormation concernÍng mt genome organization arnong

zoosporic fungi, but will allow comparisons with the

more distantly related heterothall-ic _{gitlge strains.

Comparisons between restriction maps will reveal

whether the homothallic A. klebsiana mtDNA contains any

of the insertion/detetions of the heterothallic Acþþ.-a

mt genomes, and if the rel-ative conservation ef repeat

sequences is stil-l retained in a pairwise comparison

between A. kl-ebsiana and a heterothallic Achlya strain.
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HIS TORT CAI

!þç -peli!ç -s utation of yeast and the discovery

of mtDltTA

The discovery of the cytoplasmically inherited

petite mutation of yeast (¡pnrussi et àI, 1949a, 1949b)

set the stage for the study of the mt genome, although

at the time mtDNA had yet to be discovered.

Ephrussi and his collaborators were interested in

understanding the petite mutatíon, so cal1ed because

although the mutation abolished the capacity of yeast

( Sacchar omyces cerevisiae ) to grolr on non-fermentabl-e

substrates such as ethanol or glycero1, petite mutants

coul-d stí11 grol¡r on glucose and other fennentable

sugars, formíng smal-1 colonies,

The first petite mutation (later to be call-ed a

neutral petite) was inherited in a non-Mendelian

fashion and so r^ras considered to be cytoplasmic in

origin (fpfirussi et àL, 194gb) . Uore evidence that the

neutraf petite mutation was cytoplasmic calne with the

discovery of a spontaneously occurring petite that was

the result of a nuclear gene nutation with normal

Mendelian inheritance characteristics (Chen et àI,
1950). '!r/hen the nuclear petite was mated with the

neutral petite the resu-l-t was a diploid yeast with a

normal- phenotype (l-arge colonies), which upon

sporulation showed normal Mend.elian segregation Ín the
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four spores of the asci (ZzZ ratio). The interpretation

was that the neutral petite had a normal- wil-d type

nuclear gene but exhibited the petite phenotype due to

a cytoplasmic mutation, whereas the nuclear petíte

exhibited the petite phenotype due to a mutation in a

nuclear gene. The diploid yeast was heterozygous for

the mutant nuclear gene and had a normal cytoplasm, and.

so showed a normal phenotype. A third type of petite

found in Ephrussits laboratory was called the

suppressive petite (lpfrrussi et àI, 1955). Matings

between normal yeasts and suppressive petites gave rise

to cultures in. which the normal phenotype was

suppressed, hence the name. Sub-cl-oning of a

suppressive petite gave an array of subclones with

different degrees of suppressiveness (¡pfrrussi and

Grandchamp, 1965; Ephrussi et aL, 1966).

By this time mtDI\TA had been d.iscovered in chick

embryos (Nass and }Tass, 1965à, 1963b) and evidence for

DNA in yeast mitochondria was being reported (Schatz

et àI, 1964; Yotsqyangi and Guerrier, 1965; Yotsuyangi,

1966). A relationship between mtDNA and the petite

phenotype of yeast was established when it was shown

that mtDlTA from petíte mutants and from normal yeasts

dif fe red gre atly in buoyant densi ti es ( Mounol-o u e b àL ,

1966). Although Ephrussi hirnself never mentioned mtDi{A

as a possible site for the neutral petÍte mutation,

his investigations of cytopl-asmic inheritance set the
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sta€e for further research into the structure and

f unction of yeast rntDNA (Roman, 1980, 1982).

The studies of Ephrussi and the discovery of mtDNA

marked the beginning of a growing interest in the

firnctj-on of the mt genome and the organization and

expression of its genes. It was found that many pe'tites

are deletion mutants in which more than 50% of the wild

type mtDNA has been removed (Borst and Grivell, 1978).

Some mutants retain only 0.1% of the complexity of the

v¡il-d type mt genome. The size of the mtDNA in petites

is equal to that in wild type due to amplification of

the remaining segrnent. This resul-ts in molecuJ-es with

tandem duplications. The repetitive ntDNA molecuJ-es of

petites are replicated faithfully without major errors
and thus provide a natural- method for cloning DNA

segments. Petite strains of yeast can still mate with

r^¡il-d type cell-s and transfer the genetic markers in

their mtDNA to wild type mtDNA, thus all-owing genetic

characterization of the mtDNA segments retained in the

petite nutant. A genetically characterized, petite mtDNA

molecu.l-e can be used as a probe to find homologies in
other organisns (Agsteribbe et aI, 19BO). Thus, the

petite yeast has had and. continues to have an important

role in the el-ucidation of mt genorne organization.
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2. Phv sical diversity of mtDNAs

Mitochondrial DNAs are diverse in both size and

shape (i,Iallace , 1982; Gray, 1982; Dujon, 19ü) .

All metazoans, from flatworms to man, possess a

mt genome tha'ü consists of a circul-ar mol-ecul-e rangÍng

in size from 15 to 19 kb (Altman anð. Katz, 1976). Among

f ungi o mt genorne size vari ation i s extensive, rangÍng

from about 17 kh -for a strain of Schizosaccharomyces

;lomlre_, (Zimmer et aI, 1984) to 115 kh for Cochliobotus

heterostrophus (Garber and Yoder , 1984). The mt genome

of higher plants is much larger and even more variable

than that of fungi (Leaver and Gray, 1gB2; leaver et àL,

1gB5). Estimates of the síze of plant mtDNAs range from

200 kb in Oenothera ( Brennicke, 'l 9BO) and Brassica
(Palmer and Shields, 1984; Chetrit et àI, lg}4) to

25OO kb in muskmel-on ('lrrard et aI, 1981 ). Much of the

size variation in mtDNA is due to the presence o,fl

introns and non-coding intergenic regions. fn fungal

mtDNAs, genes rnay be separated by non-genetic DNA and

rnany of them contaÍn introns ( see Historical section

7.5). The introns may be facultative such that there

can be considerabl-e size variation even alnong closely
rel-ated species" In higher plants, larger ntDNA size

rnay be due to additional codíng fr¡rctions
(see HistorÍcal section 3.4) as well as the presence of
t pr omiscuoust chl-oroplast DNA (Stern and lonsdale , jgBZ;

Stern and Palmer, 1984a). Metazoan mtDNAs contain no

' :.'
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introns, have 1j-ttl-e or no inter:genic spacesr and even

exh j--bi t gene overlap ( see Historical- sect ion 3.2) .

Circular mtDNAs predominate and are found in all

metazoa and in the vast majority of fungi-, algae, and

protozoà. -T-,inear mtDNAs have been found in the ciliated

pr of ozoans Tetrah¡¡mena (çotdbach et ã1, 1979) and

paramecir.m (çoAdard and Cummings, 1977), the yeasts

Hansenula mrakii (]¡iesolowski and Fukuhara, 1981 ) and

CanÈiqa rhagii (Kovac et aI, 1984), the slime rnol-d

Physar,un Jel¿ggpþglgl (Kwano et àL, 1982), and the

green alga^Çþ]3g_y*fungngÊ -reinhardtii (nyan et aI, 1978).

Trypanosornes contaÍn an unusual- mtDNA in their single

rnitochondrion (t<inetoplast ) consisting of a network of

catenated minicír cl-es and. maxicircles (¡ngf und et af ,

1982). The minicircles (t-3 kb) have no known function,

whereas the maxicircles (ZO-+O kb) are the

informational mtDNA (see Historicat sec'bi on 3.3) .

fn higher plants it has been diffuclut to tletermine

genorne organization because restriction enzrye patterns

are complex and el-ectron microscope analysis re.veals

l-inear and circular molecul-es of various sizes (leaver

and Gray, 1982). Recently howevero the plant mt genome

has been viewed as a set of circular molecul-es of

different sizes, each member of the set being a subset

of a master circul.ar sequence (lonsdale, 1gBÐ.

Circular maps have been published for BrassÍca and

Zea mayg ( see Historical secti on 1.4) .

rt l.r'

4..':
ìr.::
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7 Mitochondrial genes and theír orsanization

5 1 Introduction

fn contrast to bhe vast structural variation of

mt genomes, aJ-l encode a small- nunber of ubiquitous

polypeptides that are involved in respiration.

lhese include subunits 1, 2, and. 3, of cytochrome

c oxidase (cOr, COrr, cOIII), apocytochrome b (cyt b),

subunits 6 and B of the Fo-ATPase (ATPase 6 and-

ATPase B) and, depending on the organÍsm, subunit 9 of

the Fo-ATPase (ATpase 9). Various mt genornes also

encode other polypeptid.es as discussed below.

All- mt genomes al-so encode the RNA molecules involved.

in mt protein synthesis, namely the small and large

rRNAs and" 22-28 tRNAs. Plant mtDNA also encodes a

5S rRNA (see Historical sectíon 5"4) and proiozoa may

encode fewer tRNAs (see Historicaf section 3J) "

Mitochonclrial translation uses a simplified. mechanism

f or reading the genetic code, thus minimizi.ng the

number of tRNA species required (reviewed in

Breitenber:ger and RajBhandary, 1985). Organisms in
every major mt system sbudied - nammal, insect,

amphibian, fungal, protozoan, and plant - deviate from

the nuclear genetic code in one r¡iay or another such

that there is no non-standard codon dictionarJr common

to all mítochondria (lreitenberger and RajBhandary,

1985).

:.:: ':,'
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3 .2 Nletazoa.n mtDNA

The compl-er,-e nucl-eotide sequences of the hu"nan

(16,559 np; Anderson et aL, 1981 ) , bovine (16,55e rp;

Anderson et àI, 1982), mouse (16,2-95 Ap; Bibb et à1,

1981), "ql"qå9p4ile Jak-ubg (t6,019 bp; clarv and

i¡/olstenholme, 1gB5), and Xenoggg lagyfg (l7,jD3 bp;

Roe et aI, 1985) mt genomes have been reported. All
ha've the sa.rne gene complernent (COl, C0II, COfII, cyt b,

ATPase 6,ATPase B, two rRNAs, and.22 tRNAs). The open

reading frame originaJ- l-y designated URFA6L in metazoan

mtDNAs has been shown to have arnino acid sequence

homol-ogy to the aapl gene (Atpase g) of S. cerevísiae

and hence has been renamed ATPase B (Macreadie et aL,

1985). In addition, the nnetazoan mtDNAs contain seven

rmidentified reading -flrarnes (Unlis) designated URF1 ,

URF2 , IJRF] , URF4 , TJRF4L, URF5 , and URF6 . The pr od uct s

o:fl six of these uRFs (Unpt, uRF2, URF5, URF4, IIRF4I,

and URF5) have recently been identified as components

of the resp:i.rabory chain NADH dehydrogenase (Cfromyn

et aI, 1gBÐ. The identity of the URF6 product is
unknown. [he overall gene organizatj-on is identica]- in
aJ-1 vertebrates, with nearly all of the size difference

betvieen the mammalian and amphibian mt genomes due to a

significantly larger (rpp"oximately 1 kb) displacement

loop (¡-foop) region in amphibians. Invertebrates,
repr esented here by _Qf"qç"q.p[l-? ¿qEqba, although they

have a mt gene complement that is identical- to that of

:.:.,..
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the vertebrate mt genomes, have a different overal-l

gene order (Ctary and ]¡Iolstenholme, 1985). The D-loop

region of all the metrazoan mtDNAs contains the origin

of replication of the heavy (U) strand (major cod.ing

strand), and, in the case of the mammal-ian mtDNAs,

transcrip'tion of both heavy and light (f) strands is

thought to be initiated in this region (Clayton, 1984).

Tn vertebrates bhe origin of replicabion of the light

strand is in a hairpin structure located in a cluster

of five tRN.A genes between COI and URF2. No analogous

structure is found in the corresponding region or in

a-ny o.bher inbergenic region of Dr oso hila "x?Euþ-?.

îhe most striking feature of the metaz,oan mtDNAs is

their hi-ghl¡r compact and efficient organization.

Genes are tightly packed rn¡j-th few or no non-coding

nucl-eotides between them, and do not contain a síngl-o

intron" In fact, all the sequenced metazoan totDNAs

contain examples o-fl gene overlap. I"or example, the

ATPase B and ATPase 6 reading frames overlap by 7 bp in

Dr osophíIa , 10 bp :'-n Xenopus, 40 bp in bovine, {J bp in

mouse, and 46 Ap in hi¡man. The tRNA genes are

distributed. throughout the metazoan mt genome and flank

obher genes at one and usually both ends. The tRNA

genes are thus thought to act as tpunctuation marksf in

processíng of the major polycistronic RNA transcripts
(Ojal-a et à)-, 1981). Following cleavage from the

primary transcript, pre-mRNAs wíthout a complete
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translation stop cod.on (tfrose end.íng in a U or UA) are

polyadenyì-ated bo generate a UAA stop cod.on (Anderson

et àI, 1 981 ). In addition, the pre-tRNAs undergo

post-transcriptional add.ition of CCA to thei r: 3'

terminus to form mature, lÎunctional species.

The metar,oan mt genomes are so compact that,

with the exception of the D-loop region, the mtDNA

consists almost totally of cod.ing regions" lhe total

number of íntergenic nucleotides is onl-y 1BJ in

Dr oso'ohÍ1a yakqþp, 87 in hunan, 64 Ln rîouse and Xengp.gÊ

--Laevis, ffid 57 in bovine mtDNA.

3.5 Protozoan mtDNA

Among the llew l-inear mtDNAs found so far, two are in

cil-iated protozoans. Tetrah¡rmena pyriformis contains a

43 kh linear mtDNA ( Gotdbach et aI, 1 979) , and

Paramecir¡n aurelia contains a 42 kb línear mtDNA

(Co¿dard and Crz'nmings, 1977). Tn [etrahymena mtDNA

there are two copies of the large rRNA gene, one near

each terminus of the nolecule, in opposite orienr'ations.

The small rRNA gene is l-ocated approximately 1 2 kb from

one end o:fl the rnolecul-e. Interestingly, J6 tRNA species

have been isol-ated from the mitochondria of Te'brah¡mena,

but only 10 tRNAs appear to be cod.ed f or by the mtDNA

(Suyama, 1986). fn contras'b, mobazoan and fungal mtDNAs

encod.e 22-28 tRNAs (Historical sections =2,2 and.'2.J).
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Seven tRNA gene loci have been mapped on the

Tetrah¡nnena mt genome (Suyarna et aL, 1985) and six of

the tRNA genes have been sequenced. (Suyama, 1985;

Suyar¡a et àL, 1 985 ) "

fn Paramecium mtDl\TA there is a single large rRNA

gene located near one end of the molecule" lhe small

rRNA gene is located approxirnar,'ely 10 kb from the large

rRNA gene" Both rRNA genes have been sequenced, as has

a tRN.Aty" gurr" which:flol-lows tne J'end of the large

rRITA gene (Seifframert et a1, 1984a, 1984b) "

[he minicircle DNA of the kinetoplast DNA of

trypanosomes is heterogeneous in sequence¡ evolves

rapi-dly, is not transcribed, and has no known fr.mction.

The maxicircle DNA of the kinetoplast DNA is

homogeneous in sequence, conserved in evolution,

is transcribed, and is the inf ormationa-l- mtDNA.

lvlaxicírcle DNA ranges in size from 20 to 40 kb

depend.ing on the organism, rn¡ith mos-b of the size

variatíon due to dif:fel'enb species-specific lengths of

the non-transcribed regÍ-on. The transcribed region of

maxícircle DNA is constant in size between frpecies

(le-17 kb), and DNA sequencing in two organisrns has

confirmed. that i- t is the inf ormational mtDNA.

Approximatel-y 7O/" of the 22.5 kb Trypanosoma brucei

rnaxicircl-e DNA has been sequenced., and this represents

ùout 90% of the transcribed region (Eperon et aI, 1985l.

Benne et aI, 1983a, 1985b; Hensge¡rs et àA, 1984)"



The genes for the snall and J-arge rRNAs, COT, COTf

cyt b, have been identified. Tn ad.ditiono ten URFs

been identj-rîj.ed with three of them having distinct

honology to mammaliam URF1, URF4, and URF5.

Approximatel-y 45% of t}re 30 kb leishrnani-a tarentol

t)

, and

have

d\5

maxicircle DNA has been secluenced, and'bhis represents

about BO'fr of the'rrranscribed region (de La Cruz et al,

1984¡ 1985a, 1985b). The genes for the smal-l- and large

rRNAs, C0I, C0II, C0ITf, and cyt b, have been

identified" fn atldi tj-on, twelve URFs have been

identi:flied. with 'ü''rnro of them havj-ng distinct homology to

mammalian URF4 and URI5. The transcribed I'eg.Lons o:f

both -!: !rugei and. l. .tarenlolae appear to be

essentially colinear. IJowever, no COTIf gene has been

identi.flied i-n T. brucei. The conclusion is that the

COTIT gene is absent from the T. brucei naxicircle DNA

or is extensively diverged in sequence. SurprÍsingly,

no tRNA genes har¡e been identified so far in either

T. brucei or tr. tarentolae maxicircle DNAs, and the

genes for ATPase 6, ATPase B, and ATPase t have not

been l-ocated" Although 'r,he gene order of the

trypanosome maxicircl-e DNA is different from 'chat of

the me'uazoans, the transcribed region is of a similar

size (le-17 kb ) and shows the sarne geneiÍ.c cornpac'r,ness.

No introns are present and several of the read.ing

:flr ames overlap"
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7 " 4 Plant and al-gal- ntDNA

A s menti- one d ab ove ( se cti on 2) , the physi cal

diversity of plant mtDNA has led to di:flficulties in

constructing physical maps of plant mt genomes"

Recently however, physical rnaps of the 218 kb Brassica

campestris (Chinese cabbage, twnip) mtDNA (Pal-mer and

Shields, 1984), of the 217 kb Brassica ol-eracea

(caulifl-ower) mtDNA (Ctretrit et a-l-, 1984), and of the

570 kb Zea mays (maize; N :flei:t-Lle cytoplasm) mtDNA

(Lonsdale et aL, 1984) have been published" Basecl on

the structures o:fl the.]l-13gq¿!g and maize mt genomes,

a general structure for higher plant mtDNA has been

proposed (lonsdale , 1984). The plant mt genome can be

arranged into a s:i.ngJ-e circular master chromosome whi ch

bears the entir e sequence c ornpJ-exity of the genome.

The master chromosome will contain inverted- andf or

directly repeated sequences betr,ueen which homol-ogous

intragenomi c rec onbi nation occur,s. Rec ombin a'ci on

between direct repeats on 'bhe master molecul-e gives

rise to sub-genornic mol-ecules by a reversible
Iloop-outt mechanism" The nunber and l-oca.lj-on o.fl d1nect

repeats will d.etermine how the mt genome can be

subdivided" The,rela'bii¡e molaritíes of the various

circles will depend onthe rates o:f both intra- and

intermolec uf ar rec onb:Lna'ci. o n between h omologous repeat s"

Tn Brassi ca campestris, recombination between the ma jor

2 kb direct repeats on 'che 218 kb rnaster molecule
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produces two small-er circles - 135 kb anri BJ kb

sub-genomes (Palmer arì.d Shields, 1984) " The da'ua :ßrom

Brassica ol-eracea are consistent wibh the Brassica

campest ris model, although in cauliflower the major

repeat elemen'r;s are located. on the master molecule such

that recombination between them wouJd. result in 172 kh

and, {J kb sub-genomes (Cnetr:l-t et ?I, 1984.). fn both

Brassi ca species there appear to be other minor repeat

elements present and h omologous .rec ombination be'cvreen

them 1e ads t o other d j- stin ct ¡n j- nor: s ub-genomi c circle s

bhus accountÍng for the he-berogenei't-y found in the

R.rass-Lca mt genome" fn maize , the mt genome exists
primarily as 67 kb and 505 lrb cj-r'c--l-es which can

integrate wi bh one anobher by intermol-ecular homologous

recomlrination betwe en 12 kh direct repeats, to f orm the

57O kb masier molecul-e (lonsdale e'r; à7-, 1984) " Further',

the 505 kh sub-genome can be subdivided into two

circles o,fl 250 kb and- 253 kh by recombinatÍon between a

pair o'-f 3 kb d irect repeat s" In addi ti on, the master

nolecu-l-e contains 1¡ 2, and. 1O kb direct repeats, and. a

14 kb inverted repeat" As in Brassica sec ondary

recombination between minor repeat el-ements occt-trs,

J-eading'bo o'che:r mínor sub-genomic circles" Repeat

elements that seem to be invol-ved. in i:ecombination have

al-so been found in the mt genomes of wheat (Falconet

et al , 1984, 1985) and in spinach and two species of

pokelreed (Stern and Palmer, 1984b).
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Mitochondrial- protein analysis has indicated that

CO I, CO II, ATPase 9, and. cyt b, a::e mt Sene pr oducts in

maize ( Le aver et aA, 1 983; Hack and l-,e aver , 1 983) , and

'ohat .bhe F1^ATPase subunit alpha of maize (Haclc and

freaver, 1983) and of Jlgie.ËgþA (Boutry et aI, 19W)

are mt gene pr od-ucts. The encoding of the 1¡1-ATPase

subunit alpha is the first example of an additional

coding function for plant nitochondria as colrpared 'co

other mt systems" In addi'bÍ-on, a 60-62 kDa heat s.hock

protein is encoded. within the mi-bochontlt'ia o.f rnair.e and

-Ð_qgpslge 
(SiniUat0i and Turpen, 1985) " DNA sequence

analysis has led to the identifica'uion of the genes f or

some of these products in maize and in other plants"

fn naize, the genes for COI (fsaac et aL, 1985a), COII

(lox and leaver, 1981), ATPase 9 (Devrey et a!, 1985),

cyt b (Dawson et aL, 1984), and 'che F1-ATPase subunit

alpha (Isaac et àI, 1985b), have been sequenced. All of

bhe seqLienced genes are c ontinuous except f or COTI,

whích contains a single 7g4 hp intron. There are tr¡¡o

copies of the gene f or F1-AlPase subunj-t a.lpha in the

male f ertile maize m'c genom. (Ztg mg¿q l. ), whereas

male s're¡:-ile nt genomes contain only one copy (fsaac

et àL, l9B5a). The COII gene has al-so been sequenced. j-n

0e nothera (Hiesel and Brennicke, 1983), rniheat (Bonen

et aI, 1984), rice (rao et àI, 1984), and. pea (Moon

et aI, 1985) " The COII genes of the monocotyl-edons rice
and wheat contain an j ntr"on at exactly the same
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position as that in the COTI gene of maize, r¡rhereas the

C0II genes of the dicotyledons pe a and Oenother a are

continuous. The COII gene in Oenothera overlaps by four

irucl-eotides an open reading f rame of 177 bp Lhat codes

:1or a pror,rein of 58 amino acids with structural
homology to the ATPase B of S" -q.e-f.--e¡rjs_1sg 

(nieset and

Brennicke, 1gB5) " îhe cy'r; b and tRlTAfmet genes have

been sequenced in urheat (¡oer e'b ãI, 1985b; Gray and

Spencer, 1983) and Oenothera (Schuster and Brennicke,

1985; Gottschalk and Brennicke, 1985).

The first genes to be dírectly identified on plant

mtDNA ïrere ''rhose:for.'che rRNAs of wheat (Bonen and Gray,

1980) " Tt was f ouncl 'chat 2-6,5, 1BS, arrd 5S mt rRNAs r^rere

encoded by wheat mtDNA, and that the 1 BS and 55 rRNA

genes ì,¡ere closely linked but physically distant from

the 26S rRt\A gene. Subsequently, the rRNA genes in

maize mitochondria were nlapped and a sirnilar
organization was found (Stern e'ri àl-, 1982)" This

arrangement of m'c rRNA genes (closely linked. 1BS and 55

rRltTA genes physically distant from the 26S LrlìNA gene)

seems to be a common fea.'cu:re of higher plants (Urtr and

Gray, 1952) . Of all mt systems studiedu only in plant

mitochondria has a 55 rRNA species been founcl (Leaver

and Harmey, 1976). In maize the 265 rRNA gene (¡ate

et aL, 1984) and-bhe 55 and 1BS rRNA genes (Cnao e't àI,

1985, 1984) have been sequenced. The 265 rRNA gene

(Manna and Brennicke, 1985) and 5S and- 1BS rRNA genes
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(Brennicke et aI, 1985) have also been sequenced in

0e nothera. The 1BS and 55 rRNA genes have been

sequenced in wheat (Spencer et ãI, 1981, 1984), and

soybean (Morgens et al , 1984.i Grabau, 1985). In wheat

rntDNA the 1BS and 55 rRNA genes are located on one

repeated DNA segment, whil-e the 26S rRNA gene is

located on anothe:r, and thus al-l are present in

rnultiple c opies (latconet et al , 1984, 1985) . In maize

the genes f or COf , COf I, cy-b b, F1*ATPase subunit alpha,

and the rRNAs, have been located on the physical ma.p of

the mtDlTA (Dawson et aI, 1986)"

Tn contrast to the J-arge and. conple.x mt genomes of

higher plan'os, 'uhe mt genome of Chlarnydomonas , a Sreen

alga, is relatively simple. C. Igi@gfqlit contains a

16 leb linear mtDNA (Ryan et aI, 1976). Hybrj-dization

rrith heterologous gene probes has allowed

identification of regions on the C. ""g.lplaqjJtt ntDNA

encoding cy'u b, COI, and bhe smal-l and large rRNA genes

(Boer et aI, 1985a), Sequence analys j-s has identified.

the genes f or C0I and genes homologotls to mammalian

URF2 and URF5 ( Pratje et aL, 1 984; Boer et al, 1 gBDa;

Vahrenholz et al, 1gB5; Boer and Gray, 1986). Little is
knor,tn concer: ning bhe mt genomes of of her algae. II owever ,

it is interesting'ùo no'ce'bhat inthe unicellu1ar,
het er otrophic, achlo rj. c alga jlgjg-_t-U_eg? ¿!p{LL, the

F1-ATPase subi-mi b alpina is encoded wíthin the

nri toch ond¡: ia ( ¡et ers and Ewing, 1 gB5) .
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5.5 Fungal mtDNA

Early stud.ies on mt genqîe organization naturally
focused on that in S. cerevisiae. Both biochemical and

genetic approaches T¡rere used to construct genetic and

physical maps of several yeast strains (Borst and

Gr:ivel1o 1978). The maps c onstructed showed that

S. cerevisiae contains a circul-ar mtDNA of about'

70 to B0 kb depending on the strain. The gene order

among dífferent strains was found to be conserved,

although restriction enzJrune analysis reveal-ed. many

minor size vàriations (point mutations and

insertions/deletions of + 25-50 bp) and some major size

yariations (insertions/deletions of up to 5 kb) in the

mtDNAs of different strains. Since the publication of

the first genetic and physical- maps, prircary structural
data on the S. cerevis-i*?g rt genome have been

accurnul-ating such that the sequence of 87% of the

mt gencrne is available (dezunaroczy and Bernardi , 1985).

Compilation of all data has led to a ner^r estinate of

mt genome sizes for a ni.rnber of S. cerevÍsiae strains,
The new sizes are about 9% to 12% lni$ner than previous

estimates and range from 74 to 85 kb" About one-third

of the mt genome consists of codíng sequences r¡hile the

remaining two-thirds consists of non-codÍng A+T rich
regions. DNA sequence data exist for COI, C0II, COfIf,

cyt b, ATPase 6, ATPase B, ATPase !, the large (etS)

and- small (ffS) rRNAs, and 24 tRNAs. Also sequenced is
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the gene for the nito-ribosomal protein varl and. a

locus whose RNA product is necessary for synthesis of

the nt tRNAs. Sequence data frol intergenic regions

includes that for seven replicatÍon origins (ori/rep)

and five open reading frames whose prod.ucts are unknown.

None of the open reading frames show homology to the

mammalian mt URFs. Three genes, COI, cyt b, and 21 S

rRNA, are interrupted by introns in most strains.

The presence or absence of some of these introns

accounts for many of the interstrain differences in

mt genome size. In the longest mt genomes (95 k¡), the

COf gene contains nine introns, the cyt b gene five

introns, and the 21S rRNA gene one intron. Short

mt genomes (Zg.l k¡) do not contain introns al5-alpha

and aÏ5-beta in the COf gene, and introns bI1, hTz, and

bI| in the cyt b gene" The super-short rnt genome

(l+ WA) of 1$: q=3fJ.þSfggi1Ê1Ê, does not contain introns

all t aI4, al5-a1pha, and aÏ5-beta in the COI gene,

introns bT1, hlz, and. bT5 in the cyt b gene, and the

21S rRNA gene intron. The introns in yeast ntDNA can be

assigned. to two families (Group I and Group II) based

on similarities in nucleotÍde sequence such that

members of the sarne f amily share short but d istinctive
sequence stretches between which interactions occur

causing introns to fol-d into a secondary structure

necessary for splicing out of the intron (wtictret ancl

Dujon, 1983; idaring and Davies, 1984). Members of both
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families may contain open reading frames (Onls¡.

fn sorne cases, genetic analysis has shown that the

intronic ORFs encode proteins (maturases) tfrat are

necessary for correct processing of the precursor mRNA

for the gene containj-ng the intron (Grivell , 1983).

Some introns are capable of self-splicing in the

absence of protein. These include intron aI5-garnma

(Group fI, no ORF) of the COf gene (Peebles et aL,1986;

Van der Veen et alr 1986), and tlne 21S rRNA intron
(Group f , contains an ORF) (\tan d.er Horst and Ta,bak,

1985) . The 21 S rRNA intronic ORF encodes a protein tltat

is required for transposition of the intron itself into

íntronless 21S rRNA genes that occur in crosses between

intron-plus and intron-minus yeast strains (Jacquier

and. Dujon, 1985; Macreadie et aL, 1985) "

As more information became available concerning

mt genes in S. cerevisiae , interest in the mtDNA of

other f r:ngi increased. Identification of mt genes in

o'bher fungi r^¡as done using genetically defined petite

mtDNAs as gene probes to :flind homol-ogies in other

oi:ganisms. Most of these studíes centered on the

ascomycetes. Among ascornycetous yeasts, mt gene maps of

varying complexity have been constructed for Hansenu]-a

mrakii (trfesololrski and Fukuhara, 1981 ), Klu¡rveromyces

lactis and Saccharomyco'rrsis 1i 1C a (Wesolowski

et â1, 1 981 ) , Sac dnar omyces exiguss ( Clark-Ï.Iallcer

e'c al , 1983), Hansenula pe te rson i i (Falcone, 1984),



fungi (Deuteromycotina), mt

constructed for the yeasts

gene maps have been

Kl-oeckera africana and
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3i&þgq ( Macino

(füct< and Esser,

Schizosac char omyces ponbe (lang and Wolf, 1984), and

Eeniela nana and six species of Dekker Brettanomyces

(Hoeben and Cl-ark-lirlalker, 1986). Among the imperfect

Torulopsis glabrata (Clark-Walker and Sriprakash, 1981,

19ü). Among filamentous asconycetes, mt gene maps have

been constructed for Neu::ospora crassa (Macino, 19BO;

Agsteribbe et 41,

et aI, 'l 980 ) , and

19BO) , égpg"eillgg
Podospora anserÍna

1982; Inrright et aI, 1982; Jamet-Vierny et aI, 1984)"

Partial DNA sequence d.ata from the 18.9 kb mtDNA of

_T: -Sl?Hat-a have l-ed to identification of al-l- its tRNA

genes and the ATPase B gene (Clark-'lrlalker et aI, 1985),

and. a gene honol-ogous to the S. cerevisi?g yart gene

(Ainley et aL, 1985) "

Partial DNA sequence data are availabl-e for the

94 kh mtDNA of i. -?.1"g_ggÈ!s 
(,lamet-Vierny et â1, 1984;

Osi ev¡acz and Esser, 1984; Crmmings et aI, 1 985 ) .

Completely sequenced genes include those for ATPase B,

five tRNAs, and three URFs which are not homologous to

any of the mammalian mt lIRFs. Partíal sequence data are

avai--l-abJ-e for the 5' and Jr ends of the COI gene,

inclucling the first intron. fhe DNA sequence data show

that the COï gene is highly nosaic, the !' and. Jt

termini being about 20 kb apart"
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Partial sequence d-a'ba Llor a gene homologous to the

mammalian mt URF1, indicate thab the gene is mosaic,

c ontaining at le ast 'b hr ee intr ons,

Considerable seqtrence data have accumul-ated for the

nt genomes o-fl N. qje.qqe, 4. n Í dul ans and Q " !9Uþ9.
For .N. -gjBSÉ9, approximatel-y BO/" of the mt genome

has been sequenced (greitenberger and RajBhandary,

1985) " Among the ubiquitous nt polypeptides, courplete

sequences are availab-l-e :f or COf , COf f, COf f I, ATPase 6,

ATPase B, AllPase 9, and cyt b" In additi-on, URFs

homologous to mammal ian mt tlRFl , URF2, URF5, ar'Ld URF6,

have been identified. Several other URFs no'u hornologous

to any of the mammal-ian mt URFs have also been

iden'uj"fierl. The small (tZS) rRNA gene and, more than 90%

of the large (Z+S) r:RNA gene have been sequenced"

A total of 27 tRNA genes have been sequenced, bwo of

rnihich ure duplicated" Thus, there is a total of 25

clifferent tRNA species in the ntDNA" the COI gene in
the common laborator:y l[: cresq? strain from which the

sequence was obtained, is not inte::i:ugi;ed by introns"

llowever, several wild-type strains o:f N. crasq? have

been f ound to contain up r,-o f our introns in the COI

gene (Coff¿ns and T.,amb owitz, lgBS)" The cyt b gene

contains two introns (¡otti Gr oup I) , r¡rhích are f ound at

si bes tl.j--f:[erent from any of those of introns in the

S" cerevisi ae cyt b gene, [he J]irst in'bron has no ORF

and has been shown to be sel-fl.-spl-ici.ng j-n vitro
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(Garriga and Lambowitzr lgB4), The second intron

contains an ORF that coufd code for a maturase.

The ATPase 6 gene contains tvro introns, the first being

short (gZ bp), containing no ORF, and the second being

a Group T intron that coulcl coc}e .îor a rnaturase.

fhe URFI gene contains one intron (çroup f) that has an

ORF, but the intron appears not to 'be rel-ated to those

encodíng maturases. fhe presence of an ATPase S gene in

the rntDNA was unexpected- since it had been shown that

the N. crassa ATPase 9 subunit is encoded in the

nucleus (Se¡af O et àf-, 1979) " lt is not known whether"

the mt AlPase 9 gene is completely silent or no'r,.

The large (Z+S) rRNA gene contains one intron (G-roup I)
r¡¡hich is located aI" exacbly the salne site as the inbron

in 'che correspond.ing gene of S. celrevisi ae . The in'cron

con-t¡¿-Lns an ORll which is not homologous to the

L q.g1lyÆiee intronic ORF, and that appears to be the

gene f or the mi to-ribosomal- protein S5, known to be

encoded in the mitochondria of N. crassa. Virtuall-

every gene in -j[-"_ gÍ?gsa mtDNA is flanked by highl-y

conserved GC rich paU-ndr onic sequences, most of vrhich

cont ai n two cl osely s pace d Ps_!J sit es. These PstI

pal-Lndromes may represent 5-1O% of the mtDNA. Despite

pr:nctr.ratíon of the mt genes in N. _-c_Ig_qg? by PstI

pali-ndromes, the palindr omes do not appear to f unction

in processing o-f polycistronic mRNAs.
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For A. niduþ1¡Q, more t|navt 97% o:f the mt genome has

beeri secluenced (Brornnr et aI, 1985). The ubiquitous mt

polypeptides, C0T, C0II, C0III, ATPase 6, ATPase B,

ATPase 9, and cyt b, have been completely sequencecl"

Reading f rames hom.ologous to mammal-i an mt URF1 , URF2,

URF5, URF4, ànd. URI5 have been identifiedr âs have

several other URFs whose products are unknown.

Both smaf-l (te S) and large (Z=S) rRNA genes have been

sequenced, as has a to'cal- o:fl 27 'IRNA genes" Two of the

tRNA genes are d-uplicated such that there is a total- o-f

25 dj--f:ilerent IRNA species in A. nj-dulans mtDNA. The two

d.uplicated A. nidulans tRNAs (tRNAasn and tRNAcys)

are not the ones duplícated in N" crassa
õ,--L ,--L

( tRNAttut' ancl tRNaJrIe u 
) . The COr gene in A. nidulans

contains three introns (all Group I) none of whích are

at si'bes eqirivalent bo any of those o:t the introns in

the S. g_g_-L_e_yip_Lgg or N, *cjgssa cy-b b genes. The second

and. 'uhird i nbrons contain ORFs, and could cod-e f or

ma'turases. The A. glggl._+g.F- cyt b gene contains one

inl;non (C-roup I) which is in the sarne position as the

third íntron in the long rîorm of the cyt b gene of

S. ce¡:evisiae. The intron con'u'ains an ORF that cou.l-d

cod.e f or a maturase. The large (Z¡S) rRNA gene of

A. lidulans conba-Lns one intron (Croup I) 'bhat is
located at the same si'te as those of bhe int:rons in the

corr esponding geiles of S. cerevisi ae and N. crassa"

The intron contains an ORF which j.s homol-ogor,rs bo ,uhe
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ORF in the intron of the 24S rRNA gene of N. cra,s_Ê4.

As i. .\: c_Laqsa, the fr.rrctional ATPase 9 subunít has

been shovrn to be encoded in the nucl-eus (Turner et àL,

1979), so -bhat the presence o-f a mt ATPase 9 gene was

unexpected." It is no-b known whetherbhe mt ATPase 9

gene is completely silent or not. The A. -nidulans

int genome is tightly packed with only about 18% (e tn¡

taken up by non-coding intergenic regions.

The 19 kb mtDlTA of the fission yeast S" .potqþ_e- has

been completely sequenced (lang e'u à)-, 1983, 19t35; lang,

1954). The mt genome contains the ubicluitous

mt polypep'uides COI, C0IIo COITf, ATPase 6, AfPase B,

ATPase 9, and cyt b. 0n1y one 'URF has been identified
and it is not homologous to any of the mammal-.Lan

mt URFs. A tobal of 25 tRNAsr âs well as 'che sniall-

( t 4.S) und large ( t gS) rRNA genes have been identi:flied.

The large (tgS) rRNA gene cont¿¿ins no j-ntrons"

lhe S. pomþg C0I gene contains tl¡o j-ntr"ons

(¡oth G-roup I) which contaín ORFs that coul-d cocle f or

maturases. The second intron is at 'rhe sarre si'ce as

that of the thj-rd intron ín -bhe COI gene of A. nidul-ans.

The.S.. *p._ombe cyt b gene contains one intron (Group ff)

that has an ORF that coul-d- cocle -ior a maturase"

One straín of S. "Bgtnþ has â cofrr,'inuous cyt b gene,

al-'Lhough i ts COT gene is mosaic, and has the smal-lest

known mt genome anong f ungi (T,immer e-b aL, 1984; Trirrkl
et aI, 1985) "
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Tnformation concerning mt genome organization of

fungi outside of the Ascomycotina is lirnited.

A restriction map has been published for the 70 kb

1ínear mtDItTA o-f 'uhe sl-irne mold Physarrm polycephal-ur

(Kwarro et aL, 1982). Among Basidionycetes, restriction

enzyme pat'ûerns have allowed estimation of mt genome

sizes -for Ustilago cynodontis (lA UA ; Mery..Drugeon

( lo tuu; Spe chtet aL, 1981) , Sch iz o hrr l1tm commune

et aI, 1987), and Agarícus species (gg-lle kb ; .Hin-tz

et al, 1985). There appears to be significant sequence

rei'r;eration in Agaricus mtD,l\TA. Tn addition, gene maps

based. on he'terologous hybri drzalion with petite gene

probes, have been published:for the 43"3 kb mtDNA of

coprinus cinereus and the 91.1 kb mtDNA of Co pr:].nu.s

q1ç-t_c_-o-leljgÊ (Weber et aI, 1986).

Among Mastigomycotina, restric,tion enzyme malls have

been publ-ished -f or Allomyces macrogynus (Borkhar dt and

Delius, 1983) , Prr¿_t-p_pl*-ho;iq i n:te st ans ( Kli:nczak and

Pre11, 1984), and Acþly.g species (ttu¿speth et al, l9B5;

Boyd eb al, 1954; Sh.unard et al, 1986). The snall and

large rRNA genes have been mapped- on Allomyces mtDNA

and it appears that the large rR\TA gene contains an

intron. A gene map has been cons'uructed f or AcLlya

mtDNA by heterol-ogous hybri dization with petite gene

probes. Further c ompar:ative dj-scussion of rnt élenomes o:ll

zoospori c f ungi viill- arise f rom the data reported in
this thesis and will be dealt vrith in the Discussion.
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{.conc]L¿r9-tgtq-f g_gelq1¡1g_qt_-e-gno_q-e-*_qlg-?qiaetf _ql

ComparÍsons of 'uhe rn'r; gertomes -[::om a wide variety of

organisrns al-low the f ol-lowing generaliza bj- ons.

1 ) Across the major groups of organisms (protozoans,

f ungi, plants, tnel;azoans) mtDliAs are highly d.íverse in

size, rairgíng from-i;he 16 kb mbDNA of mammals, to the

large 25OO kb mtDNA of sorne planr,'s" Anong lelated

organisms, mtDNAs may be simila:r: l'.n size, such as in

rl,cltar,oans (lf-19 kb), or highly variable in size, such

as in rîung:'. (lg-110 Rb) and plants (zOO- Z1,}o kb).

The larger: size o:fl .flunga.l and plant mtDNAs is due to

the presence of non-coding intergenic regions, introns,

addi ti onal c oding f uncti ons, promiscuous chlor oplas'u

DNA, and sequence r ei t'erati on.

2) rntDNAs encod-e a. snall- nurnber of ubiquitous

polypeptides - C0f, C0If, C0Iff, cyt b, ATPase 6,

ATPase B, and depending on the organism, ATPase 9"

In add-ition, mtDNAs encode small ancl l-ar:ge rRNAs and

22 to 28 tRNAs (pro'uozoans may encode a reduced- nunber

of tRN.As)" Most rntDNAs also encode sorue subunits of the

\TADH dehydrogenase conplex - URFI , URF2, URF5, URF4,

URF4L, àfld URFS in mammalian mtDNA" The presence of

some of these URFs in many ntDNAs (". g" the mtDNAs of

protozoaz green algae, filamentous fungi, amphibians,

and i nsects c ontain URF5 ) , indi ca-bes that the ir
presence is the rule 2 artd 'r,hat thej il absence, âs in
yeast, is the exception.
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3) ntDlIAs encode some products in one organism but

not in others. Yeast a;ird plant mtDidAs encode ATPase 9,

whereas met woan m'uDNA does nob" Prot oz,oan, green a1gae,

filarnentous -ilungi-, and- metazoan mtDNAs encod.e some

subunits of the NADH deh¡rdr ogenese c onplex, whereas

yeast m-bDNAs do not. Plant mtDNAs encod.e the F1-AlPase

subunit alpha, whereas other m'bDlVAs do not.

4) Fungal and plant rntDNAs contain mosaic genes,

whereas metazoan mtDNAs do not" In fungi, the COI,

cyb b, àfrd large rRNA genes are preferred candidates

for in'bron insertion. Fungal introns can be cl-assified.

into two f amilies (eroup T ancl Group II) based on

simi l-ari ti es in secondary structure. Introns may or may

no'ü contain ORFs. Some f ungal intronic ORFs cod.e .llor

maturases. Some introns al'e sel-f-spli cing, s'uch as 'r,he

large rRNA gene intron, and intron aIl-gamma of the COI

gene of S. cerev]-s]- ae "

5) Acr os s t he m a j or gr oups of organ isms ( pr o'c oz oans,

f ungi, plants, met a;tzoans) mt gene organ izatíon is

highly diverse. Arnong closely re--l-a'cecl organisms,

mt gene organization may be conserved., as in

vertebrates, or it may be highly variable, âs in fungi

and plants.
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MATERTAIS AND METHODS

Growth of organism

The organis"n used. in this study, Achly? klebqi.lgq,

lvas obtained from Dr. H.B. leJohn, Uni'versity of

Manitoba, Irrlinnipeg. A. klebsiana, a homothallic strain,

is a zoosporic fungi (lrfastigomyco'bina) ¡efonging to the

gr oup Oornycetes.

1 "1 Growbh media

G2Y- 5.0 g yeast extract, 0"5 ml each of 100 ml{

CaCl , and, 100 mM MSClr, toer L o.fl distilled
water.

?Y(}- 5.O g dextrose, 1.0 g yeast extract, 1.0 g

peptoner þer L of distilled water.

1 .2 Stock c ul-tures

é_gþIrc was maintained as mats of sporulating

mycelir.m in Petri plates containing 3O-4O ml of G2Y

medi lrn at roorn 'ue:r:npera'ture. Subcul-turing was done by

lifting out 3 mats of mycelium with a flanne-sterilized

inoculating needle and aseptically placing them in a

1 L flask contaÍning 500 mL of G2Y mediu'n. The flask
was shaken vÍgorously for about 50 sec to release

spores, then the myceliiz¡ lifted out with a sterile
needle. Thirty to 4O ml of spore suspension was then

poured aseptically ínto Petri plates. Thick mats of
sporulating myceliimr d.eveloped in about one week.

Subcul-turing was done every 4-B v¡eeks"
, .:'::
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1.3 Preparation of a large-scal-e s pore suspension

A spore suspension in 500 ml of G2Y med-ium \¡ras

prepared as d.escribed above, and. 5 ml aliquots were

inocul-ated into Rou,x bottles containing B0 ml of G2Y

mediun. The Roux bottles r¡rere incubated horizontally at

room temperature for 2-3 days to allow sporulation to

occur. Rorx bottles were shaken vigorously to suspend

spores and the contents fil-tered through a sterile

filtering apparatus consisting of one layer of cotton

gauze secured over the bottom of a Mill-ipore fil-ter

hold.er which was inserted into the mouth of a 2800 nL

Fernbach flask. the contents of 18-21 Roux bottles

yj-eld-ed a large-scale spore suspension of 'l 400-1700 nf .

1 .4 Preparation and. harves t--its--of a large culture

14qual aliquots from one large-scale spore suspension

were used to inoculate 9-11 2 I shaker fl-asksu each

containing 500 ml of PYG nedium. The flasl<s were

incubated at ?-BoC on a platform rotary shaker at

150-170 rpm for B-12 h.

The myceliun rras harvested by suctÍon :flÍl-tering the

contents of the fl-asks onto l¡[hatrnan ff1 :flilter paper.

The mycelial mat obtained was washed twice with
distilled water and then once with 100*200 ml of

isolation mediun ( see below) 
"
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2. Isolation of mtDNA

Mitochondria r^rere isolated by the flotation gradient

method (lizardi and luck, 1971; larnb owitz, 1979), and

the mtDNA was isolatecl from rnitochondria by preparation

of ribonucleoprotein (nNp) pellets (lambowitz and luck,

1976). This was f ol-l-owed by phenol- extraction, RNase

treatment (Manell-a and lambowitz, 1978), and ethanol

precipitation. These procedures are described below.

2.1 Buffers, chemicals, materials

I¡later- The water used f or all- sol-utions was

distí11ed and deionized"

Acid.-washed sand- Mediurr grain sand was soaked in

concen"brated HCl overnight, washed thoroughly

with distil-Ied water, washed with 20 mM EDTA,

washed with distilled-deionized water, dried

in an oven , and stored at 4oC"

Tsolation medi r:m- 15% sucr ose in 1 O mM Tris-HCl,

PH 7.6, 5 MM EDTA.

Sucrose gradient solutions- 60/", 55/", and 44%

sucrose solutions in 10 mM TrÍs-HCl, þH 7.6,

0.1 nM EDIA.

HKCTD- 500 mM KCl, 50 mM CaCIr, 25 mM Tris-HCl,

pH 7.6, 5 nnM DlI, made up fresh in acid-washed.

glassware.

Nonidet- 2O',4 Nonidet P-40 in HKCÎD.

Sucrose cushion- 1 "85 M sucrose in HKCTD"
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NSEî- 100 mltl NaCl, 100 mM Tris-HCl, þH 8.2,

2 mM EDTA"

I{NIIT- 100 mM lVa0l, 100 mM Tris-HCl-, trlH 8.2,

1 mlt{ EDTA.

Phenol- Freshly distilled phenol- uras sa'curated. with

HNEÎ and stored frozen in a foil-covered

container.

HNET dialysis buffer- 1 50 mM NaCl, 1 00 mM Tris-HCl,

pH 8.0, O.625 mM EDÎA.

RNase.- 2"O ng/nL RNase A in HNET was stored frozen.

On the day of use, 0.2 ml of RNase A was mixed.

with 5 uL of RNase T1 and incubated at BOoC

for 1 0 min.

TE buffer- 10 ml4 Tris-IICl, pH 7"6, 1mM EDTA.

2"2 Disruption o:fl cells and isol-ation of crude

mt pellets

Disruption of cells was carried out in a cold room

at 1 Ooc.

Approximately 2O-4O g of cells at a time T¡rere placed

in a mortar (ZOO-eoO mf) that had been rinsed with a

small- vo--l,ume of isolation mediun. Acid-washed. sand.

approxj-mately equal to cell mass was added. Tsol-ation

medium was added s1ow1y and mixed with a pestl-e until-

the sand.-cel1 mj-xture was a paste consistency and woul<i.

just adhere-bo-bhe sides of the mortar" Grinding was

continuerl for a further 2-5 rr-in until- al-l major ce1l

clumps were dispersed" Approximately 100-25O nL of
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isolation medium was added to the mortar, the contents

mixed, and the sand allowed to settle to the bottom"

The suspension Ìras centrif uged f or 1 0 nin at 3,000 r trrn

in a Sorvall SS*54-rotor at 4oC" The supernatants

were d.ecanted, leaving behind the crud.e mt pellets.

2 "') Purí fi cati on of mi tochond.r i a

Ten mL of 60% sucrose solution hras ad.ded to one tube

and the crude mt pellet suspendetl with a pl:e-chi-l-l-ed

glass pestle with care taken not to su-spend residual

sand. at the bottom of the pellet. This suspension was

used to suspend the pellets in the other tubes un'i;il

all -bhe pellets r^rere suspen<led in one tube, with the

clr.rnps being f ur ther suspended b¡r gentle vortexing.

The suspension hlas made up t o 24 mL with' 6q" sucrose

and A, mL, al-iquots r¡rere pipetted into six 14 X 89 rotn

polyallomer t ube s ( Beclcman ) " Each ali quot was

overlayered with 4 nL of 55/, sucrose solution which was

then overlayered with 44% sucrose solutÍon 'tro wi'bhin

about 7 mm of the top of the tube. The tubes \4lere

placed into pre-chÍlled tube holders and- centrifuged

f or 90 min at 4OTOOO rprn¡ or f or 120 nin at 37,OOO rþm¡

in a SW 41 rotor (Beclcman) at 4-oC. After centri-

fugaLion, the mt band at the 4.4%/55'/6 sucrose interface

was collecte d with a Pasteur pipette, clilute ð" 1 z3 with

HKCÎD, mixed by inversion, and centrífuged for 50 mín

at 15,OOO rpm in a SorvaJ-l S$.5 Q rotor at 4oC to

obtain the final mt pe1let,
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2. 4 rxtr.a-etf qg_pJ.-¡glp_ll{- f rg1*ql_t--o_c_[-qg{ti"

The final mt peIlet was resuspended in 5.8 mI., of

HKC'ID by means of a col-d glass pestle. lilith gentle

swirling, 0"2 ml of luarm 20% Nonidet was atlded to the

suspension. Clearing occurred almost immediately.

The lysed rnitochondria were layered on 5.5 nL of

sucrose cushion in a 16 X 79 mm polyallomar centrifuge

tube (Beckman) attd centrifugation carried out :for at

l-east 1B h a'¡ 5O,OOO rpm in a 50 Ti rotor (Beckman),

or for at least 16 h at 55,000 rpm in an B0 Ti ro-bor

( Beckman ) , at 40 C.

After centrifugation, the top layer plus a 1 cm

d-ep-bh of sucrose cushion was aspirateri. off and the

renaind.eri/ìras overlayered with cold ultrapure water"

The water plus another 1 cm depth of sucrose cushion

was aspírated off, col-d r¡¡ater overlayered on the

remainder, and the rest of the aspiration-overlayering

procedure continued. until all the sucrose cushíon hras

gone, leavi.ng behind the lìNP pellet. The surf ace of the

RNP pellet was rinsecl once r¡rith co1d. water and then

resuspended in 2 mL of warm NSET. [he suspension was

transferred to a 15 mL polypropylene centrÍfuge tube

and an equal volume of bu-ffered phenol added.. The tube

was gently swirled. l¿ntil the solution hras totally

cloudy, then allowed to stand 1O min with two swirlings

in between. Tt was then centrif uged f or 10 rnin at

10,000 rpm in a Sorvall SS5 Q rotor at room temperature.
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The top aqueous l-ayer hras collected and extracted with

buffered phenol as before and the top aqueous layer i¡ras

placed. in a suitable length of dialysis tubing and.

dialysed overnight against 4 L of IINET dial-ysis buf:fler"

The dial-ysate was collected, 25 ul of RNase sol-ution

vras added per mL of dialysate, and the mixture ïras

incubated at 37oC f or 50 rnin. Two vol of 95% ethanol-

l,{as added, the sol-utj-on míxed and hel-d at -60oC f or

at least 50 min, or .-2QoC overnight, io precipitate
the mtDNA. The DNA was col-lected by centrifugation for
'1 O min at 1O,OOO rlxn in a Sorvatl SS-54 ro-bor at OoC"

The et hanol was clecanted and the pellet dr ie d i n a

desiccator undervacuum. the DNA pellet was dissolved.

in 5O-1OO ul of TE buffer and. stored at  oC"

The concentration of the DNA solution was determined

by measuring the absorbance at 260 rnn, and the purity

of the solution hras de berrnined by f urther measuring the

absorbance at 2BO nm and ca--l-culating the AZ'O/ÃZgO

ratio (Maniatis et al, 19e2). DNA with a ratio of

1.8 to 2"O was considered rel-atively pure.



40

Restriction enz e d.ise stion a.n d- 
-s_e_L .e_le_ç_ !'q_ 9p 4 9 f "q.Êt_Ê

of ntDNA

Restriction enzymes were purchased from Bethesda

Research laboratories or Boehringer Mannhiem Canad.a"

Digestions r¡rere carried out in 1 .5 nL micro-

centrifuge tubes with 0.5-1.0 ug of êgþlye mtDNA and

5-1O units o:fl enr,yrri.e, in buffers recommended by the

suppliers. Mul-ti.ple enzwe digestions were carried out

simultaneously using intermediate assay conditions, oï

sequentially so that different recomtnended assay

conditions for each enzyme could be followed.

Incubati ons hrer e c ar rie d out f or 1 -3 h. Re acti ons lüer e

terminated by addition of 0.1 vol of a solution

containing 25% Tic o11, O .25% bromophenol blue, and-

1OO mM EDTA"

Electrophoresis in agarose gels (O.+%-1 "O'ft) was done

in 15 X 16 cm or 25 X 20 cm slabs run as horizontal

submarine ge1s, and. was most of ten carried. out f or'

1?--?*O h at 35 V for the 15 cm gels, or 50-60 V for the

larger ge1s. Electr ophoresis in polyacrylarni- d.e gels

(+.O%-A.O%) T/ìras done in 17 X 16 crn gels in a vertÍcal

appar"atus, and. r,uas carried ou-b at 70-90 V f or 4-6 h, or

at ';5 V f or 12-16 h. El-ectrophoresis buffer f or both

types of gels was 0.089 M Tris base, 0.089 M boric acid,

2.J rnM EDTA, pH 8.0.
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Gels hiere stained f or J0 min by submerging them in

electrophoresis buff er contaj.ning 1 uS/nL of ethi- dium

br omi t1e.

Photographs of gels ìüere taken b¡r placing the ge1 on

an ultraviolet transparent tray on a black background

and exposing Pol-aroid type 667 fil.-n through a 'lfrattevl

22A filter, with i llrznination being provi d.ed by one or

two Mineral-ight lamps (Ultravio-'l-e't Products ïnc., San

Gabriel, USA).

Restrict j-on digest -flragments of bacteriophage lambd a

DNA andfor plasmi d" pBR722 DNA were used for molecular

size standards as the complete nucfeotide sequences of

these DNAs have been deterrnined. (Sanger et aL, 1982;

Sutcli-ffe , 1979). Fragment migration d.istances wer e

measured on the photographs from the the bottom of r,'he

loading we1ls to the middl-e of the fragment band"

Fragment sizes r¡rere estimated by reference to a

s'bandard. curve c onstructed f rom the l-ambda DNA and/or

_pRR722 DNA restriction digestion fragments by assr"rming

mobility in agarose or polyacrylarnide gels to be

inversely proportional to the toåO of fragment size.

All fra¿ment sizes are expressed in either kil-obase

pair s (tn¡ ) or base pair s ( bp) .
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4 Cloning of A. klebsiaria mtDNA

4"1 J-+s!.çr¿ al host strains

All bacteria used as hosts for plasmids were derived

from Escherichia coli I(1 2:

E. cgli HB101 (Boyer and Roulland-Dussoix, 1969) was

obtaÍned. f rom Dr. P. Loewen, University of Manitoba.

Ge notype: fr , _q-J_q20 (rf,,mf ) , "Ê-iltE4.4, "ZT?:14,

saLK-1 2, _lacY1 , Jlo{?, -IJFI?Q, strr, Ix1-5, l!t1--1,

:e!.. , _l.gpb_!_f .

I= 9d_i_ JT\OS (wtessing et â1, 1981) was obtained

from Dr. H" Duckwor:th, University of Manitoba"

Genotype: l-agpl9-, -!.h;i, Sj$, sup_F, Sng{, sbcBl 5,, þ,gS-14,

F'tr aD56, lac1 q, Z 
^'I1I|5.

4.2 Cloning vectors

Plasni d lpþ*?! ( Bolivar et aL, 1977 ) was obtained

f rom Dr" P" loewen" The host tnras E. coli HB1 01 . Plasmid

irrhose products conroer resistance to ampÍ-ci11in and

tetracycline upon the hosb cell.

Plasmid *pqç9 (Vieira avTd l4essing, 1gB2) was obtained

from Dr" H. Duckworth. The host was E. coli JMl 05.

Plasmid pUCg is approximately 27OO bp and contains part

of the be'ba-galactosídase gene f roro E. qol-i- and a gene

whose pr ocluct conf ers resistance -bo arnpicill-Ín upon the

host ce11"
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4.3 Media3L*r-r-q -Le_?€_g_q--t 
s.

lB medirmr- 1O.O g tryptone, 5.0 g yeast extract,

5,0 g NaCl, per I of distilled water. For plates

1.5% agar was ad.ded.

2YT mediurn- 16.0 g tryptone, 10.0 g yeasr,- extract,

5"0 g NaCl, per I of distilled water" For plates

1.5/" a9ar was added"

Glucose minimal medium* 6.0 S NaHPOO, 0.5 g NaC1,

1 .0 S N,I-JO Cl, per L of disti 1le d r¡ater ' þH

adjusted to 7"4 with NaOH, supplemented

after autoclaving with 1 "0 nL of 100 mM CaC12,

1 "O ml of 1M MSSOO, 1O mL of 3O/" glucose, and

0.5 ml of thiarnine. For plat es 1 .5% agar Ìras

ad.de d.

Ampicillin- A 1 5 mg/ml stock solutíon in water

ï¡as stored at --2OoC. For plates containing

appr:oximatel-v 30 nl' of medium, 0" 1 rn.L aliquots

of s'bock solution T¡rere spreacl on plates just

before use so that the final concentration was

approximately 50 ue/nL.

[etr:acycline- A 4.5 ne/nL stock solution in 5O/"

ethanol was stored at -zOoC. For plates

c ontaining approximately 50 nL of medium, 0 .1 nL

aliquots of stock sol-ution l/rere spread. on

plates jus'c bef ore use so that the f inal

concentration Ì,ras approximatel-y 15 ug/nL.
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Chlora;rnphenicol- A 34 ne/nL stock solution in 1OØ"

ethanol was stor e d at --20 oC " Chlorarnphenic o1

l¡ras added to med.ium at a fi.nal- concentration of

170 ug/nL (a 1:2OO dilution of stock solution)

for plasnid amplification.

X-ga.l- A 20 ng/nL stock sol-utj-on ín dimethyl-

f ormamide ï¡/as stored at 4oC in the dark"

X-gal was added to molten medium at 55oC to

a final concentration of 40 ug/nf., (a 1 :5OO

diluti on of st ock soluti on) be.flore

pouring pla''ues.

TPTG- A 100 ml4 stock solution in water hras sto::ed at

'-2OoC. IPTG rTas added to molten medium at

55oC to a -f ina-1 concentration of O .2 m\[

(a 1:500 dilution of stock solution) before

pouring plates.

10X ligase buffer'- 3OO mM Tris-.HCl, tr>H 7.6,

1OO mM MgCl2r 50 mlvl DTT, s't-ored at -2OoC.

1 0X calf i ntestinal alkaline phosphatase (Cfnp)

incubati on buf-f er- 500 ml4 Tr is-H0l, pH B .O u

1 .O mM EDTA, stored at 4oC.

10.K TIVE buffer- 500 mM Tris-H0lu þH 8.0,

1OO mM NaCl, 1O mM E.DTA, stored at 4oC.
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4"4 PAasmid isol-ation and restrictj.on analysÍ-s of

nlasni d DNA

The method f or small scale plasmid isolations ü/as

adap'ued frorn the allraline extraction method as

de scribe d belo¡¡ ( Bir nb oim, 1 9ü) .

For isolation of plasmi ds harbore d in E.. coli 1-18101

or JM105, 10 mL cultures in LB medium containing

ampi cillin i¡rere gr ohrn overnight at 37oC wj-th shaking.

[he ce]-ls ïr'ere c ollected by centri:flugation at 51000 rpm

for ! min in a Sorval-l SS-52[ ro'bor at 4oC" Each

pellet was resuspended. in 0.5 ml of glucose buff er

containing 50 inM glucose, 20 mM EDTA, and 25 :r-ItI

Tris-HCl, pH 8.0. A further 0.5 mJ-, of glucose buffer

containing 2 ng/nl of lysoz¡nne was ad.ded to each cell

suspension" [he suspensions were mixed and held on ice

f or 10 min. Trrro ml of akaline-SDS solution containing

0.2 N NaOH and. 1/'SDS was ad.ded and the suspensÍons

mixed and. held on ice for 20 min. Next, 1"5 ml o:fl high

salt solution containÍng 3 M potassium acetate and

'l .B M formic aeid was added and the suspensions mi;ced

and- held on ice f or 30 nnin. The suspensions were then

centrifuged at 101000 rpm for 10 min in a Sorvall- SS-54

r otor a'6 4oC. The supernatants wer e trans:fler:r:e d to

new tubes and 2 vol of 95/" ethanol r^ias added. The tubes

lìrel:e mixed thorougþly, held at -2OoC f or 20 min, then

centrifuged at 10,000 rpm f or 10 min in a Sorvall SS-54

r oto r at OoC.
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The pellets were suspended in 1OO-500 uL of TE buffer,
and the DNA stored at 4oC"

large scale plasmÍd isol-ations ïrere done with

chlorarnphenicol arnpl-ified cultures (Clewell , 1972) by a
preparative alkalj-ne extraction method as described

be low ( Birnb oim , l %5) "

F or isol-ati on o-f plasmi ds harbored i n E. c ol-i HB1 01 ,

5 ml of a 10 mT-, overnight culture in LB medium

containing ampicillin r^ras used as 'uhe inoculu-m f or

500 mL of trB mediurn containing ampicí-llin in a 2l

shal<er flask. hlhen E" coli JM1O3 l¡¡as 'uhe host, 500 ml

of 2YT medium was usecl. The f l-asks Ì\rere incubated at

37oC on a platform rotary shaker at medir.un-hj-gh speed"

I'Ihen the 0.D"6OO reached 0.6-0.9, chloramphenicol was

added. to a final concentration of 170 ug/nL and the

incubation continued- overnight ( C1ewel1, 1 972; Maniatis

et al , 1982).

Cell-s r^rere c ol-lected by centrif ugation at 5,000 r pm

f or 1O mj-n in a Sorvall GSA ro'uor at 4oC" The pellets

i¡rer:e consolidated in 50-.4.0 ml o-fl water and centrif uged

at, 5,OOO rpm for 1O min in Sorvall S*54 ro-bor at 4oC.

The cell pellet was then suspended in 1 mL of glucose

buffer, after which a further 9 mT., of glucose buffer

containing 1 0 mg of lysozyme was added. The suspension

was mixed and held on ice f or 30 nin. Twenty rnl o-fl

allcal-ine-SDS hras aclded and the suspension was mixed and

held on ice f or 15 min. Fifteen ml o-f high-salt

:: ,.'
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solution r^ras added and- the suspension lnixed and held on

ice f or 50 min. The suspensioll was then centrifuged at

10,OOO rprn f or 1O min in a Sorval-l SS-5{ rotor at 4oC"

[he supernatarrt r,ias transferred to a new tube and 2 vol

of 95/" ethanol was added and the tube mj-xed and hel-d at

-20 
oC f or 20 rnin. lhe nuclei c ací ds wer e 'pelleted by

centrif ugation at 'l 0,000 rpm f or 1O min in a Sorval-l

SS-5 \ roior at OoC. The pellet I¡¡as dissol-ved in 5 ml

of 0.1 Ir{ sod.ium acetate, 0.05 lt{ MOPS (morpholino-

propanesulfonic acid) solution, pH 8.0, then

precipi tated with ethanol- and collectecl by centri-

fugation as before. îhe nucleic acid peIlet l¡ras

dÍssolved ín 2 mT' of waber and then mixed r^rith an equal

volurne of 5 M LiCl, 0.05 M MOPS solution, pIJ 8"0' and

hel- d on ic e f or 1 5 min. The soluti on was then

centrifuged at 10,000 rpm f or 1O min in a Sorvall SS-54

rotor at 0 
oC. The s uper natant i¡¡as c ol-lected and

heabed at 6OoC f or 1O min and if a precipitate f ormed.

it T¡ras removed by centrif ugation' Nucleic acj-ds were

precipi tate d twice wi'bh ethanol and -bhe f inal- pellet

dissolved in 2 mL of TE buffer. Twenty uL of RNase

solution ì^ras added ( see l4aterial-s and Methods section

2"1) and the mixture incubated at 57oC f or 30 min.

After incuba'bion, 40 ul of 10% SDS and 2 mL of

ac etate- MOPS soluti ons ùrer e adde d an d the cont ents

nrixed. IText, 4 mL of isopropa/lol- was added dropwise

with mixing and tire sol-ution all-orued bo stand at room
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tenperature for 1 5 min. The plasnid DNA was collected

by centrifugation at 10,000 rpm for 10 min in a Sorvall

SS-54 rotor at zOoC. The DNA pellet was clissol-ved in

2 mI., of acetate--MOPS, precipitated with e'Lhanol and

collected by centrifugaiion as before, and then dried

in a desiccator under vacuum. The pellet lras d-issolved

in 0.5-2.0 ml of TE burîfer and stored a-b 4oC"

Restriction enzyme d-i-gestion and gel electrophoresis

of plasmid. DNA was as described for Agþfya mtDNA except

that agarose geJ-s of O.B%-2"O/, vere used (Ma-berials and

l4ethods sectio n 3) "

4.5 Preparati on of cornpet ent host cel-ls

Host strains were made competent for transformation

by treatment with CaCI, as descrj.bed below ( Cohen

et àI, 1972).

For E. .gqLL HB1 01 , 1 mL of a 10 ml overnight culture

in lB mediun (wi ttr a:npi cÍtlin) was used as the inoculum

f or 100 mL of T..,8 mediu:tr contaíning anpicillin j-n a

500 m.L shaker fl-astrc. For E. coli JM1 05, 100 mI, of zYI

me dium c ontaining ampÍ. c.L..l-1i n was inoeulate d wi th

1 ml of a 10 mL overnight culture" The flask was

incubated at 57oC for 2-5 h with vigorous shaking.

The culture T¡ras placed on ice for 20 min, then 30 nL of

it decanted j-nto a 50 mL sterile Corex tube and cent:ri-

-fluged. at 5,000 rpm for 5 min in a Sorvall- SS54 rotor

at |oC. lhe cell pellet was then suspended in 5 ml of

col-d- 100 rnÌ{ CaC1, ancl the suspension kept on íce f or
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20 min. lhe cell-s were c ol-l-ected by centrif ugation as

before, the cel-ls resuspended Ín 2 mL of cold 100 mM

CaCI2, kept on ice overnight, and. used for trans-

formation that day.

4. "6 Transformation of host cells with 'pl-asmid DNA

f ransf ormation of c ompeben'u host cel-1s was according

to Maniatis et aI, 1 982.

Aliquots (O.Z ml) of competent host cells were

place d in prechi ll-e d 1 .5 nL mi cr ocentrif uge tubes, the

plasmi d DNA ( f O- I OO ng) ad. de d, the c ontent s mi xe cl, and

the tube placed. on ice for 30-60 min. the tube was then

placed at 57oC for ! min, followed by the addition of

'l ml of lB medium and further incubation at 779C tor

4>-60 min. The suspension was then centrifuged at f u-l-l-

spee d f or '1 min in a micr ocentri:fluge, the supernatant

decantedo and the cells resuspended in 1 ml of fresh LB

med.irrrr. Aliquots of cells (1OO uL per plate) were used

for isolation o:î appropriaie tra:ns.forrnants as described

bel-ow (Materials and Methods sections { .7 and" 4"8) "
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4.7 Cloning into pBR522

One ug of Achl,¿? mtDNA was d.igested to c onpletion

with .B_g_11. PqlI riecognizes the sequence 5r"..[+GATCMS' ,

a^nd generates DNA f ragments lri th 5 ' c ohe sive e nds

(lingham et al, 1g7B)" Two hundred and thirty ng of

p-BR5_2-2 was digested to c onpletion with _3anHJ.. !.gUgI

recognizes the sequence 5'-G+GATCC-3', and generates

DNA fragments wi bh 5' c ohesive ends ident:L cal to the 5'

ends generated by ëclÏ (Wilson and Young, 1975; Roberts

et aI, 1977). The two digested DNA rnixtures rìre.re pooled,

brought up to 100 ul with TE buffer, and extracted with

an equal volume of phenol" the top aqueous layer r/ìras

col-l-ected and the DNA precipi tated by add.ing 2 vol- of

95% ethano1 and then holding at *6OoC f o" 15 min. The

DNA was col-Lected by centrifugation in a mj-cro-

centrifuge at full speed for 1 0 min and the pellet

suspencled j-n 45.5 ul of 1O mM lris-HCl, þlJ 7"6. Five uL

of 10X ligation buffer, 0.5 uû of 100 mM ATP, and 1 ul

of T4 DNA ligase (t unit/*), i^rere added to the Dt{A

míxture, bringing the total volume to 50 uL. ligation
ïias carried out in a 1 .5 ml microcentrif uge tube at

100c f or 14 h.

A 10 uL aliquot of the lí-gation rnixture was used to
transform E. cgli IlB101 as described above (Materials

and Methods secti on 4.6), Aliquots of cells ( tOO u.t)

were spread on LB plates containing ampicillin and

in cubate d upsi de dourn ove r ni gh t at 57o C,
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lransformants that grew overnight were transferred

\^i'ith steril-e toothpicks to lB plates containing

ampicil-l-Ín and to lB plates containing tetracycline and

incubated overnight as before. The axnpicillÍn resistant

cel-ls that were tet::acycl-ine sensitive were transferred.

'b o fr esh LB pla'ues c ontaÍ.ning ampicillin, incubate d

overnight as before, and then stored at 4oC for up to

one rnonth be:flore the colonies were transferred to a

fr esh LÞanpi cj- lli n plat e. Srnall andf or lar ge volume

plasmid preparations hrere done on these colonies as

described above (Material-s and Methods secti on 4.4).

4.8 Cloning into pUC9

Two hundred- ng of Ach1 a mtDNA was digestecl -bo

completion with.gggtsI. EcoRI recognizes the sequence

5'-G ¡AATTC-S T , and generates DNA f ragments with lr

cohesive ends (Hedgpeth et al-, 1972) " [he solution 'l¡ras

brought up 'r,o 100 ul by aclditj.on of TE buffer,

extracted with an equal volume of phenol, precipitated

with ethanol, and the pellet d:Lssolved in 10 ul of

10 mM Tris-HC,[, pH 7.6.

Five ug of pUCg was digested to completion with

FS_onI, phenol extracted, precipitate d r,d th ethanol, md

the pellet dissol-ved in 44 ul of 5 mM îris-HCl, Þl{ B.O.

Five uL of 10X CIAP buffer and 1 ul of CIAP

(O.t unit/.tJ-') were added to the DNA solution, and

incubation was carried out for 50 min at 57oC"
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Inac'bivation o:fl the phosphatase r¡ras as f oll-ows

(Vtaniatis et al, lWZ) " Ten u[, of 1OX fNE buffer, 35 ì.iL

of HrOr and j ul o'1 1}tr SDS, 'were added to the DNA

mi xture and incubatí on carried out at 6BoC f or 1 5 min"

The míxture rüas then exbrac'Led once with

phenol:chlorof orm (t:t v/v) and twice with chloroform.

It was then precipitated with ethanol and the pellet

dissolved in 50 ul of TE bi;ffer. The concentration of

the phosphatase-''üre¡¿Led pUCg was J5 ng/uL as measured

by absorbance at 260 nm.

îo 10 ur,,és!.!¡¿g mtDNA was added 10 ul of the

phosphatase-tre ate d pU C9 3SO nB ) , 25 .5 uL of 1 O rnlvl

Tris-I{CI, pIl 7.6, 5 1il' of 'l 0X ligation buflfer, 0.5 ul

of iOO mM ATP, and 1 unit of T4 DNA ligase (t unitf v:.') "

The c ornponents were mixed in a 1 .5 mL microcentrif uge

tube and incubate d, at lOoC -f or 14 h"

A 1 0 ul aliquot of the ligation mixture was used to

transf orm E. coli JM1O5 as described above (Ma'cerials

a.nd I'ite b hod s s ec t j. on 4.6) . Ali quoi s of the ce l-l s

(t OO i.ü,) wer e spread on 2YT plabes containing X-gal,

TPl'G, and a,npici lli n, and i ncubated 'upside d own

overnight at 37oC. Transformants that grew as white

coloni es r¡rere transferred to fresh 2YT pla'bes

containing ampicillin. l¡lithin 5* { vreeks, transfo::mants

wer: e transferred to gluc ose minimal plates and stored

at 4.oc.
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Small andf or large volume plasmid preparations ïrìrere

done on these coloni es as described above (wlaterial-s

and Met hod s s ect i-on 4 .4) .

5 " DNA-DNA hybri dization

5 "1 Buf f er s ancl s ol-uti ons

Denaturing solu-bion- 0"5 M NaOH, 1 "5 M NaCl.

Neutralizing solutions- A) 1.0 M Tris-Hcl, pH B.O,

1 .5 M NaCl.

B) 1 "0 14 ammonium acetate, O.O2 M NaOT{.

1 0X nick translation buffer- 500 mM Tris-HC1,

pH 7 "2, 1OO mM lvigCl, o 1 mM DTT, 5OO ue/nL

BSA, stored at --20oC.

1X SSC- O"15 M NaCl, 0.01 5 M sodiurr citrate,
1X Denhard-t's solution- O.Ú" Fj-coJ:'-, 0.4" BSA,

and O"2% polyvinylpyrrol-idone in distilled

water, stored at -2OoC.

lTybri di-zation buffer- 6X SSC , O "5/" SDS,

5X Denhardt's solution, 1OO ug/nL denatured

salmon sperm DNA, stored at 4oC.

l¡Iash sol-utions- #1- 2x SSC, 0.5ø SDS"

llz- 2x ssc, o "1/" sDS.

llT 0.1 x ssc, o .5ø sDS.
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5.2 ImmobiT-ization of DNA on ni brocel-lul-ose f il-ters
Restri cti on di gests of DNA .r,rere immobi Lize d on

nitrocell-ul-ose filters after gel electrophoresis by

modifíed Southern blotting (Southern, 1979), or by the

bidirectional transfer rnethod (Smi. th and Summers, 1 9BO),

as described bel-ow"

Gels T¡rere trimmed and soalcetl i-n at least 2 vol- of

d.enaturing solution f or t h. The gel was then rinsed

r,rith dj.stilled water and soaked in either neutrali zing

soluti-onAorBforl h.

Nitrocel-lul-ose filters were cut to the same size as

the Bef, floated. on the surface of 2X SSC or

neutrali zing s ol-ut j, on B unti I c ornple'u ely wet f r om

beneath, and then immersed completely for 2-5 min"

Io:: Southern bl-otting, a paper wick of li,Ihatman JMM

paper was placed on a glass ptate suspended. over an

enamell-ed baking dish, and the riish f illed r,'¡ith 10X SSC.

The vrick was connpletely wetted with 10X SSC, the

neutralized gel placed on top of the wick, and the

wetted nitroce-Llulose filter placed on'uop of the gel,

with care being taken not to leave trapped. air bubbles

between layers" Two pieces of lfhatman 5MM papere cut to

the same sÍze as the gef, were wetted in 2X SSC and-

placed on t op of the nitroee ll-ulose fi l-ter " The à'rea of

the wick around. the gel nas covered by Saran I,'Irap,

a 2 inch high stack of paper towels placed on the

covered -flilter, and a rnreight (u.pp"oximately 500 g)
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placed on top" Transfer was allowed to proceed f or

12-24 h"

For bid.irecti onal- -bransferr a piece o:f nitro-

ce l-l-ul os e saturate d \,rri th neutral izing soluti on B was

place cl on three pieces o:fl sinnilar siz ed. '!ühatman 5Ml4

paper tha't had been saturatecl ïrith the neutr¿r.lizing

sol-ution. The neutralized gel inias placed on top of the

nitrocellulose filter, and a second piece of cub

nitrocellulose placed on top of the ge1. Three pieces

of l¡Ihatman 51{l{ paper that had been saturated with

neutralizing solution B r¡iere placed on top of the

second ni'trocellulose filter. A stack of paper towels

was placed. on the covered fj-lter, weighted on top, and-

the transfer allowed to proceed. as f or Soi"rthern

bl ot tíng.

After transfer, nitrocellulose filtersl¡rere rinsed.

ín 6X SSC a'u r:oom temperature f or þ min, air dried on a

piece of llhatman 3MM papet' f or an hour, then baked. at

BOOC for 2 h between two pieces of JMM paper. Baked

filters, together with the 3MM paper, Ìrere wrapped

loosely in aluminium flo:lI and stored. in a desiccabor

unde r vacuum.
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5 "5 Radi oactive labe 1Ij. ns of DNA" hvbri diz abi- on"

and auboradiography

DNA was radioactively labelled by nick transl-ation

as clescribed below (nigby et àI, 1977).

One ug of DNA, 5 ul of 1 0X nick translation buffer,

1 ul each of 1 mM solutions of dATP, dGTP, and dTTP,

5 1il-, of [a1pha:=2p]dcTP (65 pnnoles at BO uCi/pmole),

1 DI., of a 0.1 ugfnL DNase T solution (in nick

translation buf:fler con'baining 50% gi-ycerol- ) o 1 uT, of

X. col-i DNA polymerase I ( 5 uni'cs/ul), and ul-trapure

water to bringthe total volume up to 50 uL, were mixed

in a 1 .5 ml mícrocentrifuge tube and incubated at

16oC f or 60'-90 min. The reaction was terminated. by

the addition of 2 ut of 0.5 M EDTA (fi.nal concentration

of EDTA was 20 mltt).

Nick translated DNA was separaLecl froro unincoi:-

porated nucleotides by chromatography on a small column

of Sephadex G-50 as described below (Maniatis e'u àL,

1982) " A, plastic disposab-l-e 5 r,:L pipette r.rith a

sil-i conized glass r^Iool plug j-n the tip was fil-led r^¡ith

5 mL of Sephadex G-50 that had been equilibrj-ated- in TE

buff er. The ni ck translat íon reacti on mixture 'hras

l-oaded on to'r;he'cop of the column and allor,red to enter

the Sephadex. The labell-ed DNA lrras eluted with TE

buf¡îer and collected after f olJ-owing the leading peak

o.fl radi oacti vi ty wi th a Gei ge r c ounte r .
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Prehybri dizat:'-on, hybri dization, and washing of

nitrocelliilose filters T¡rere as described belor'¡

(Maniatis et aI, 1982) "

Prehybri dization r¡¡as carried out at 65oC f o"

2.-4 h in a f lat bottomed pan containine 100-200 nL of

hybri ð.izati on f lui d. Hyb ri d.iz at i on was carrie d out at

65oC for 12-48 h Ín heat-sealed plastic bags

containing the denatured labelled DI\TA and 10-20 ml of

hybri dizatíon fluid. Labelled DNA was denatured by

boiling :flor 'l 0 :nin. I{ybri dized f ilters ïrere washed in

wash soluLion lll for þ min aI room temperature,

fol-lowed. by wash solution llZ- f or 15 min at room

temperature, followed by wash soluti on //5 at 65oC f o:r

1-3 h.

Filters were air d.ried f or t h, then wrapped in

Saran Tdrap and. autoradiographed f or 12-72 h on Kodalc

X-ûnat RP film it l(odak X-Omatic cassettes i¡rith

intensif¡ring screens. Ar/coradiography was carried- out

ei ther at room 'uemperature or at -.7OoC.
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RESI]LTS

1. Tsolation orî the mtDNA

fsol-ation of the mtDNA from A. klebsi-aq? was done in

three basic steps: 1 ) isolation of mitochondria from

ruptured hyphae by the flotation gradient method,

2) preparation of ribonucleoprotein (RNP) pellets from

lysed mitochondria, and 5) phenol extraction and RNase

treatment of the RNP pe1lets, followed by ethanol

precipitation of the mtDNA (Materials and Methods

section 2). the above procedures, which Ìrere initially

developed for the isolation of intact mt rRNA and. mtDNA

fr om t he filamentous asc omycetu ."1[_e__qlggpo_tg *cjesË,
involved several- steps inportant for consistent

isofation of mtDNA. Excessive grinding of the hyphae

rrrith sand inevitably 1ed to l-ow nr.mbers of mitochondria

being recovered from the sucrose gradients. It hras

found that grinding for 2-5 min resulted in the best

recovery of mÍtochondria. Tnclusion of CaCL, in the

HKCTD was âssumed to be critical as it was found that
in N. .ggassa the Ca2+ supressed the nuclease( s)

released durÍng lysis of the mitochondria (lambowitz

and luck , 1976; lamb owitz, 1g7g) . An additional
protease-phenol- extraction step after the RNase

treatment (Manel-la and lambowitz, 1978) was found- not

to be necessary in isolating mtDNA suítable for
r estriction digestion or incr:easing yield, and so 'hras
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not incl-uded. Applied to A. klebsiana , it was found

that these procedures consistently resul-ted in the

isolation of 1O-2O ug of mtDNA from 40-80 g wet weight

of myceliun. This aJ-lowed only a smaJ-l nunber of

restriction digests to be done with any one mtDNA

preparation. To determine if greater yields of mtDNA

could be obtained from the sarne amount of starting
material, two other methods for j-solating mtDNA from

fÍlamentous fungi were attempted (Hudspeth et àI, 1983;

Garber and Yoder, 19ü). Both methods involve isolating
the mtDNA as a distinct band fron Cs0l-bisbenzimide

gradients. They ï,rere unsucessful, however, when applied

to é: -klebs_i4e; the mtDNA band was either absent or so

faint as to be irretrievable. Henceo the method used

here, which consistently resul-ted in isolation of mtDNA

suitable for restrÍction digestion, was the nethod of

choice. Tt may be that in A. klebsiana the percentage

of total DNA thab is mt is small. It is also noted that

the percentage of mtDNA isolated as intact circles r¡ras

quite small, However, the mtDNA was sufficiently intact
to allow restriction mapping with all the enzJ¡mes used.,

even though the large restríction fragments may have

been present in sub-molar amounts.
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2. Restriction mapping of the A. klebsiana mt ,qenome

2.1 Nomenclature of restriction fragments

Each restriction fragment wil-l- be referred to by the

full nane of the restriction enzpe(s) that generated

it, fofl-owed by a nr.mber indicating the size rank of

the fragment, fronn largest to smallest. Tn the case of

a double band (Z 
^olar amount of DNA), a small l-etter,

either a or b, will follow the nrrnber, indicating that

only that fragment, representing one hal-f of the double

band :f amily, i s be ing r ef er red to.

2"2 Approximate síze of the mt genome

Typical agarose gel patterns of the fragments for
single and mul-tipJ-e digestions of the mtDNA are shown

in the Results Appendíx (¡igs. 22-27). A prominent

feature of these digests is that in some cases one or

more bands appear to be present in greater than molar

amounts (ligs. 22-27, white cÍrcles). Ì/hen such bands

r^rere cleaved by other enzymes to yield bands which were

also obvio.usly double bands, the interpretation was

that the original d.oubl-e band consisted of a

homogeneous set of sequences in more than molar amount"

This was taken to be preliminary evidence for sequence

reiteration in the nt genome. This interpretation was

confirmed as a consístent picture of mt genome size and

arrangement emerged from ded.uctions based on the

interpretation. Table 1 lists the molecuJ-ar sizes (fn¡)

of the fragments generated by single digestions of the
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mtDNA with eight restriction enzymes that cleaved from

6-11 times. The mean of the sums of the various single

digests was 50.82 kb. Tabl-es 2a and 2b lj.st the

molecular sizes (tc¡) of the fragments genera'bed by

double digestions of the mtDNA with various

combinations of the eight enz¡rmes l-isted in Tabl-e 1 .

The mean of the surns of the various double digestions

was 49.85 kb. The fragment sizes listed in Tabfes 1, 2a

and 2b were based on the mean sizes of products from a

total of 1 50 single and double digestions.

Since the sizes of large fragments (>tO Ltc¡ tend to

be overestimated because their sizes are calculated

from the least accurate part of the graphs used to

determine fragment sizes, the sums of the single

digests may be slight overestimations of the actual-

int genome size. Conversely, since smal1 fragments

(<O"l tc¡) were not detected on agarose gels under the

standard electrophoretic conditions, the surns of the

various cloubl-e cligestions may be slight under-

estima'Lions o-fl the actual genome size. Hence, the mean

o-f the sums of the single and rlouble digestions,

5O.7 kb + 1.5 kb (rl .se lcb-48.33 kh = 5 kb; 3/?- = 1"5;

la.rgest minus smaf lest size estimation divided by 2),

was taken to be an accurate estirnation of the actual mt

genome size.
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Table 1 . Molecular eize (kb) of fra¿roents generatetl by restriction
enzJ¡m.e cleavage of A. klebsiana ntDNA.

Restrlction enzJme

tr'r agne nt

nuber BclI BgIII BStEII CIaI ÐcoRI EinclI EpaI SetI

1

2

J

4

5

6

7

B

9

10

I 7.10

B.BO

5.45

* 4.86

x3.06

2.42

1 .52

11.90

11 .3e

7.51

7.O4

6.22

2.AO

1 .63

*0. 85

*0.20

1 5.80

11.85

6.23

*5.40

+5.1 4

17.50

11 .85

10.65

6.11

2.42

1 .82

15.10

9.65

8.57

7.41

6.70

1.19

o.91
*0.87

9.99

8.80

7.90

x6.15

4.85

2.18

1.61

1.56

1 .52

o. r0

r 5.50

11.10

1 0.00

8. B0

2.20

1 .61

1.r2

18.60

1 5.20

7.10

*2.86

*2.17

Srms

I{e a¡r

50.91 50.58

50.82

50.96 50.75 50.44 50.81 50.71 51.36

* Fra€¡oents represented ln twice nolar anount.
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Table 2a. Molecular efze (kb) of fragnents generated by

double digestlon of .¡!. klebelana ntDNA with

restrlctlon €nzJmeB.

Restrlcti on enzJmeB

Frapent

nrmber

Bclf
x

BglI I
BclI

x
BstEI I

Bcl I
x

HlncII
Bgl-II

x
BstEI I

BglI I
x

ClaI

BglI I
x

HincI I
BglI I

x
SstI

1

2

1

4

5

6

7

I
9

10

11

12

13

14

15

15

7.45

6.50

5.70

*4.5 0

1.90
*r.04

2.go

2.10

1.42

*1 .12

*0 .87

9.1 0

6.80

6,50

5.50

*3.40

2.40

*1 .85

*'l .70

xl,45

1 .51

*1 .18

7.00

6.80

5.50

,.70
x7.60

2.40

*2,1o

2.2t

1.60

1 .55

1 ,r2

I .11

x1 .20

*0.70

7.60
*5.404

4.70

4.40

2.95

1 .90

1 ,64

*1 .10

*1 .00

*0.86

11.90

9.20

7.50

,,60
2.90

2.80

2.60

2 .10

1 .87

1.61

1.52

*0.86

7.40
*6.00

4.e5

2.80

2.70

2.60

2.20

I .85

1.63

I .60

1 .56

1.32

1 .20

I .10

*0.90

*0.86

8.80

8.10

7.10

5.70

5.15

2.40

2.10

I .84

1 .63

*o. gob

*0.86

Srne 49.65 50.57 49.01 50,71 49.15 48.t3 50.74

Only the fragnente that were vlsuallzed on a€arose geJ-s are

11 sted.
+ Fragnents represented 1n twice nolar a¡uount.

a) Quattruple bar¡d consistlng of a doubte frag¡ent a¡rtl two other

non-hcrn ologous s 1n11ar- sizeal fr agnente.

b) Quadruple bantt coneletlng of two palre of elnllar-slzett

double fra€ments.
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Table 2b. MolecuLar sløe (t¡) ot fragnents generatecl by double dlgestlon

of À klebslana ntDNÀ wlth reetrictlon enzJ¡Iûes.

Restrlctlon enzJ¡meEt

Fragnent

n r¡nbe r
BetIÌII

x
Cl aI

BStIII
X

HincII

BstDI I
x

SetI

ClaI
x

Hi ncf I
Clal

x
Sstf

EcoRI
x

HincII

3c oRI
x

HpaI

HlncI I
x

Sst I

'l

2

1

4

5

6

7

I

9

10

11

12

1i

14

15

16

1 2.20

9. 50

5.55
*5.40

2.60

+2.48

2.50
*0.70

*0.60

'10.00

8. 70

x5.40

4.90
* 2.80

2.18

2.00

1 .80

1.60

1.45

1.r2

1 'l .90

9.25

7,06

6 .16

*5.1 0

*2.86

*2.16

9.70

8.75

*6.00

5.25

2.50

* 2.20

2.O7

1 .60

1 .10

0.85

o.75

12.50

7.40

6.00

5.80

4.65

*2.42

2.40

+2.10

*0 .60

5.60

4.91

4.00

I .80

5.50

1.19

x2.70

2.55

*2.50

2.16

2.00

1 .59

1.55

1.55

0. 95

*0.87

8.82

7. 00

*5.60

t.4,
5.21

*2.86

2.56

2.20

I .95

1.55

0. 94

*0.88

9.20

7.50

4. 90

x7.60

*2.87

*2.t54

2.16

1.94

1 .62

1 .58

1.5J

Srns

Me an

50. 51

49.83

50 .75 50 .61 48 .97 49 .19 49 , 27 49 ,7 9 50. 22

b

Only the f¡ognents that were visuallzed on agarose gels are 1lsted.
* Fra€nenta represented 1n twlce nol-ar amount.

a) Trlple bantl conef stlng of a doubl-e fragment ancl a non-hmol ogous

efmllar- ef zecl fr a¿roent.

b) tlean of the srns fræ both lable 2a ancl Table 2b.
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2.5 MappÍng strategy

Fragment orders Ìrere deduced from the molecular

sizes of fragments generated from single and nnultiple

digests of the mtDNA ( fables 1 , 2a, and 2b). Fragment

ortlerÍng was facilítated by the use of two enzJrunes?

AvaT and PvuTf, each of which cl-eaved the mtDNA at only

one site" Codigestion of the mtDNA with 4ygl or !v_uff,

together with one or more of the mul-tisite enzymes,

provided information about the overlap of fragnents in

digests by different restricbion enz¡rmes.

The orientation of the fragments cfeaved by AvaT or

iLUII was determined by comparison of the mol-ecul-ar

sizes of fragments generated in d.ouble digests with

those expected for the dif.flerent possible orientations.

Tabl-e I lists the fragnents cleaved by AvaI and ?vuff

and the correspondÍng sub-fragments. Fragment ordering

(or confirmation of fragment orders) was also

facil-itatecl by codigestions of the mtDNA with Ps!I,

.Salf , Ba4H.I-, or.SstII, together with one of the

mnl-tisj-te enzJrmes, sj-nce these enz,:l.1nes cleav,ed. the

mtDitTA at only two sites. Similar reasoning to that used

for codigestions with the single-site enzpes was used

to determine overlap information and orientation of

fragments cleaved by these enzJnnes. Table 4 lists the

fragments cleaved by PstI, Ë4f , "ÐggUI, and. SstI"!, and.

the corresponding sub-fragments.
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Table J. Cleavage products generatecl by the single-sÍte

enzJ¡mes Avaf and PvuII.

Fr agment

cf eaved a
size (tb) Double digestion cleavage

products

AvaI PvUII

BgIII 2

BgIII 4

11.58

7.O4

9.70, 1 .BB

4.58, 2 .35

lfincI I J 8.04 7.55, O.41 b

flpaï 1 15.60 13.50,2.O5

þc oRï 4

ÐcoRï 2

7.41

1 0.00

4.9o, 2.50

6 .40, t .50

BclI 6

BclI 1

2,42

17.60

2.17 , O .22b

10.50, 6.40

ClaI 4 6.30 5.1O, 1.25

BStEII 2

BStEII ,

11 .95

6.30

9.4o, 2 ,61

4.9O, 1.40

SstI 1

SstT 2

18.50

16.'rO

12.1O, 6 .10

11.2O, 4.7O

a) Fragments cleaveal by the single-site enzlme as detectecl

in double digests.

b) Esti¡oated fragment size.
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yab]-e 4. Cleavage products generatecl by the two-site enzynes PstI, SaIf,

BamHI, and Sstï1.

FragInen t
-acl eavecl

Si ze

(kb )

Double digestlon cÌeavage products

PstI Sall BanHT SstII

flincII 4

IIincI T I

HincII 5

b 6 .18

8.04

4.84

5.65, O.5i 3.58, 2.60

7.8O,0.14c

4.74, O,10e

BgITI 'l

BslTI 2

11.90

11.50

6 .50, 5 .40

6.50 , 4.90

10.80, o.B0

9.80,'0.80

HpaI 1

HpaT 2

15.60

11 .80

15.00, O.6Oc

1 1.40, O.6Oc

'9.60 , 6 .20

6 ,20, 5.50

9.51 , 6,10

6.30, 5.40

EcoRI 1

EcoPI I

EcoRI 4

ÞcoRI 5

17.50

8.77

7 .43

6.7'

11.80, 2,43 11.69, 2.54

6.i7, 2.14

4.96, 2.14

4,11, 2.43 3.99, 2.54

Claf 1

CIaI 3

17.gO

10.6 5

9.50,8.10
B .1O, 2.55

1 5 .80,

8,55,

2 00

oo2

BclI 4

BclT 5

b
4.86

5.06

1.75, 1.O7 4,66, O.zOe

b 1.85, 1.20

SstI 1

SstT 4b

18.5C)

2.A6

1? .OO, 3. 1 Ob 16.7O, 0.90

2.68, O. 1 Bc

a) ¡ragments cleaved by the two-r;ite enz¡¡e as iletected in double digests.

h) Fragnents representeil in twiee mo]-ar arnount.

c ) nst irn atcd fra¿ment si ze.
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2,4 SstI, BstEfI, AvaT, Pvuff, and. PstI restriction

ESppi4s

Both SstI and BstEII cut A. klebsiana mtDNA seven

times. Single dÍgests show only five bands on agarose

gels because the bottom two bands in both digests are

double bands (for e.g. see Fig. 228? lanes c and d).

ËslEII/ËglI codigestion generated seven fragments

that could be visual-i-zed" on an agarose gel (¡'lS" 22A,

lane d; Note: the top band was a partial dÍgest

product). The relative simplicity of the BstEI SstI

codigestion pattern allowed for the derivation of _gEt.I

and BsLEJI restriction maps by trial arrangement of

fragments (pie. 1a). The order of double digest

fragments shown (¡'ig. 1a, middle track) agrees very

well with the single digest fragments (¡'ig. 1a, top and

bottom tracks).

Codigestion of the mtDNA by AvaI with SstI, and by

_4JeI with BstEII, confirmed that SstÏl and .BçtEII2

overlap since Avaf cleaved only these fragments, once

each (¡'1g.. 22A, lanes a and. g; Fig. 22C, l-ane d).

Avaf cl-eaved SstIl into 12.1 and 6.1 kb fragments and

-!g_!EI2 into 9.4 and 2.61 kb fragments (ra¡re 5).

There are two possible orientations of Sstfl and

"!EjIII2 rel-ative to the AvaI site (¡ie. 1bi, A+B and

A+C) " Only one orientation, A+C, which wou.l-d generate a

12.01 kb :fragment in the region of overlap,
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is consistent with the BstEff SstI codigest rîragrnent

sizes ( ta¡fe 2b) . Thus the orientation of Sstfl and

_Ðs!8!r2, as established by double digest analysis above,

was confirmed, and. the Av?I site was established.

Codigestion of the mtDNA by Pvufl with SÊtJ, and by

"ByuII with BstEIT, confirmed that SstI2 and .ÐstEIIJ

overlap since PvuIJ cleaved. only these fragments, once

each (¡iS. 23A, lanes b and e). PII¿II cl-eaved SstI2

into 11.2 anð. !.7 kb fragments, and BstnI Iv into

4.9 and 1.4 lrb fragments (ra¡fe 5). There are two

possible orÍentations of SstI 2 and BstEI rel-a'bive to

the PvuII site (¡'ie. 1bii, X+Y and x+Z). rn this case,

both orientations would generate fragments consistent

wíth the BstEfI Sstl codigest fragment sizes (ta¡te 2b).

However, only one orientation, X+2, supports the

restrictíon map for SstI and BstEf already established

(¡'ie. 1a). Although the PvuTT digestions d.o not

contrÍbute anything to mapping at this point, the PvufÏ

site ítseff is secure. This is repeatedly confirmed in

ihe e.Kperiments that fol1ow.

Codigestion of the mtDlIA by PstI with SstI (¡'ie. 22A",

lane f ) showed that Pstl cleaved tSstÏl into a

12"O kb fragment ancl a 3,1 kb double fragment (na¡fe 4).

This indicates that there are two Pstf sites in the

mtDNA, both within SstIl . Codigestion of the mtDNA by

pstl with _ÞgllLl (¡ie. 22A, lane b) showed that Pstr

dÍd not cleave any BstEIf fragments. There are ti,vo
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possibl-e orientations of the Pstf sites within SstIl

(¡'i-S. 1e, R and S) that woul-d generate the cleavage

products observed in the SstI/-qgU codigestion

(tabte Ð. Only one orientation, R, is consistent with

the BStEIT PstI codigestion. In that case the two PstI

sites wouJ-d be close to the two BstEII sites d.efining

the ends of BstEI_.I-2, such that in a BstEIf PstI

codigestion PstI woul-d not generate any detectabl-e

fragments. Thus the correct orientation of the PstI

sites is R (¡lS. 1c).

Fig 1d shows the conpleted SstI, Bst!_IJ' -4ggl, _EISIf '
and Bstf restriction maps, âs establishecl above. It is

apparent from the map that reiterated sequences are

present in the mtDNA (see Resul-ts section 2"5) and that

they are inverted with respect to each other,

separatÍ-ng the mt genome into two unequal-sized regions

of unique sequence ( ¡'ig. 1 d , àrr ows) . The minimum size

of the repeat regions (as mapped to this point is

8.4-8.5 kb.
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Figure 1. Derivation of the SsbI_, ËgtEII, AvaT, SIqI-I,

and Pstf restriction maps. a) The SstI and BstETl

fragment maps as deduced by analysis of the single and

double digestion products. The mol-ecuJ-ar sizes (t¡ ) of

the fragments are shoi,rm. b) Relative orientation of the

fragments Sstll and BstEIT2 to the êygl site (i), and.

fragments SstT2 and BstEl!5 to the PvufI site (ii),

as deduced by analysis of doubl-e digest fragnents

generated by overlapping regions. c) Orientation of the

PstI sites relative to fragments SstÏl and BstEII2

as deduced. by analysis of SstI PstI and. BstEII PstI

codigestions. t1) The completed SstT, ËSJEU,3IgI,
Pvuff, and PstI restriction map as deríved frcm data

shown above. The minimun size of each inverted repeat

region is shown by arrol¡rs.
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2.5 ClaI restriction rnapplng

Cl-af cut A. klebsiana mtDNA six tj-mes and generated

six bands bha"i; Ì/ere,Ðresent in equimolar a¡nounts

(¡ig. 23U, l-erne b). The absence of doub-l-e bancls in a

single digest indicates that theL:e can l¡e no iïore than

one Claf site in eacÌr nepeat regj-on.

Corligestion o-fl r'he mtDNA by Cl?I with !stl. (f ie. 258,

larre e) shor,n¡ed that "ls!I cleaverJ -ClaI1 amcl CIaIS once

each and generated. fra¡¡rnents o.l 9"5 and 8"1 kb for

_q].al1 , and fra¿pents of 8.1 and 2.55 kb f or CLqTJ

( fa¡f e 4) " The generabion of an 8.1 kb bantL jn each

case indicates'bha'c this.oortion of both of the Cl_aI

flragtents nust be r.,v:'-thin the repeat r:egions, leaving

Lhe o ther two :flragments (Z"e and !.5 kb) to inalce up tht:

sr:0a11 unique region between'che tl,ro lqtl sites

(¡iS " Zai). There ar"e 'ùr/ro possibl-e orientations of the

,9lrl site between the _Bgt! sites (Fi.g" 2ai, A+B ancl

A+C). The placement may be resolvc-.tl by cl-i-gesbion of 'che

Cl?I fragments rrith 4IgL. ],úhen this was done (¿ata not

shorøn) , no nelr flragments T¡rere generated. Thi s is i-n

acco:rri r,rri bh orientation C in Fig 2ai since C14 and

Syqf sites are nearly coincidenb irr this ar.:rangenent.

Codigestion of the mtDJ\TA ¡y _Q.l¿I with PvuIf
(¡tS. 27)R, 1-i-r.nr: i].) shor,red that C_lafzf i,.ras cf eaved by

lIg.I",! into 5"1 a.nd 1 "?-5 kb fragnents (Tabte {)" _cl"r.4

mus'r, there fore over'lap with *Þ_$I2 which con bains the

Pvuff site. There are two possible orientations of
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ClgJ.4 relative to the SggII site and with respect to

overlap wÍth SstI2 (¡'ie " 2aíi, Xi-Y and X-vZ). Only one

orientation, X+2, which generates a 5.95 kb fragment in

the region o.fl overl-ap is consistent wj th the Cl-aI/Ëqj.I

codigest fragment sizes (fable 2h) " Thus X+Z Ìras the

correct orientation of qla.I4 (¡'ie " Zaii.).

The [ragrnettt o cde.r"s tor Cl?I-1 , -QL?_f_r, and ClaI4r âs

established abov-o, 
. 
are shown in Fig 2b.

The three remaining glgl fragments (C\LLZ, 5, and 6)

were then easily ordered by further analysis of the

SstI/ClaI codigestion (¡'iS " 23C, lane h) ai:t shown in

Fig 2c. Analysis o,f fhe tsstEI Cl aI codigestion

(¡'ig. 27D, Lane c), confirmed the Claf f.r"agment orde:r,

as shown in Fig 2c"

The completed- _q.þI fragment orcler', as established

above, is shown in Fig 2r1 " AtlrL-i. i; j.on orî qIgI sites to

the map does not extend the minirnut sizes of the

inverted repea'c regions (¡ig. ?-d, arrows) OeterîLn.i-nod in
the pr err i o.uli *: e c t i orr .
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Figure 2" Derivation of the ClaI restriction map.

a) i ) Orientation and order of f ragments ,O1aI1 and

9l.aJ3 relative to the PstI sites as deduced by analysis

of _CLl:/g!_!J and "Çr_gl / A""I codigestions. The repeat

regi ons are shor¡rn by arr ows. i i ) Retat ive o ri entation

of fragment Cl-aI  to fragment SqtI2 and" the -P_vuÏf site

as deduced.by analysis of double dÍgest fragments

generated by overlapping ::egions. b ) The map positions

of f ragments C]?I1 , 91a\3, and CLyT-4, âs derived from

data shortrn above. c) The compl-eted CtaI fragment map as

decluced by analysis of Claf/Sstl and Clat/BstEII

codigestion products. The rnolecular sizes (}<¡) of the

fragrents are shown. d) The com.pleted ClaT restriction

map as derived from data shown abov-o" The minimurn size

of each inverted region is shown by arrohrs"
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2.6 BglIf restricti

Þgl*II cut 4" ElgþS-i._?"a mtDNA eleven times and shor'¡ed

eight bands on agarose gels (lig. 248, lane c)"

,Þg1ry8 (O.,gf kb) was not usually detectable as a double

band. as gaqqed b¡r intensi by of ethidiun bromide

fluo nescence. However, the sum o:l i;he fragment sizes in

a RgIII single digest r.¡ras more consistent r''¡ith sutns

rîrom other single digests Lrhen _B.glIIB r,uas ai:signed a

trøice rnol-aL: amount (ta¡te 1 ) . This assignment was

eventually confinnecl by mapping studies (Uetow). ¡ell!9
(O.Z t¡) was not original-J-y mapped because it was not

detected in BglI_I digests r:un on agarose gcl-s. ¡SfJ.!9

v,ras mapped after being detected on polyacrylamide gels

of ilel-J-I digests of a cloned fragment of rntDl\TA

(see Resr.¡l-ts section 3.1). fts map positj.on j.s i:nctudecl

here for clarity of presentatjon.

Cocligestion of the mtDlIA b¡r ÐgUI with -ryl[
(¡'is, 24A, lane g) showed that ëgl.[.I_4 was cfeaved by

PvuIT into 4.58 and. 2 "55 kb fragments (Tabte 's). BSfJ_I4

must theref ore overlap rrith -C1eI4 since -glgl4 contains

the PvuI.J site " Therr: are tr,,ro por;sible orientations of

_å€tII4 relative to the .lJ_qLI sj-r,-e an,l with respect to

the overlap wíth ç.þL4 (lig " 3ai, Al-.8 ancl A+"C).

0n1-y one orientation, A+C, which generates a 3"6 kb

-flragment:lr:i i;he region of overlap, is consistent wibh

the 9g1_If /çJ"f- cocìige;s 1; îra,gnent sj,zes (ta¡te 2a) "
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Thusu A+C is the correct orienta'uion o.F BglII4
(¡'ie . 3ai) .

CoclÍgestion of the mtDNA by Bg1.*I_L with ¡!.t!_
(¡le . 241\, lane e ) shoured that -f qtl cteaved BSI-If 1 and

BSf-I-I-2 once each ancl generated rîragments of 6.5 and

5.4-1ch for _Bgl-If1 , and f.ragnents of 6"! and 4.7 kb _tor

_9gl{J-2 ( fabte 4) " The generation ot a 6.5 kb band in
each case indicai,r:s that this por"i;ion of both of the

_Ug.l$ fragments must be within the re_oei.rt regions,

l-eavi-ng the other two fragments (f "14 and. 4"T kh) i^¡i,uhin

the snall- unique region (plg. Jaii). Trn¡o or.Lentations

o-li Bg!I_f1 and Bel.II2 wÍth respect to the pstl sites and

rel-ative to overlap r,uith C_].qI1 and CIaIJ are possibl.e

(¡ie " Jaii,l{+.Y and xt-Z).; "o".u*rientation r¡¡as

deduced. a.flr,'er anal¡rsj-s of " "B_glJf/-4y-¿! codigest"

Codigestion of the mtDlTA by Bgt_II with AyAI (Fi.S" Z4A,

lane f ) showed that éyal cleaved .BglTI into 9"7 and,

1 .BB kb fragments (ta¡fe 5). This is only possibJ_e rrhen

the orj-entation of Bgllf 1 and BgtTI2 is X+Z (tig. 'Jaií),

becau"se only in this orientation does .-Þ-.gLIf2 span the

êy3-I site to yield l"J and, 1"BB kb :flragments upon

cod.igestion ( ta¡fe 5).
The fragrnent ortle,i:"r.; f o:r BSII!1 , B9I,L\Z, and Bgl-I*J4o

as established abovr:, 'à're shoi¡,rn in lig 7b.
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The rest of "bhe _gg!=f fragments (¡gf_t-!5, 5, 6, 7, B,

and 9) r/rcre then easily orclered by further analysis of

the BgIIL/ç\?l codigest (¡ig. 248, lane a) as shorrn in

Eig 3c"

BelI{9 (O.Z t<¡) was detected only after

polyac rylami d,e ge 1 analysi s of _B_gL lI tligc-'sts of à

cloned mtDNA fragment (_æU+l that had been mapped to

the repea'|, regions (see Resutts secüions 2.11 and 1"1) "

fhe map positions of BgIII)a anri BgIIIlb are shown

in I¡ i.g 3e "

fhe compÌeted ë€]"U f ragment o::der, ås estab,l-j.r¡hed

abor¡e, is shown in Fig 3d. Addition of êgffl sites to

the map does no'c extend the minimurn si.zes of the

inver-bed repeat regions (¡ig " ')d, arroìús) Aetermined

previously (Resul-ts sectíon 2.4),
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Figure J. Derivation of the BglIf restriction map.

a) i) Relative orientation of fragment _ÐSÆ.I4 'uo the

PvuIT site as deduced by analysis of double digest

fragments generated by overlapping regions"

ií) Orientation and order of fragments BglIJl and

^_B_g_1II2 
relative to the 

-P_ "tI sites as deduced by

analysis of ëg]_,T_lÆ!-t-I- and Bgl_I_t/ t"eL codigestions.

The repeat regions are shown by arrows. b) The map

positions of fragments !gLI*U-, Bglll2, and gell_-I4,

as derived from data shown above. c) The completed

_Ðg!JI fraginent map as deduced by analysis of BgILI/gU;

codigestion protlucts. The molecu:_ar sizes (t<¡) of the

:flragments are shown. cl) The coilpleted g€1I"I_ restriction

map as derived fron data shown above. The minimum size

of each inverted repeat region is shotrrn by arrovrs.
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2.7 HÍncTI rîestriction ma

Dipestion of A. klebsi ana mtDl\TA wi- Lh f{incIf showed

nine bands on Ëìgarose ge ls (see Iig. 25I,, lane A);

gl_fçl_I4 hras a doub-l-e band anci Hincf fl O has not been

visualized but was postul-ated'r,o occìlr, âs discussed

bel ow.

Codigestion of the mtDNA by _Ejgg.Il with 3yu"L,I

(Oig. 25R, Lane f ) showetl that.UifcLIS ï/as cl-eaved by

tì¡u.!! into 7.55 ancl 0.41 kb :flragments (ra¡f e 5) "

Hinc,!"!5 must theref ore overlap with CLq!4 since this

f ragment con'bains the .-L_y-qll site. There are tr,¡o

possible orientations o-fl Hinql-tr5 r elative t o the PvUII

site a-nd with .respect 'to overlap witll _Clal| (¡ig. 4ai,
Ar-B and A+C) " Only one o:rientation, A+8, which

generates a 5.42 lr.lr -flragment in the .neglon of ove:r:'l-ap,

is consistent rn¡i'L,h t?re ÏI.lrlg.!f-/Cl,at codigest f rag,nent

sizes (ta¡le 2b) " îhus, A-rB is the correcb orienta'cion

o:fl Hilcf,!5 (¡ie " 4ai).
Codigestion of the mtDNA by gi"g'U wi-bh Pstl

(¡'lg . 258, lane e ) showed that Pstf cl eaved llincTI4,

a double bancl, into 5"65 and,0.5'3 kb -flragments, also

d ou'bl.e bands (tabte 4) . Since at least one end o.fl

]{inc-_I_!4 m ust be in the repeat regi on u only the t wo

symmetri cai arr angenen'ts shown in 'nig 4aii (X or Y) ar:e

possibl-e. Since 41¡?_I d oes not clear¡e I4ç_lI4 (Ff g. 25C,

lane b ), arrîangement Y is el-,lmi:nated.
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The fragment orders for lt:q.c_I-{50 Hin_c,!J{a, antl

HincII4br âs established above, are shown in Fig 4h.

Ithe rest of ¡-he Hincf I fragments Hin cI I

7, B, 9, and 10) hrere ordered by f urther anaì-ysis of

the HincI I/ç\gt_ c odigest (¡lS. 248, lane g; Iig. 25A,

lane b), ancl b¡r analysis of the.]l+_ggTl/p_,ltt codigest

(¡is. 24A, lane c; lli-g" 248, lanr-. d), as shown in

r¡.Lg 4c. Al-so hel-pf ul r,¡as the ,!l-_i-i1g!l /,+:_"t codigest

(rlg. 25C, lane b) which showed- thai 4Iq"{ clid not

cleav-o any llinclI fragnent to yield a f ragnrent large

enough f or deteciion in agr+.i:ose. It was conc-Lurled tha't

a Hinc-ff site was close to the lygl sibe. Hinc-ff1 was

not cleaved in the llfgSII /q_\ú codigest (see Fie. 2iA)

and- theref ore must have been contaj ned rr,¡ithi n ClaI-2,

tlre onJ-¡r r"ernaining Ç1aI fragment large enough to

contain it. HinqLI2 was al-s o not cleave d i n bhr:

jl,ingII/-clgI codigest (see Fig. 25^) and. bhereflore it
mus'c be contained urith j-n Clal1 ad jacent to Hincf I4b.

HincII6 (Z.Z uA) fits the Ér pace betr¡een HincII4a and,

H+gçJI2 (rie. 4c). since.l-1tnS_lI8 (l "10 t¡) anri H-iggJJg

(l J52 kb), as well ¿:.s ClaI-6 (l .9 t¡), r4rere al-l- cl-eaved

in the -ryLggJJ /.Ç:-"t corligest (rnle . 25A), analysis o:fl the

codi gest fragne nt sizes ( ta¡te 2b) al1or^,re11 placi ng of

FIincff8 ne-rt bo H-i1¡c_!J5, anri I{L+qIIl next to t{-incIIB

(Iis, 4c). HingJ"I5 (+.e tn¡ r^¡as napped nerct to Iliqc![4b
(¡'ie " 4.c) by ana-lysis of the J-linett/CLat and

Ilincff Ëslr_I codigest ,flragment sj-zes (fa¡fes 2a and 2b)"

1r 21 5r 6,
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lJincITT (1 .6 kb) Ìras not cleaved. in the 1l in cI Cl-aI

c ocligest ( ni S . 25 L) , and thus must have been conserved

withj-n CtaI2 next to ÏTiIç-II1 . The orde:c o-ii ilinclll and

H.jgç_fl7 r^rithin Ç1aI2 vras established by reference to

the llincfl II c odigest -firagnent sizes (tabte 2a,

Iig. 4e). The absence of a Claf si'be in flit¡gl-I7 led to

the postulate that a tenth Uiqg.l-{ fragment

(approximately O.J f{b) occurs betu¡een "ElgSryJ and

ëf-nçJI7 (¡'is. 4e). The exi-si;ence ofl iTin-c-II-10 is

supported. by the obser.vation that the suln of 'uh'e

Hincff lII codigestion fragments corl:esponding to

BgllI5 (¡'ie. 4c) has a sÍgnificant de:flj-cit"

The cornplet"d lli.SgLI .flragment order' ¿ìs establisherl

above, is shown iir Iig 4d.

At "bhj s point the repeat regions could be extended

into bhe srnalf r;nique region up to the ends o-f IIj.LcII4a

anri IIigc.II4b (lig " 4d.t àrr:ows). The rninimum size of

e ach r epeat r: egi-on c oul d then be estimate d at

approxi-mately ! kb"
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Figure 4. Derivation of bhe Hi.nc-I_{ restriction map.

a) i) Retative orientation of fragnient -E:*ncI]] to

fragment CLàT,_4 and the _Brul.I si te as rleri.uced by

analys1 s orî d oubl-e digest f ragments generated by

overlapping regions" ii) Orientation of fragments

HincII4a and HigcII{b re,l-ative to the -PstI sites as

deduced by analysis of HincI I .P_Êtl and ]linc_T-f_/ Av aJ

codigestions. The repeat regions a.ne shown by arrows"

b) The map positions of :flragments ÌIincf Iv , Ilingf I{a,

and lli-n"qff{b, as derived from data shown alcove.

c) The corupleted Hincff fragment map as deduced by

analysi s of EiLqII/_qlaI and HineI f /gerfr codigestion

products" The molecular sizes (kb) of the fragnents are

shown. d) The complete,f ry1tgII res.brj-ction map as

derived f r om clata shown above. The minirnul size of each

inverted repeat region is shown by arrotn¡s.
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2.8 Hpaï and Sall restriction Lna

IlgI cut A. El"ç..þP_"t--"ng mtDNA seven times a:rd

generated- seven bands that Ìtrelîe present in equirnola:n

ainounts (lig. 26A, lane f ). The absence of doubl-e band.s

i-n a s j-ngl-e cJ-i-gest inclicated that 't h.ere could be no

more than one "I-Iþ?I site in each of the repeat regions"

Since TTp?I recognizes the sequence 5r-GTTAAC-5r

(slnarp et àI, 1973; GaL:fin and Goodman, 1974), and

ni+g-¡¡ recognizes the sequence 5'-GT( c/r) ( A'/G) 1'C'-}'

(mrith ancl I,li1cox, 1970; Kelly ancl Srnith, 1970) , HiggI*I

will recogn-ize all llp¿ll sites (¡ut not vice rrr:rsa) so

that HincII and HpaI digests of the mtDltTA troul-d be

expected to sh¿ìrc i]()Ìt(l cor:flillon fragments. comparison of

_E]l?-I- and Hi4c-f_I- digests of the mtDNA shor¡¡ed- the

lîo1l-or,rring ,i:ai rs of common f ragments: lJpaIJ and "+ïi-ngIl1 '

5p?I*4 and Hincl_!2, HpC-I.5 and }linc!-!.6, Hp?I.6 and Hinc!-!7'

ancl .SpaI/ and ]lLLcJg (cornpare -l-anes c and d, Fig. 25C).

Thus, the map positions of the I!?..I fragnent,s were

deduced from 't,he -E.i¡1sU fragment malcr as shorr¡n jn

]¡ig 5ai. -FJaI1 and HpaI2 then fit naturall¡r i.n1;o thr¡

tr:n¡o reinarini,rrg spaces -l-ef t i-n 1,he map (¡'ig" !aii, iii)'
- /--fn a HpaI/ PstI corlj-gestion (Fig " 25C, lane e), "lSiI

cleaved 0 "6 kb f rargnenì;s liLr orrt each end of glg!.1 and

jJ*pgIZ (tall-e 4) as !¡as predicted from the completed

IIpaI map (see Fig. 5aiíi). In a I!g-I-/IYSI-I codigestion
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(plg" Z5C, lane f), 3ryLI cl-eaved glgl_1 into 15"5 and

?-.O5 lrb fragments (f a¡f e 3) as was pred.icted f.r:or:n the

completed TIpaI map (see Iig. !aii-i), thus also

conf:Lrrning'uhe EpaIl map pos-l'cioti as estabJ-ishecl above.

Codigestion o:fl the ntDiVA ¡y ttpgl with Ë"1J-

(pig. 26Ti) shor,,¡erl that -Ð?1-I 
cleaved gpgll and ËIp-?I2

once each and generated fragnents of 9"6 and" 6.2 kb for'

_Ep3I1 , and. 6.2 and 5.5 kh for Fpale (ta¡:-e 4; Fig. 5'rri).

The 6 "2 kb doubl.e i>anrl i ntl.icabed that' each repeat

contained. one Sall- site. Since Sa],I recogïlizes the

sequence 5' -G'ICGAC-5' (Arrand et àI, 1978) , ë.i, g"f I r,uil-1

recognize all Sa-l-I sites (lut not vice r¡ersa; see ailove

.flo r''t,he IJincII recognition sequence) . Tþere [ore, since

therr: is only one IIincII site in each repeat thab is

not also a .. pgl sri-te (see Fig. laii j- ) , these tr¡o ,lli-ggIl

sites must be'uhe Sa1-I sites (see Fig' 5bii). Thus, the

6.2 kb dourole band gener"ated in 'che ,llEI/-q?¿I

codigestion (1a'ole 4; Fig. 268) l/as ident j-ca.l- ì;o

,IIincI14 ( see Fig. 5bi ).

Thus tire.re rìre seven Hincf I EPAI sites

( D'-cltt¿ Ac-l' ) , two Hiqg-r.I/.q?LI sites ( 5'-çrccAc*5' ) ,

and 'ur,'¡o ÌIincf T only sites ( 5'-çf TGAC*Jt or

5'-GICAAC*1',) in A. klebsíana mtDNA'

These sites, as es'cabl-ishecl- ¿þ6rre, ¿are shown in

Fig lbii.
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Fígure 5, Derivation of the Hpa_I. and Ëgll- restric-bi.on

maps. a) Derivation of the ISCI restriction map,

i) The map positions of fragments HpAI-5, ,IÌ!914, HpaI_5,

"EpgI6, and,'lþ.el7, âs derluced from those fragments :from

IpgL and Hiqc_LI_ single digests 'chat had identjcal

electro'phoretic mobilities. í i) The completed IpgI
fragment map as rleduced by analysis of HpaI ana H¿ggl-!

fragment sizes (tc¡; shown). iii) The cornplete¿ EpC.I

restr:iction map as derived:frorn data shol¡n above.

The rninimum size of each inverted repeat region is

shown by arrows" b) Derivation of the Sal_I_ restriction

map. i ) Cleavage of .f ragnents -EpsI1 and Hp-42 by Sal-I.

j"i) The map positions of the _q-?U_ sites as deduced frorn

the "Ipal/Sgll codigestion and the Tlpq] and SitcÏl
restriction rnaps. The minimum size of each inverted

re'peat reg:Lon is shown by arrows"
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2. 9 xcp$_-I_ .lç_s--t_r_i_ç_!.t9"- g_gp_llgg

IlcoRI cut A. klebsiana mtDNA n-ine times and

generated eight bands as visualized on agarose gels

(¡is " 26A, Iafle d). The bottom band, E_coRrB, is a

double band"

Codigestion of 'rhr-. rntDi\TA by f¡gq$,I with _Ey.1{l (digest

not shown) showed that 'lygIl c.l.eaveA JS:-EI2 into 6"4-

and J.5 kb fragnents (fa¡te ,). _Ðg"g$!^2 nust therefore

overlap i,r¡ith "..ÉL9.qE5 since .i-,llfç-Ill contains the .P.vuII

site, There are two,oossiìrJ-e orientatj.ons of Eco4_I2

rel-at ive to the .Pvuf I site and r,^¡ith respect to overlap

i,,¡ith HincIT_5 (¡'ig. 6ai, A+B and A-rC). Onl¡r 6ns

o;rien'uationu A+3, which generates a 5 "91 lcb f ragrnen'o irt

the r:egion o:î overlapu i s consis bent rtrith the

..L".q!J/.[i^n_"fI cod:lgestion f ragr:nent sj.z,es (ta¡f e 2b ).

Thus, A+B is the correct orientatj-on oil EcoÌll2
/ -. , . \
( lr'r-9. t:àI ) "

Coiligestion of the mtD.l-\TA ¡y EggB"I_ wi'ch _ECU (digest

not shor,,¡n) sÌror,^recl thab PqlI cleaved _ÐggBI5 ancl Eco$I-4

once each amd generated fragrnents of 6.57 and 2.14 kb

for EcolìfJ, ancl fragnents of {.! aud 2.14 kb for EcoSI_{

(ta¡f e 4) " The generation of 'uhe 2.1t, klt double band.

lnd-icated that there lras an ncqRl. site irl each repeat

-r:"egion, r:ui'uh the two possi'ot e arrangements seen in

Flg Sali " Codigestjon of the mIDNA by EcoRI with AT?_I"

(0ieest not sho.rvn) sho,,ued that åyCI c.l-e¡¿ve0 l]çg.E.I4 into

4.9 and 2.0 kb fragnen'rs (f alte 5; Fig. 6a:Li).
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The conrect orienta'cion of EcoR-I5 and EcoBtr"4 ^ust be

X+Z (¡ig " Saii), as only in this orientation rloes

_gqg.Bl4 span the AvAf sÍte consistent with the

"EggRI/êysI codigest fragmetrt sizes (ta¡te 5).

Codigestion of ''uhe ntDLVA by !_998I- with _qsLI-

(¡iS " 26A, lane b ) shor¡ecl "'r;hat _$qll cl-eaved --ÐcoRI1 and.

_Egg,BI-5 once each an<l gene:rated :flragLnenbs o-fl 11.¡30 and

2,4.'t kb for "jtrcoRf1 , md fragrnents of 4.11 an'ð, 2"4', kb

for xcoB!5 (labte 4) " The genera'cion of the 2"47 kl)

doubl-e band. indj-cateti. that there was ano'¡'heLr XcoBl site

in each repeat :i:egion. Thr:re are two po'ssibl-e

orj-entations of !gg[]1 and Ec*o_$[5 with respect to 'uhe

rIpll sites (¡'is. 6aì-ii, X+Y and X+Z). Since it is

]icolì.f 2 tlnat is cleavecl by PvuIr (¡is " 6ai), R-rS, in

which 
'ï_c*q¡I1 

spans the ?_vBII site (pi-e. 6,aiii), is

elirnj-nated. fhus, R+T is Lhe co:rnect orientation of

-..u_"_gRJl and -ÐcoRJ5 (Fig. 6aiii).
The fragnent oirtlers f or EcgB]_1 ' g99n.I-2, D9*\L3,

ëggl[4, and ncoRl5, âs established above , à(e ,':hou¡n

ín Fig 6b.

The remain.ing Ec-oRI fragments (ggo¡¡e ' Z and B) we,:e

then easily ordered by further anal-ysis of the

ncoRI Ilincfl codi. gestion (Fig. 258, lane c) as shown in

FÍ-g 6c.

The cornple'bed IlcoBI f ragment order, âs established

above, is shown in Fig 6d"
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Figure 6. Derivation of the EcoRl restriction map.

a) i) Relative orientation of fragmen-b ncoRI2 to

fragment llincI T7 and the PvufÏ site as deduced by

analysis of the double digest fragments generated by

over:lapping regions. ii ) Orientation and order of

f ragrnents *EcgRfS and !c oRf {. relat ive 'co the PstI si te s

as deduced by analysis of EcoRf PstT and EcoRI Avaï

codigc.stions, and by analysis of ÐcoRllglqcff codigest

fragments generated by overlapping regions.

iii) Orientation and order of fragments EqgRIl and

IlcoRT5 relatiye to the Salf sites as deduced by

anaLysi s of EcoRI/Saff and EcoR PvufI codigestions.

The repeat regions are shown by arrows. b) The map

positions of fragments ""Igg¡]1 u *E-993J2, _Ð9o!f5, -ncaBI4,
and E1ryR!5, as derived from data shoum above.

c) The completed EcoRI .fragrnent map as deduced by

anal-ysis of EcoRf IJincf I c odigestion pr oducts 
"

The molec ul-ar sizes (lc¡ ) of the f ragments are shown.

d) The completed EccRI res-bric'bion map as derived from

da ta sholun above. lhe mini.mun size of each invertecl

repeat region is shown by arror^rs"
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2 . 1 o ¡C4.EI"-f_e_qt r 19_t_1o-1 t4-?Ppi-19

Codigestions of A. hlglgf_?A3 mtDNA by various

multjsj-be ey\zytû.es with _Ðatg$I showed tha-b _Ða-rlql

recognized the fo.l-l.orring flragnten't s by cl-eaving them

once each (see Table 4); lgll{a and, SstI4b (Fie" 228,

lane b), _ç1eI1 and "_cl-al5 (rrig. 2iÃ, lare f ), gillgr=T5

and Hin-9![5 (pie. 24A, lane a), ¡g1r*rt and Bgllr2 (¡lg.

248, lane b), "EpqEIl ana "Ep_SRI5 (Fig. 26Ã, l-ane c), and

llpel-1 and HpaT_2 (¡'ie" 26 A, lane g) . Thuso the _Ð_?4.HI

codigestions inclicated that therelirere two _Ð_?gF"I si-bes

in the mtDNAu with one site located. in one repe:rt -Ln

the common sequenco shared- ¡y Slg|-5, ËgLl.I2, Sstf zla,

]Ipel1 , .EilqII5, and -1Ì-crcRf!, ancl with the other site in

the obher r"epeat in the coluûon sequence shared by ClaIl ,

¡"€!U1 , -ÐçJl4b' -Lp3J2, ]lingll5, and Ec-qBl1 . Based- on

the B4nI]J codigest fragment sizes (ta¡te 4) and on the

establ- j-shed. map posi. L-L ons of the recogni-ze d- f ragment s,

the br'rro BamHI si'bes Ì\rere mapped as shou¡n jn l¡ig 7"
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I'igure J. Derivation of the BanEI restriction map"

Shown are the BqmHI sites on a partial restriction map

consisting of the (previously mapped) fragments cleaved.

in codigestions ¡V .gg4ë: with ÇlCI, Bgl-If , "_q.ÊJ_I' -ElqI,

-tsgg_T_I, and .Ig!E]-. The sites r^rere rnapped by analysis of

the codigest fragment sizes' The rninj-nt,lrt size of each

inverted repeat region is shown by arror¡¡s"



g8

30mH I 3omHl

Clol 3.1

39lll 2.1

Sstl4o.4b

Hpol 1.2

Hincll 3.5

EcoRl 5.1

18

¿!9

r58 2020 855

1089.8

268268

6.3951 63

t8t804

2.54t 11693.99 2.5t



99

2.11 BclI res triction ma çi_n-g

BclT cut A" klebsiana mtDNA nine times ancl generated

seven bands as visuatized on agarose gels (,FiS. 26C,

lane c). _¡cff 4 and-9eU5 are double bands.

Cotligestion of the mtDxIA by ëgLL with 
-Ey.f¿---I,I

(¡'ig " 26D, l-ane c) shor¡ecl that ""|-ryi.I cl-eaved -ÐglIt into

10,5 and 6"4 kb fr:agnents (ta¡re 5). BclI.1 must

there-flore overlap lI_itS-IJ5 since "jltngLIJ aontains the

_ly_gJ_,I site. The:r e are tr^¡o possible orientaLions of

!_gll..1 rel-ative t o 'r,he -gy-gl*I- site and lrrith respect t o

overlap rlrith tl-itgllS (¡:-S. ilai, A+B and A+B). Only one

orientatíon, A+8, which generates a 6 "8] þb -flragment in

the reg1on of overlap, is consistent wi Lh the

¡cl I/E11¡çI*I codigest fragment sizes (ta¡te 2a)" Thus,

A+B i s 'bhe corr: ec'L orí entati on o-fl ,Pq 111 (Fi g. Bai ) .

Cocligestion of the mtDNA by B"1l with 3-ç-!J (¡'lS. 260,

lane e) shori,rerl that -TçtI cleaved BclI5, a doubfe band-,

into 1 "85 and 1.?-O kb fragrnents (ta¡te 4) " I-çU-Ja and

gç]J!b must there-f ore overlap par:t of Xi1¡qI.I4a and.

lJiggl_T4b, since 'bhese f ragments contain the PstI si i;es'

flhere are iwo possibl-e orientations of g91l5a and

Þg]l5b rela'cir¡e 'r,o the.3S:-l sites aird r'¡i-th respec'b to

overlap wibh Hin-cI-I4a and ltiLq-LI-4¡ (.tiie. Baii' X+Y and

X+Z) " Only one orientation, X+Y, which generates a

2 Õe kb I ouble band f r orn t he r egi ons of ovt-'r"l-:l;0, i s

c o n,.j is'cent ïri th the Þ*c1I-/lli-gç.J-I c odi gest fragmenr,' s :'-zes

(ta¡l-e ?-a)" Thus, X+Y is the correct orientation foL:
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BclI5a and Bcl-I5b (lie, Baii)"

Codigestion of the mtDNA by F:l-I with -ryal (¡'ie. 26D,

lane d) showed that Ay?I cleaved BclI6 into 2-"17 and

O"22 kb fragments (nabte 3). There a:re tr,n¡o possible

orientations of ,Bcl16 rel-abir¡e to the 4JgI site

(¡'ig. Baii, X+l'{ and X+N) " OrL-on'ü¿¿tion X+N cannot be

correct'because in this orientation -Bc1.I6 r¡¡ou]-c1 oveL:lap

-"Ðg45b (see figure Baii). Thus, þN must be the correct

orientation o:f BcI16 (¡'iS. Baii).

Codigestion of the rntDNA by BclI_ with _Ðe!ü.I

(f.ig " 26D, lane :fl) sJ:ror¡'¡ecL that .P"gSgI cleaved Þql14' a

clouble band, into 5.75 and 1 "07 kb f ragments (taUe 4) "

Rcf f 4a and -Ðcll{-b must ther ef o:: e overlap part of

HincI'I4a and IJincII4b, since these f ragme nts con'baj n.

the -BqmHI sites. There are two possible orientations oi"

Bcl-_-f 4a and Bcl.f 4b relative to the ëgmll-L si-tes and rn¡j.th

respect to overlap lrith.ll.i_qc_II4a and "lJ_1ac_!J4b

(¡'ig, Baiii-, R+S ancl R-rT) ' Only one or':Lr': ntati on, R+T,

which generates a 3 "65 kb doubJ-e band f rorn the regions

of overlap, is consis-bent r.,¡j-th bhe -Pr.U/JILq9-U codigest

f ragment sizes (ta¡te 2a). Thus, R-rT is the c or"rect

ori entati on of .Bcl-f 4a and .Ð_cll{.b (.p'i e " Bai.i. i- ) .

The f ragrnent ord.e::s o:fl E9I-I1 , 
'Pgf._!4, ÞqJ5, and-

Bc1I6, âs establ.ished above, a:re shown in lig Bb.
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The three remaining _ÐgU fragments (Bq1I2, 3, and 7)

1^7ere ordeL:ed by f urther anal-ysis of the Bctf /lUtg_II

codigestion (¡'ig. 26C, lane b), as shor¡rn in llig Bc"

,qglJ2 (g.e t¡ ) must f .i.e j.n the appropriately*s ized,

space between 3qLI4b and 9clJ1; BeL\3 (ç"> XA) in the

appr opriately-si-r.r),3. space between ågLI6 and Þ_c]T5b; and

Rgl17 (l "= kb) in the appropri ar,-ely-sizecl rspace 'otli,,ueen

,Þç_UJa and *BqlI6 "

The c omplet e ggll f ragment or cle r" E âs e st abl-i she cl

above, is shown in l¡ig Bd.

At this poi nt the r epe::.t regi oirs coul-d be extende d

int o the srr¿¿-"Ll unique ::egi on Lrp t o the ends of Bql-Iþa

and BcLIlb (¡'iS. Bd, arrows). The rninimum size o:fl each

r epeat region c ould. then be estima'ue d at app.rori rna'L,cl¡r

9"7 kb.
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Tigure B. Derivation of the BclI. restriction map.

a) i) Relative orientation of fragment -Bc1I1 to

fragment HincII and the PvuII site as ded.ucecl 
.bY

analysis of the double d.igest fragments generated by

ove nl-a,oping regi ons. i i ) Ori entation and o rder of

flragments Ðqll5a and Bcl-f5b relative to the PstI sites

as deduced by anal¡r sis of the Bclf PstI codiges"bti-on,

ancl by anal-ysis of the ¡c1t/ltincII codiges'b fragnents

generated by overlapping regions; and relative

orientation of flragment Rc1l6 to the Avaf site as

deduced by analysis o-fl the Bclf /A"l codigestion antl

process of elimination" iii) Retative orientation of

fragments Bcl-I4a and Ðc]I{-b to the -P-qUIf I sites as

deduced 'by artalysis of Bclf HincI I codigest fragments

generated by overlapping ::egions. b ) The rnap pos:l1;ions

of f ragments BclIl , Bclf4a, Bcl-I4b , .BcLIia, Bclf lb, and

-Þ9l-16, âs derived fL:om data shown above"

c) The compl-eted BclI fragment map as d.educed by

anal¡rs ri- s of BclIfHincf f codigestion products.

The molecui-ar sizes (tc¡) of the flragnents are shown.

d) The cornpleted BqlI res'briction nap as dei:ived from

data shown abor¡e. The minimum size o.ii each inverted

repeat regi on i s shonn Tty ar roì¡rs.
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2.1 2 Bal-I restriction mapoins

Balf cut A. klebsi a"na mtDlrTA three iimes and

generated th:r'ee bancls that \ÀIe.re pr:esent in ecluimolaLr

¿xrounts (Fls " 278). The approximate sizes orî Lhe

-Íinagrnents were 27, 21 , and 5.8 lcb.

Codigestions o.f the mtDNA by vari- ous multisite

enzyrnes with ë_?LI showect that _qgLI cleaved the

.1lo1lowing f ::agments (see llj g. ga) ; "B*S-.J._IJ{, -B*glJIBa, ¿rtr<1

BSLIIBb (-tie. 27A, lane b), HiÊ_gl,I5 and Hin.qlI5

(¡ig. 27 A, lan.e d), atrd C:l.qL1 , CLSJ--|, and gk-I4

(¡le " ü8, lane c)" Since 'uhe over"lap betr'reen Ç-]gI5 and

ëjlçIL5 is withj.n the L:epeat region, a ngll site must

r:xr'-st in each .r'epeat, since "3_.qll c-l-eaves both fragments"

The site can be l-ocated precisely using fraa.gment s-lzes

shor¡m in Fig 9b. The third _B-?-!! si'r;e musb be -in 'che

conirnon sequence shared by CryT_4, .A1g;ç!_I5, and BSfIl .

P¡: ec j-se locati on can again be cle duce d fl:n orn -f ragment

sizes shown. Based on the Ba]J. c ocligest fragrnent s j-zes

(¡'ig. 9a) and. on -bhe es¡-ablished map posi'bions o:fl Cl?.I,

Ll,U_"'liircJJ, and åSlIi ,f rrrgmen 'cs, the bhree lgll sii es r{er e

mapped- as ¡:Ìrotrn j.n llig !b.
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Figure 9 . Derivat ion o:fl the Bal-l restrict ion rnap.

a) Fragment s IJ_fnçIl5 , lli*49_ll5 , *Ðå1_ II4' --Þsl-r r8a, Bs_l-UBìr,

-QþI1 ,.9I_?!3, anð. CIaI4, were cleaved by Bal-I in the

corresponcling codigestions" The molec uJar sizes (lut ) of

the cl-eaveri. f,nagrnents and the codigesb products are

sholrrn. The BalI cleavage pr odur:ts o.fl .fragments ÐålIIBa

and. BgIIT-8b v¡ere not detected on agarose gels after

electr ophoresis. b ) Shown are the "ÐatI s j-tes on a

parti aJ- restnict j.on rnap consisting of the (previously

mapped) fragments cleavetl ,i.n corligestions with _Ð9]_I.

the sites Ìrere mapped by analysis o.f 'uhe codigest

.flragrnent ¡¡j-zes" Given the map posi..Lions of the Balf

sites, the Ball cleavage proclucts of fragments BS]-l,ÏBa

and .9glIIBb are 0"61 antl 0 "24 kb fragments" The ninimr.irn

size each inverted repeat region is shov¡n hy arrows.
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2.13 SstII res t_ qi_ c_ !1 o- 4 .lqq q p ln. g

Codigestions of A. kj-ebsi ana mtDlVA by vari ous

mul-tr'-sibe enzJõnes r'rith 
-ËS-t-TJ 

shorn¡ed that 
-qsLI-I

recognized the following flr:lgments by cleaving them

once each (see Table 4) : Hin-qlJ.4a ancl IJinc-!I4-b

(äie " 27C), and ",-B"ç-!IIJ4a and.Bs_tErJ4b (digest not

shown). ¡_qt_U afso rec ogn ized" _qsru1 by cle aving i'b

twi ce ( di gest not shown ) . Thus, the -Ë:slII c odi gesii ons

indicated thai; 'chere are b wo .Sst_II sites in the mtDNA,

one site -ln one repeat in the comirlorr Fiequerî.ce shared by

*lSjI1 , .f!i-n*c_$4a, and- Ð-sÌIJflzia, and the other site in

the other repeat in the common sequence sh¿lL:ed i:y Ss_!{1 ,

,{]g$_!14-b, an c1 BstTlII4b " Base d on ih e SstII codi gest

ßr:agment sizes (ta¡te 4) and on the esbabl-:'-shed nzrp

posi.tions of T{incf T, ,[gtEII, md SstÏ f .nagnten'ts, i;h.e

'ùr¡/o SstÏ-l sites were mapped as shol,¡n in Fig 10.



10¿3

Figure 10. Derivation of the Sstl_f res-brictj-on map.

Shor¡¡n are 'r,he ,Sstf f si tes on a partial restricti on map

consisting of the ( previousty mapped) fragments cleaved.

in codigestions ¡V "SgjfI with çg-!l, --ï-t*tq_I_I, and BclI"

The sites were rnapped by anal¡rsis of the corligest

-flragrnen'r s:i-zes, The rn j-nimum size of each inverted

repeat region is shown by arrows.
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?-.i 4 _E!¿siqal -qeç
A r estrj- cti on map

of A. klebsi-ana rnbDiVA

for A. l<le'bsiana mtDNA lr¡as

genera.ted r^¡i'th 15 enzJnrles. llig 11 summarizes th.c'

r esults of the rnapping o:fl these enzJrues (Results

sections 2 "3-2.1 2) " The intDNA contains no sii;es :f or

Kp"gI, .å4!I, or XorII. It is obviou's by blre way the

fragments oveT'lap that'tfie rnbDNA is circular.

A cir cular r es bri cti on-s"Lte rnap is pr" eÍjen't,e d in I'ig 1 2.

The mean sizes of the site.-to-sibe map distances f:ror¡

FiS 1?- are lj.sted :Ln Table 5. The unit size of '1,he

A. lclebsiana mt genome is tde e n 'üo be l0 "{. 1e"b, as 'based

on the sr.rn of 'uhe -flragrnent s:'Lzes (T¿¿b:l-,: 5) of the

resbrj.ction-site niap (¡'ig.12). fhis sum agrees cl-oset¡r

u¡ith 'r;he value 50"=s ! 1,5 kb obtained as the mean of

the sr.lms of the prodllc'us o.fl single and clouble

/*di ge st i ons ( Res ult s s êcr,-i on 2 .'s) .

It became appa::ent durrng restr:i.cti on. rnapp-lng that

the mtDNA eontained reiterated seqll€ncels in tlre f orn of

inver'ced L:epea'Ls (see Result s secti ons 2.3-2"+) "

Exaninati on o:fl bhe restri cti on-s:ite map (FiS , 1 2) shows

'chab the tÌro repeat regi ons are located ab 15.3-34.5

anð. ''lJ "7*96 "B m. u., respectively" lhe minimam length of

r: ach repeat (lig" 1 2, sol-i cl a:re as | ) j- s 9 .68 kb.

A regi on of unce.r'"bai-n'by is í-rrclj- ca'ued betv¡een the f ast

repeated si te ¿¿nd the nearesi non*repeatecl s j,'r;e, .which

c oul d extend the r:eBea't are as to 12 "4,5 kb (tol S . 12,

open areas [).
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Figur:e 12. Restriction.-site map of 4. klebsiana mtDNA.

lfi-nimlur l, and maxiumurû fJ , 1i-rnj-ts o:fl the inverted

i:epeat regions" The arrolrs ind.-Lc¿lte the; rnidpoints

betr¡een bhe in'ver becl repeat regions, and the centers of

flip-f1op rotation. fhe map is calibrabed in both

ma,o units (rn, u" ) and kilobase pairs (f¡). the unique

Av?I site in the small unique region is takerl to be

O m"u./O t<¡. A ma,Ð unj-t is de-flined as 1% of the genomo

(l n.u. :- O,DO4 kb).
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lebsianakTable þ. Mean sizes of the site-to-site map fragments from the A.

¡n i t oehonrì ¡i al ge norne .

FrarEnent Si ze
(kb)

Position
(m. u. )

Fragrnent Sl ze

(r¡)
Posi ti on

(m. u. )

Av aT- Bg1 I I
Ðrtl T I- Bc1 I
Bcl T-ÐcoRl*

!c oQ I- Fc ofì T

Ec oR T- Bgl T T*

Bgl I T- Bc1 I
BclI-llpaT/lTi ncTI
Hn"t/ltincII-BstEI T

ÐstDTT-PstI+
frtr-!eì r

DC] I- SS tI I
SstTI-XeoRI*
EeoRI-fcoFT
EcoRr- Sst Tx

SstT-BstEïl
Bs tEl I- Sst I
SstT-Sa.lT/HincrJ*
Sn:t J/ll i n cT T- Ban rrI

B an rll- Bgl I I
Pcl TT-Þol TT
eb+ r. 1 .¡ Þ!:4

BgIII-BclT
!c l T- Bal I+
BalT-eg1II*
Bg1 I I- Cl aI
ClaT-SstT
SstT-3stllII
BstEIT-HincI I
IIincTr-cl aTx

Cla.'t -HnaI f Hi nc II*
HpaT/Hi nc T T-HpaJ/HincI I
ÌTDaJ /lT in c T I-3gI I T

Bg1 I I- Bcl I
8"1 r- s" tT*
SstT-EcoRTx
[¿s[{T- pc oRï

EcoRI-BgIIl

BgIII-HpaI/HincII 1.10
HpaI/Hin cI I- ClaI O ,22
ClaI-Hpa/llincl I 1 .'lO

HpaI/HincII-BstnII 0.1 O

BstEII-ClaI 0.65
Cl-aI-HincII 0.85
]TincII-PvuïI 0.45
FvulÌ-BalI* 0.1 5

BalI-BglTI 2.25
Bql T I- r'c o,R JJ+ O .65

EcoRI-BstEII* 1,3O

BstÐI I- SstT 0.1 O

SstI-ClaI 0.60
ClaI-Rgl I I 0.10
Bgl II-Ba1 Ix 0.25
Balf-Rc1I* O.4O

BclI-Bg1TI O.21

BgITI-Bg1I I O.2O

BgIII-BanHI 0.74
BamHI-SaLI/HincI I 0.1 0

SalI/HincI I-SstI* O. 05

SstI-BstEI I O.20
BstEII-SstI 2.15
SstI-EcoRI* 0.06
ScoRI-XcoRl O.B7

EcoRI-SstfI* 0.1 O

SstI l-BclI 0.20
BclI-PstI 1.85
PstI-BstTìI I+ 0. 10

BstETI-HpaI/HincI I O. 48
HpaT/HincI I-BclI 0.72
BclT-BclI 1.32
BclI-ClaI* 0.1 5

Cl-aI-HpaI/HincIt* O.Oj
HpaI/HincI f-Avaf* O. 05

50.40

1 .90
o.29
0 .10

o.95
0.15
4 .16

o.72
o.48
0.10
1.85
o.20
ô. 10

0.87
o.06
2.15

o.?o
o. 05

0.10
0.74
o.20
o,21

0.40
o.25
0.10
0.60
o.10
2.OO

o.10
o.20
1 .61

1 .10
1 .42

0.40
o. q0

5.1q
1 .60

0-l.B
3 .B-4.3
4.1-4.9
4.9-6.8
6.8-7.1
7 .1-1' .3

15.3-16.8
16 .B-17 .'7

17.7-17.9
17.q-?1 .6

?1.6-2?.O
22.O-2? .?
22.2-23.9
2i.9-2 4.O
24.o-28.3
28.a-24.'7
28 .7-2n.n
28.B-29.O

29 .O-30 .4
10.4-tO .B

30.B-31 .2

31.2-32.O
12.0-3?.5
32.5-33.1
7i.1-74.7
14.3-3 4.5
3 4.5-38.5
7P,.5-18 .7
aB.7-19 .1

79 .1-42 ,3
4? .v- 4^.4
44.e-47 .7

47,7-48.5
48.5-50.5
5o.7-56 .6

56.6-59.8

59,8-62. 4

62.4-62,8
62.ù65.0
6r.u6r.2
65 .2-66.5
66 .r-68,2
68.2-69.0
69.0-69.3
69.1-73 .B

77 .B-75 .1
nt a nn n
I ). t- I | . I

77.7-77.9
77.y79.0
79.0-79.6
79 .6-80.1
80. 1 -30. 9
B0. g-81 .l
81 .3-81 .7
81 .7-83.2
83.2-81 .4
83 .4-83 .5
83.5-83 .9
83 ,9-88.2
BB.2-48.3
BB. t- 90 .0

90. o- 90 .2

90,2-90.6
90.6-94.3
94.3-94.5
94.5-95.4
95.4-96.8
96.8-99 .4

99.4-99.7
99.7-99.8
99.8- 1 00

Fragnnents are listed Ín sequential order starting frorn the O site (AvaI) as

renresented in f igwe 'l 2. llap fragnents were estimated frorn double digests
rrnless otherwi se indicated. RestrictÍon enzJ¡rûe f ragrnent sÍzes generated f ron
these map coorclinates were within 1O'l of experimental vaÌues.
A .nap unit (m. u. ) Í s 1ú of the genome size (504 bp) .

* Size estinaterl f rcrn the restriction f ragment ¡rap (Figure 1 1 ),
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2.15 Presence of both orientations of the

non-r e ated re ons

Intramolecular h omologous recornbinati on between

inver'ced repeats can reverse the orientation of the

included unique regÍons so that a population of DNA

mol-ecules may contain orientational- or flip*flop
isomers (A¿ef¡urg and. Berquist, 1972; Guerineau et aI,

1976). The pr:esence of flip-flop isomers can be tested

for by appropriate restriction digests. Any fragment

that ex'tends from a repeat to a unique region will .be

rxrchanged in either orientat-L on of 'uhe unique region.

This is the case when A. Elgl=_i^+"9_gmtDlTA is d.igested by

BalI (¡.ig. 278), r¡¡hich has a single site in each repeat

region and a single sibe in the large unique region

(¡'i-g . 12) " Three bands a::e generated whose sizes sum to
one genome length regardless of f li p-:f 1op rotati on

(na¡:-e 6). However, fragments that originate in one

unique regi on and terminate in ,uhe o'uher unique regi on

will be sensitive to changes in orientation, This hras

tesbed for in A. lcl-ebsi ana by an 4vaf/gglf codigestion

of the mtDNA (¡ig. 13). Four bands were generated r¡rhose

molecula.r sj-zes sun to twice the genorne l-ength.

( na¡te 6 ) . Thus, the AveI/SylLIJ c odigesti on indi ca bes

tha'c both possibJ-e oL:ienbati ons of the A" kl_ebsiana

mt genome are present in the mtDNA population"
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Taigur e 13. Restriction
r¡i s ua1 ize o ri entati ona.l-

digests of A. klebsi ana mtDNA to

Ar¡aI Pvuff digest s: a)

isomers. Both lanes are

cligestion -flor 6 h,

h. El-ectrophoresis was for 20 h

agar ose gel-.

ancl b ) Oi.gest j-on f or 17

at 30 Y through a O"4/"
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îabl-e 6. Restriction digest showing both orientations

of the A. klebsiana nitochondri aI genome.

Fragrnent size (tU) Fragnent stms

Digest 1 2 5 4 1-4 1+4 2+3

BaII 27 .O 20.0 5. B 52.8

Avaf

X

Pvufï

,5.8 
'o.o 

22.5 16.4 104.7 52.2 52.'
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It -flollor,,rs that the center o.l rotation f or each unique

regi on c oinci des v¡i th the ml dpoin'u of that region

(¡ig. 12, arrows). The restriction-site rnap (¡iS. 12)

r,-hus arbitrari ly replr esents one of i ts two poss:l-ble

or i e nt a'ci ons ,

A de ns i'r ornet er s can of 'ohe bands in Ti-g 11 indi cates

t,hat the a¡nou.nt of DÌdA in bands 1 plus 4 is roughly

equal to the amount in bands 2 plus J (¡'iS, 14).

Thus, i't is concluded that the two onir.:ntat:Lonal-

isomers are presen!' in the rotDNA popula'uiolì .Ln

approximabely equimolal' amounts.

..4.:'
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Figure 14" .Densitometric scan of a photograph of

in 'che bands of the

klebsíana mtDlTA shor¡m in
eth i.rlium br orn-icle fl uorescence

élel/fy.gl-I codigestion of A"

\1),9 1?2a"
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3. Cloning of A. k-1_ebsiana ini;DNA

3 ' 1 Qr,.o-419S- itlg -PlB7-??

3: k]*Êfgqg mtDlIA was digested wj bh Bc"l I and

cl-oni-ng o-fl fragments into the BamHI site of eÐ87*?? r,tas

atternpted as ilescri.bet1 in l{aterials and Methods

sect'Lon 4.7. The pl-asinri.<1s .flrotn B arn;o-icillin-resistant,

'retracycline-sensitive colonies were iso.l-¡¿t<;d antl run

rnrestricted on an agarose ge"L (datrl not shor^¡n) "

Preliminary s:Lze est-Lrrtates -LndLc¿rtetl thab the itrserts

r^rere significantl¡r larger than Bcl-16 (2.+Z kb), r,trhich

cont¡rins the unique 4_vgl site of the rntDNA. The unique

AogJ. site in g¡85*7? cou-ld then be used to linearize the

plasmids ancl to deterrnine àIr accurate mol-ecular size.

Tn three sucessf u-l Av?I restrict j-ons (rlata not shor,^m)

the 1. j-ne ari.zed ptasmids were founcl to be 9.2-9 "5 kb in

size. S-incr: pR\52-,2 lnas a size of 4.36 kb, insert size

h/as approximately 4.84-4"94.kb" Th.ls rnatches r,^¡ith lql14-'

whose size r¡ras de be nn-Lned to be 4-.89 kb ( nabte 1 ) .

To cletermine r,rhether in fact _Ðgll4 had been cl-oned,

one of the -r"ec ombinant plasmids (tlesignated pt4AKl ) was

subjecte-.11 lo restr-lc'r,,r'-or1 analysis with enz¡nnes whose

sites had been nappe cl in A" Ìrlebsiana ntDNA. The insert

map r,\ras found to rnatch i;he 3c1IQ rtap per-fectl-y (cornÍJare

Fig. 16 wrth Fig" 12) " Fig 1! shows some exaLrnples ofl

pr!452 restrj.cl,:'.on rlLgests. q€!I'i digests of pl4AK5_ run

on polyacryl.alide gels (c1i'iì;¿¿ not showrt) shornrecl that

there hras an atlciitj-onal Bgl-If site in BclI4 that r^¡as
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Figure 15. Digests of pMAI(ã with various restriction
enzJrmes. A) Digests produced ËÊtI (lane a),

sstr/nigqr_Ll (lane n), uinalrl (lane c), serll/_Ð!_!lll
(lane d), Bslrr/Hilqrr¡ (rane e), Ðgrrr/¡gll (Iane f ),

l€]J.I/Ë¿4g.Il (lane g), and BgIII/BmEL (lane h).

Electrophoresis was for J h at 90 V through a 1.2/"

agarose gel. The size scale is based on a Hind.III EcoRf

digest of larnbda DNA (I-ane i)" B) Digests produced by

HindT II BstEII (tane c) HindIf EcoRV (lane d),

_ElnqUI (lane e), Hindf I SstI (lane f SstI ( tane s) ,

Sst I /Ec oRV (lane h) , EcoR\I (Iane i) , Ec oRV BstEf f
(lane j), and EcoRV 1II (lane k). Electr ophoresi s 'hras

for 19 h at 50 V through a 1"5/" agarose ge]. The size

scale is based on a HindII lgonl diges t of l-ambda DNA

(tane a), and aÄgil digest of pBRj22 DNA (tane b).
C) Digests produced by SauSA (tane a), Sau¡A/gesgj
(lane b), _tIeeIII/¡ggEy (lane d), Ëg9I_LI (lane e),

Ë_?g.f$/Elldlr_I (rane f ), and Hindrlr (rane g).
rllectrophoresis Ìras for 7 h at BO V through a 6.0%

polyacrylamide gel. The size scale is based on a HaeIII

digest of pBRS_2?_ (tane c) r and. on leuã{ fragrnents of

pU$S DNA that originated wholly from the pBR322 part

of the plasmid (lane a).



125

o b cd
A

e f gh ¡

ä
LJ

qbcde f gh ijk

C

ob cde f g

1.37

067

0.43

0,23

Q,12

0.08



12_6

no'6 i ni ti. ally mapped f or t he mtDNA ( se e R es u-lt s

section 2,6), Iig 16 shows the rest::iction-site aap o:fl

pl4AK5. In addi ì, j.on t o sites alre ady -repol"'t,t-'d :f or 3c1I{,

si t es f or AyeII, --P*c*qBI, jl-eSJJJ, J.&gLI, gigqI_IJ, l[g,il,

Ëgg5-..ê, and TaqJ were added by inÛensive mapping o-fl the

i nse 'c t us in g agar oi'l e an d po lyac rylami de ge ls"

T o f urthe r show bha L the insert f r om pMA{5-

originated. :Ílrom A. þ.J.e_b_g-f ?na mtDNA and l'ras .-PeU4'

the plasmi d rras radi oactirrel-y labelle d aniL used as a.

probe agai nst a S outhe:rn blot of Some rn'tDNA res'brj- ci; j- on

digests (¡ig " 17) " îhe hybri dization results r,',¡ere as

predicted- .from bhe Lrl.i;DidA :res'cr.i-ction map (see Irigs" 11

anrl 12) , thus confl,i.r'ning 'uhat bhe insert i. .p!{442 di d

or:iginate f rorn bhe A. klebs,i,ana nt genome.
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Figure 16. Restriction-site map of plasrnid ËUAKZ"

Plasmi d pMAK5 lrras c onstructed by cloning the BclI4

fragrnent of A. klebsi aria mtDltIA into the BamIIf site of

VUM22. Restriction sites mapped for "glgê55 that rvere

not mapped for A. kf ebsiana mtDNA are those for égeJl'

I99EI, .Eag-r-r r, -E!qI-I, -EiqgfJl ' -NÈl , .q-?,r24, and !-e-ql.

The known sites for Avall, T{esLlI, Hpqll, Ngf_i", !glÐ_"4_,

and Tagl, are; not shown for the,pW-22 part of the

plasmid. The gene f or ampi-cil-linase (¿*pR) and the

region of the origin of replication (ori) are shor¡¡tr.
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t¡iqure 17. Blot transfer hybridization of A. klebsiana-.)

rntDNA restriction d igests wi th 32p--lrbutled pMAK5 DNA.

a) nincII_ digest; b ) blot transfer hybridization of a;

e) -ry¿ll/EiJf"gI_I digest; d) blot transfer hvbridizatíon

of c; e) ¡ctI digest; f) blot transfer hybrid"ization

of e; g) scrr/Ëglg digest; h) blot transfer

hybridization of i. Electrophoresis r¡¡as roor 14.5 h at

75 V through O.B% a.garose gel. Autoradiography was for

t h at 22oc.
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3 2 Clonin.g i nt o PU

A. klebsi ana mtDNA was diges i;et1 rvith llcoRI and

cloning of the fragmenbs into the.E-c-qRf site of .p[g9

was at i;ernpbe d :¿s d.escribe d i n Materj- al-s and I'iethocls

se cti on 4..8 " the plasmi ds f rom 35 anpi. ci l-1in resistant,

white colonies wer"e isolated, res'tni.cbed with fjtgBI,

and the insr:rts sized (data not shown). Thirty-f our of

Lhe plasmi. ds contained inserts whose sizes Vlere not

equa-l- to any of 'ohe mtD.l\TA L":BI fragmen-bs and no

,flurther ana)-ysis was done on bhem" One plasrni-d Iatl an

insert whose size (6.5 kb ) inciicabed. tha't, j-'r, cor¿1d be

EcgRL5. fto d.e.tennine vrhether' .Ln "flact gS_gUJ lnad' been

cJ-one d, the recotnbinant plasm-L d- c ontaining the 6 "5 kb

insert (design ated pDAB6 "5) hras subjected bo

restrj-ction analysis with enzymes whose sil,es had been

mapp ed in A. klebs j.ana mtDNA. The insert map lüas f ound

r,'o match the llcoRI5 map perfectl¡r (cornpare Fig. 19 vr:i.th

Fig" 12). Fig 1B shov'¡s some e;tamples o:fl AB6 . 5

restriction dr'-gests. In the EcoRr/"lgtl and 3.coBt-/}JqI

codigestions (¡'lS. 18, lanes f and h) it ca:n be seen

tha'c !-ç-LI ancl C1?*1. h/ere inhibited. This l^Ias probably

due i;o methyJ-at,Lon of bhe inLe rnal adenine j-n thei r

recogniti on sites by the dalrl rnethylase of i;he il os b cef I

(see Discussi on). Pig 19 shows the restr-lcti on-s j-te map

o-f pD4F-..5. In addi'bj on 't o si tes al:ready reported f or

ligg¡I5, si tes f or !l--c-qBI an a "[-i-"1t-4!JI \¡¡ere ¿rdded lov

mapping of the Ínser'u using agarose gels.
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Figure 18. Digests of pDAÞ6:2 and pMAK2 with various

restriction enzJrmes. A) Digests of pDAB6.5 produced by

EcoRr (lane b), ¡coRT-/q"tI (lane c), EcoRÏ BstEI f
(tane d), lcoRt/ttinclf (lane e), EcoRI BclI (lane f),

EcoRI/BglII (1ane g), and EcoRT Cl-af (lane h).

Electrophoresis was for 17 h at 65 V through a O.B5/"

agarose getr. The size scal-e is based on Hind.If I
(lane a) , and lliI4II/¡""U (lane i), digests of lambda

DNA. B) Dig¡ests of pDAB6.ã produced by EcoRI/qç'U

(lane d), EcoRr/SgjI/ëggRV (lane e), _ÐgoRI/pq_qBI

(l-ane f), EcoRT /uinor rr EcoRV (lane s), Ec oRÏ /ninor rr
(tane h), and -EggBI (tane i), and digests of __pJå{Þ_

produced by SstJ (1ane b), SstI/EcoRV (l-ane c),

ËiqgU.I/¿g"RV (lane i), and ,Hi{UlIrI (lane k).

Electrophoresis was for 1 B h at 65 V through a 1%

agarose gel-. The size scale is based. on -ry"i_gg_I_ll

(lane m), and Hindf_II_/EcoRI (lane a and 1) digests of

lambda DNA, and EcoRT digests of pUCg DNA (Z.l kb band

in lanes a and 1).
i

:

L

I
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Figure 19. Restriction-site map of plasmid pDAB6 .5.

Plasm i d. AB6 .5 was c onstructed by cloning the .P-c-oRIþ

fragment of A. kreQpi*q? mtDNA into the EcoEI site

of nuc9. Restriction sites mappecl for pD-AÞ6.5 that i/\rere

not mapped for A. kl-ebsi an a mtDNA are those for EcoRV

and Hi-n-dIII. The gene for ampicillinase (AmpR) and

the region of the origin of replication (ori) are shown"



135

Hinc II
Acc I

Sol I
Smo
Xmo

Pst I 3om HI

Hind III Eco RI

Sst I

Hind lll

Eco RV

3st E Il
Hind III

Sst I

Sot I/Hinc tl

3om Hl
Eco Rl

3gt Il
Hind III

3ctl

3st Efl 3ot I
S st

39l II
Cto I

pUC9

pDA3 6.5

I

7

3

6

t,
trJ

9 Okb

Achlyo



1'56

To f urther show that the ínsert from Ð4Þ6--r-5-

ôr-l g inated from A. klebsi ana mtDNA an d r^ras .$_c" çE_f5 , the

plas.mi d wa,s rad.j- o¿¿ct:Lvely labe]-le d and used as a probe

a.ga j-nst a sou'blrrern blob of some mtDNA restri cti on

digpsts (¡:_S" 20) " The hybridization results '^/er."e 
as

pre di cte d -f rorn the tri'tDl\T.{ r es'c.cj- cti orl rnap (see Fi gs. 1 1

and 12), thus confj-rming the j-nsen'u f rom pDÆ6-'-5 did

originai;e -f rom the A. ,E"LçJp-f9"" *t genome'

Ir i g 21 sh ows the re gì- ons o-ß the A. klebsiana

mt genome :iiL:orn r,,¡lnich the i.nserts in ,ol'laK_5- and pDAÞç-"-5-.

or.i pinate. The inse r't f rom pMAIØ coa'l- tl ilave or-i ginabed

îrom either repeat regi on, i" €. can bc,' ei-ther gt-1.L4a or

-.PglJ4b.ItcanalsobeseeninFig2lthatthecloned
-flrag,le nts, L*i- 4 and- ¡ cq,R-I5, share appro;cimately

3.7 kb of colnfnon sequence. The two recoinbj.natlb plasmi ds

the ref ore s hare s orûe coln,îno n res tri c'u i on -rÎragme nb s,

afi is shown in rig 1BB. .Fi-g 21 also shows that I-c*9815

corltai-ns the region bett'reen th.e last repeated

restri ction sibe rnapped (a -Ð-q!|!l site a.t 77 "7 m ' u" as

represcn,ced in lli.g. 12) and. the nearest non-repeated

si be -ln 'r,he la.rge unique regi on (an EcoRI si'r'e,

def ining one enci. of -9-c qI]5, at, 75 "1 m' u' as represented

in Iig" 12). Thus, pD AB6 .5 c ont aitrs Lh e :re gi- on

(about 1 "3 kk) ) I n whi ch the juncti on betneen the repe at

regioirs anci. ì;he large unique region lies'
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IliEur.e 20. Bl-ot transfer" hybridization of A. klebsiana

mtDNA restriction d igests r¡¡i th 3 2P-1tbult"d

pDAB6 .5 DITA. a) BgIII digest; b ) bl-ot tra.nsfer

hybridization of a; c) *Cþ.I digest; d) btot transfer

hybridization of e; e) 99-9tsI digest; f) bl-ot transfer

hybridization of e; S) giryg digest; h) blot transfer

hybriclization of g. Electrophoresis was f or 1B h at

5D V through a 0.7% agarose gel. Autoradiography was

forBhat22oC.
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Figure 21. Reg ions of the A. klebsiana mt genorne f r om

v¡hich the lcþlya sequences of 3U445 (¡cr4) and pDAB6. 5

EcoRf5) originate" Plasmid pM4K5_ cou.l-d contaÍn the

_8"114 fragment from either repeat region

(i.e. either Bcll{a or BclI4b).
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4 . Eegl¿}t.."- 4-lPu.3{i¿

To avoi cl dupl-i cati on of ge 1 phot ographs in vari ous

parts ofl the text and to avoid excessive paste-up

proce dures, ge I pho'c ogr aphs are gr ouped j n bhi-s s ect i on

(li gs . 22-27) and re-flerred t o in Ure text whe're

appropr:i aì;e "
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Figures 22-27. Iragments of A. klebsiana mtDNA

generated by single and multiple digestions r¡¡ith

restriction enzJ¡nes. Digests were electrophoresed

through agarose ge-l-s and the gels s'bained wj th- ethidiun

bromide before being photogr:aphed under ultravÍolet

light (see Materi als ancl l'[ethods secti on 3) .

l¡lhite circles indicate DNA in greater lhan molar

amounts (see Results section 2.2). The size scales are

given in kilobase pairs and are based on Hi4qF-.I andf or

I{indIïï/EcoRI anö,f or EcoRï digests of lambda DNA and.f or

unrestricted lambda DNA.



1+J

FiguL:e 22. A) Digests Produced bY BstXI AvaI ( I an a

æ!,gl.IÆÊ-!J (lane b), -l.g!EII (tane c), Ð41"ÐIJ/,9Ê!I

(:-ane d), ssll (lane e) o

Cr^+TÐÙ UI PstI (tane f), and

Sst I AvaI (tane g) . Electn ophores.i s '1,¡¿¿s :1lor 4 h a t 90 V

through a O"gú agarose ge:l " ÎÌre BstIJI- digest (lane c)

sho,i;,¡s soino l-ni'.ge part:1al- t1i-gestion products. The size

scale was based on HinrlIf f and HindI fI EcoRf diges'r,s o-fl

l-anbria DirTA (t-ane h) " R) D,Lgests produced by SstI/BamllI

(1ane 'b), 
_qÊ_tJ (lane c), ana Bs.!E!-{ (lane d).

Electr ophoresi s nas ,flor J h, rtt 90 \r through a O "B'fr

agarose gel. The size scale tras basecl on ¿ì Hj ni.LlT.

rligesL of ,l-a¡nbda DITA (tane a). C) Digests produced by

_EgL"l (l-ane l), ¡s!EI*I (lane c), and BstEII Avaf

(tane d). El ectrophor"e;sls lras í1:"r' I Ìi a'u 80 V th.r'o'ugh a

O "B'ø agar ose ge1" The size sca-'l-e was basetL ort iI j- nr1II I

(:l:rne Fjr) anc-l ]lcoRÏ (tane e) cligests of tambda DNA"
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Fi.gur e 23" A,) Digests produced by Sstl (tane b),

sstl/PvuII (lane c), Bstnrr (lane d), BstEI I PvufI

(lane e), 91gl/_Þglll (tane f ), anci ClaI (rane g) .

Ilectropho.re¡:is l,üas l1ot" 4 h at 1OO V through a O.B/'

â..'arose cel. The size scafe was based oll a llindIII'.;-

digest of lambda DNA (tane a) . B) Digests proclucecl by

Claf (tane b), ClaI ¡,all (lane c), cr4ll¡y"gU (lane d),

and ÇJaI/!!tI (lane e)' nl-er:'cr"o-¡rhone'sls was for 5 h at

BO V through a 0.6% agàr ose gc;l-. The si-ztl sr:al-e ,v¡ls

basecl on HindIIf and HindIII Ec oRI d.igests o-f l-a,'nbda

DNA (tane a). C) Digests producecl by BgIII (lane b),

.Þsllr_iÐ-qjgrl (lane c) , Ðg!¡rr (tane d) , P9!IiÐ9!-III
(tane e), BcU (tane f ) , sstr (tane 8), sstr/c-lar

(Iane h), and Clal (lane i). Etectrophoresís was for

5.5 h at 75 V through a 0.8f" ag¿:'rose gel-' The size

sc¿rl-e r¡¡¿¿s based on a llind.f f l digest of lambda DNA

(lane a) "





1+1

T'igure 24. 
^) 

Digests produced- by IlincI ï BamHf (lane a),

r1incrr (lane rr), 9-gllI/H:pqrI (lane c), -ÐglrI (lane d),

*7tunt (tane e ) , -!g.l,l \/ ¡u-gL (l ane r) , anri

Þg!*Jl-/ry$] (tane g)" Electrophoresis was for 5'5 h' at

90 f thro'ugh. a O.B/, agarose gel. The size scale was

based on llindllf anci HindIII/EcoRI rlLgests ofl Iarnbcla

D\TA (t-ane h) . B) Digests procLucecl by BgllI-/Ct"t

(1ane a) , gglliiÐgq¡I (lane b), _B-€l-rJ (lane c),

j€Ll__lÆifg-.U ( lane d ), Ðgl$/.rlitc-1{/!lt¿ll ( lane e),

HincIf (ìane fl) , and HincttfC:-at (lane g).

.ììlectrophoresis was .flor 5 h al 95 l/ through a 0"7'/"

agarose gel. The size scale ì¡¡as basecl on [linriTIf

(lane h) and Hj-nclffl .0coRf (1ane i) digests of

lambda DNA"
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Figure 25" A) Digests produced by ClaI- (lane a),

CIaT HincII (lanc-. b), and rtincll (:-ane c)"

Electrophoresí.s l¡Ias f ot' 6 ìr ¿l'u BO V through a" O"Ei:4

¿ìgâ.r'ose gel, The size scale was based on llindf ll zlnil

il.lndrrI/ lilcoRl digests o.fl lambda DNA (lane d).

R) Digest s produced by .EcqBI (l:rne b) , llcotìï HincfT

(1ane c), _LI_lngI-I (lane d), Eilg-^r.I/l_g!I (lane e), and

E_iryIJ/_IJJlJ (t.ane ri) ' ï!1.r;r;tro1:horesis was fon 6 h a1'

BO V through a O"B,l" agarose ge,r . îÌre s.lze sc¿r]-t' tilas

based on ar II1nUII digest o-fl -Lanbda DITA (1ane a) "

C) Disests produce<i ¡y Ei_ngl.l /Ay.g! (1ane b), .fliggu
(1-a.ne c), ilpql. (lane cl), "llps1/PsU_ (tane e), ancl

_EpsI/,ByqIJ (lane rî)" Eler:trop'rior:es:.Ls was llor 4.5 h at

75 V thro'ugh a 0"65,{" agarose go-L' Ihe iTpal/-ly.glL diges'b

shoü/r¡ sorne large pai:b-lal digestion products. The size

scal.c-. r,¡¿zs baserl on a IlinÈ.LT-:l digest o:Î larnbda DNA

(lane a) . D) Diges'r;s pi:or1ucet1 by Bclf (l-a.ne a),

Bclt/HincII (1ane b), IIj-nr:If (1ane c), HincI f/sstr
(lane d ), and Sslf (l-ane e). nlectrophorr-'si{l hras for

4 h at EO 1I'chrough a O.B4 àgar:ose gel. The Þq1T and

Bo1:l/"Eig-c--lI digests shov¡ some 1:r.rge parti al d,'Lges t ion

proclucts. A, 5"7 kb fragment is nearl-y i-nt1.ÎsbinguLsit¿rb.l-e

.ílrorn the 3.6 k.h doub.]e band -in Lhr: Bcl.I./"gfgg_I"T- digest"

The 2"15 ir.lt liragment j.n the l]irrc_IJi.Þj_ll rligest is a

triplet consisting of a cloubl-e bancl and a sitn,il-¡¿¡:--sizr:rL

rion*"honol-ogous jlragrnent " The size scal-e \,1¡as baseti. on à

ttil4_!f_1. digest oii l-arnirda DIIA (tane f ) "
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Fj.sure 26" A) Digests proclucr:d b¡r -Ig-q[Ï/q4l (lane b),

Ec oRÏ BamHï (lane c), ÐgeEI (l,ane ¿), EqoBI/_ryEI

(lane e), Ilpal (lane f ), anri lg?I/Ë-gqq1 (rane g) .

Tlr>c:ti:ophoresis'hras for 14.25 h à.t 75 V through a O.B/,

;-ìgarose gel. The size scale was based on a II:LndI.-I.-t

cligest of lambda DlilA (I-a,rr-' ¿ì) " R) D:i¡3osi;s pr:ocluced by

Hp?I- (1ane b) , ancl lIlaI/.1-AlI (tane c) " E-l-ectrophoresis

was for 1211 at 35 V through a 0"7% agarose gel.

The s.i ze scal-e u¡as based on a ITgd.lI"I digest o:fl l-¿unllrl¿¿

DNA (lane a) . C) Dige-'sts;ot"or1ucerl by ì-lincII (t-ane a),

BclI/HincII (lane b), Ðc_ll (lane c), Bclr/Bgr$

(lane ,1), and _BglTI ( t-rr.nc; e). iJl,er:'r,rophoresis was for

14.5 h at 35 V through a O,B'fr agarose gel. The si-ze

scale ,¡¡as basecl on a-$-LqgJJ] d.Lgest ofl -l-anbd.a DNA

(la.ne rfl). D) Digesi;s proclucerl- by tsr:lf (l-ane b),

Bclr/pvu-r-! (fane c), ,g_gr_r_/N-"T (ta;re o), .PgrI/þLI
(1ane e), anrl BclI BamHf (lane f) . E-l-r:ct:i:ophor.'esís r,uas

:for 14.5 h at 40 t¡ through a O"B,/" agarose gel. lhe size

scal-e v,¡as based on a lJinclf f I digest of -.1-arnbria DI\TA

( lane ã) "
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Figure 2-7. A) Digests producecl ¡y ggf.$ (tane a) ,

BslIt/l,a1t (lane b)' Il"11leLl (l-ane c), ancl FIincIf/ Ð^'l T
DÓ.J. L

(tane d). Electrophoresís was for +"5 h at 85 Y through

a 0"8,4 agarose ge1-' The size scale lí¡as basecl on |lindllr

ancÌ Ili n ci.I .[.], lleoRl d.igests of l-ambda DITA (tane c').

B) Digest prorl_uced lly _9"1I, Dl-er:'r;l'ophoreS.Ls r¡¡as flor 5 h

at, 60 V through a O"E/" agarose 8e1" The SLze llc¡Ìl-r) !ô/aif

based on unreflt.r:.icbr-;ri larnbria DNA ancl a HiqqfJl t1i.gr-'si;

oil .l-¿r'nbtl-:,,t DÀTA" C) Digests procluced by Hinc f f SstII

(lane a), and Hinc-Tf (1¿zne b). i'll-oc'L;r'op'rroresis'was -for

5 h at gO V thror-rg¡ a O.84 ¿ì¿l¿ìr'osjc ijol, Thr-' ,siz,e scale

'¡¿¿s 
basecl on a LiindlTI tliges b orî lambda DNA (l-ane c).

D) Digests procluced by BstEII (1ane b), BstEI I .c-leI

(lane c), Cl-ar (lane d), -g--€fJl (fane e) , Ðgl r r/sstr
(1a:ne:f), and SstI (tane g). El-ectrophoresisi r¡IÉìs for

14.h at 40 V thro4h a O"Bi agar"o,se ge1-. lhe sizc¿ scale

r¡as based on a IIindrrr digest o'fl -'l'arnbcl¡r DirTA (lane n) '
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D TSCUS S]- O N

The main ob j ec b ive of the rese ai: ch ef f ort reported

here was to clerive a physical map for the mtDNA of the

oornycete êg!ryg E!9þç5."g. [he mtDNA r¡ras 'found to be a

50.4. kb circular nolecu.le o-fl r^¡h:'-ch betwe en 19% and 25/"

is repeated in neverse ord.e::. The repeated regions are

separated by regions of single copy sequence' fhj-s b¡rpe

of genome organi zation results in tr¡¡o isone:nic f orins of

the nol-er:uü e: head to ta-11 and he¿:.t1 to he¿rr1 orientation

of the single copy :regions with respect to each other '

Roth f orms rìrere f ound in about equal abunrlance in

A" klebsi ane e consistent with sj.rnilar :flinclings .0or

A. ambisexualis and A . heterosexualis (ttudspeth et ef-,

1983; Íìhutiarci et â1, 19E6) "

Among :1u:rgi in general, the Achly-? mt genorne is

intermedi ate in size, .fla1-1-ing betwelen thr¡ srnal--l es t

knor,¡n genome size, the 17 kb ntDNA of a strain of

Schizosacchar ces pqqb,q (Zimmer et a!, 1984), and one

ofl the l-argest knor,trn ones, the 115 kb mtDNA of

-Ç!c4lio-Qqr-r¿q 
¡Stç-f-qs-t-tgp4U"- ( Garber: and. Yod'er, 1 984) "

,A,,nong the Mastigomycotina (zoosporic f ungi ) only 'two

other rntDl¡TAs have been physically ma;oped' Al1oryy-q-e-q

p.?g-tg.åUl3Ê ( Ctrytri di omycetes, Rlastoclad.i a1es) contains

a 56"1 lc¡ mtDlIA (Borkhardt and De1j-us, 1985), ancl

14v!epn!"þer? .i.nfestans ( Oom¡rcetes, Peronosponales)

contains à 36.2 kb mtDNA (Klimczak and Pre-l-.l- , 1954) .
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Among organel le DIlAs, large inverted repeats are

tSrpical of the chloL:oplasb DITAs o.fl plants and green

algae, but relatively rare in mtDNAs (Palmer, 1985)"

Resides -Aq_þl¡1, large inverted repeats har¡e lleen -flound

-i.n the rnt genomes of the Yeast Kloeckera africana

(ctart-tiitalker et aL, 1981), the yeast 9"4+!:99

( i,'¡il- ls et àf- , 1 985) , t he pr of ozoan T etrahwlena

'o.r¡rifornis (Gol rlbach e-b àL, 1979) , the protozoan

I sos ora g_ggglri (Borst et al-, 1984), anrl-l;he pJ-ant

Zpp yayq (lonsdale et à)-, 1984) " In 'uhe chlo::o;tllast

D\TAs, both large and small rRNA genes al:e cotnpl-etel¡r

encoded vrithin 1;he r-opeats, ancl in bhe ntDNAs of Achly*gr

Kl- oeckera o and T-u-!q.*.þ-ruSlg, rRNA genes are al-so

associated v¡ith the repeats. In Achþ-? the repeat's

e ncotLe both srnall and large rRNA genes (Itudspeth et â1,

1gB5; Boyd et aL, 1gB4; Shumard et â1, 1 986)'

In Ä. ?-!rlrjq4e the inr¡erte,1 du,ol-jcations are 4"5 kb in

si ze, are not separated by single copy seqllences r ancl

contain the large rRNA gene sequences only

(Clark-l\ralker et af-, 1981 ) . Iloneovel:, cluplication of

the l-arge rRNA gene j-s incompl-ete such tha't the

mt genome of K. ?f"Lrggne contains only one flul I l-ength

copy of the ribosonal gene set. In the linear mtDNA of

T. pU1if-o*Im-is the invertetl repeats are terrni-nally

located ancl contain complete 1ar:ge rRNA genes onl.y

(eora¡ach et àL, 1979).

al-bicans
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The advantage of having multiple copies of the genes

r:ncorling the RNA components of the protein-synthesizing

machi.nery * rRlTAs, 5S Rì\iA, tRl\TAs - is well established

and gene rlosage is especi.alJ-y impor"cant during rapiri

growth (Long and Dawid, 1 980) . Thus, inc}usion o,fl rRl'{A

genes in the inverted repeat s of organt;l-J-e DIIAs may

represent an atlaptat j-on Í1o i: ra.p:Ld. gr: owth" HoÌrevs¡, i t

has ye'u to br: established that both copies of the rRNA

geneii in the organelle are functional"

0ne property tha'u invertecl repea'ts a:re <':xpected to

confer is that of reversal of polarity of the single

copy regions -l-ocated be bween t'he repeats (Adet¡urg and

Rerquist, 1972; Guerj.neau et àI, 1976; Koloclner ancl

Tewari, 1979) . This orientationaJ- or .filÍ p- fll-op

isomerization is -bel-ievetl to occur'uhrough

intramolee tùar rec ornbination betr¡reen al-igned r:epeat

regions. The poLar:j by oli the unique regions between the

j-nr¡erterl repeats can'oe observed. when restrictj-on

anal-ysis shows asyrnrnetric clearrage r,uj-th respect to the

inr¡en bec-[ .r'epeats (Gorrion et àI, 1981 ; Pa]-mer , 1gB5) "

The presence of both orientations of unique regions in

equj-rnolar proportions \^/as conf irmed f or A. 4l gþ:1'].?Lne by

appropriate restriction anal;rsis" The same situation

occur:s in é: ?tÞiqeë-]4gl¿s (nudspeth et aL, 19ü)"

The presence of fl-ip-flop isome:rs j.n ¿¡.bout equirnolar

prî o,oor bi ons in the population of "A.gþ1J.9 mtD\TA moleeules

indicates that hoinol-ogous recombination i s taking place
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on a time scal-e comparable to that o-f the cel-1 cycle.

The :llac.'u that t'he ax1s about r¡rhich -flIip-flop occurs is

irlentical to the rnidpoint between any two homologous

restriction sites r¡ri-thj.n the repeats (F:-g . 12, a:ìîrows) 
'

also argues for'uhe occunllence ofl Ìloinologous

r-^combination. Other mechanisms for generatitt'g

iîlr_p-fl_op iso.me.rs ryoulcl exactl-y reverse an entire

unique .r'egion only 'b¡r r:oincidence, whereas identity of

mi_dpoints is expected i-r homologous recornbinatj-on j.s

occunr:ing (Huds,oeth et aIrl)B:5) " In addition, our

ma.n nr'n¡¿ stud j_es a,s well as s Ludles ¡¡ith other Achly-a-_o .

. t-,specles lluospeth et a|, 1gB3; Shurnarcl et z)I, 1986),

and stutlies with chloroplast DNAs (Bed.broot and

Kolodner , 1g79), slior¡r thab -Î n al,.l genofres ¡uith inverted'

re;oeats, the r:epeat ¿.ìr:rns are always identical. This is

believed to be d.ue to copy-choice correction be'i,weert

the two segrents leading to hornogen-LzaLion (1çolodner

antl Tewari , 197g; Palmer, 1955) " fndeed, intt"amolecalar

homologous recombination rnay be a univeirsal- -[eat ure O'í]

DNA rnol_ecules containing inverted repeats. sevr:ra]-

other cit"crll-ar DNA molecr-Lles containing 1.al:ge inverted

repeats have also been anal-ysecl -flor the presence of

.fllip-flop isomers. These include the chlor:oplast

genomes of corûmon bean (Palrner , 1gB5) , soybean (Pal-,ner'

et aL, igB4), the ,f e::n Ogg1$L? (unpublished results of

?al.rnr:.¡ cj ted in Paliner, 19Bi), and the cyanelle DNA of

!ygn-o-ph.gl¡-Ì pglgÈo-{? ( Bohnerl, alid lo flf e1-hartl b, 1982) "
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In each case i t r¡¡as found that the population o.ii DNA

molecules contains approxirnate-l-y equi.rnolar a;nourtts o.fl

the trn¡o f lip-flop i somers, Siin j.l- ar1-y, t he 2 'wt plasmid

of Ðec-qlfqf q[ySgÊ qglq-Yi-9:a9, whÍch contains an invertecl

repeat of 599 bp, exists as 'r,wo f -l- 
j.g- f 1-op j- soLne,r"s

(Guerineau et aL, 1976). In acldi-'bion, llrt,' l-,Lnear"

genomes ofl seveì:al Herpes siinpl-r:x i¡ir:uses contain two

sets ofl invr:rbed re,oeats, àfrd aJ-l four possible

"i11 .Lp- f ì-op lsorners are present in equimolar proportions

(Roj zman, 1979) " fn the c¿ìse ofl the S. cerevisiae 2 wn

plasinirlu it has br:en .iiounrl that r-^combination betv¡een

the repeat regíons is mediatecl by a speci- a7J zed-

site-specific recombination pr:otein encorlerl Ìt;r ¿ì gene

(-pf,p) carried. on the plasrni.d j- bselfl (Broach, 1982) "

The ilLrnc'uional inportance o.fl -[1ip*flop isomerization,

i. ï any, has not yet be en determined . one s ugSested L: r¡,'l-e

of the sr.,ritching system in the S. cerevisiae 2 wn

plasntid j s bìrat Lnteirconversion ,rtay act as a genetic

switch atlowing alternaLe 't,ran,scripb j-on o f illanking

genes (Broach, 1982) . It i s possible th'at i n

mitochondria, fl1-ip-flop Í.sorneri-zatj-on is j ust a

,ohysjca-l- consequence of the.oresence of inverted

re peats j n the rntDIVA and has no f unctional signif i'-cance.
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The physical inaps of the mt genomes of four

heterothallic -A_chlya straj-ns have been analysed and

compared (Shumard et àL, 1 986) . The strains inclucle-

A. ambisexualis E-87, A. arnbisexualis 734,

A. heter osexual:l s 1-4, and. A "
heterosexualis 8-6

(hereafter referred to as E-¿17, 754-, 1"'4, an'J 8-6).

A mini-ma]- coIûposite roap -r'¡as del'ir¡ecf ilor those strains

by rebai-ning onl-y the 41 restriction sites he'l-d in

cornmorÌ by a.11 f our strains and b¡r sef ecting the minirlum

str¿rin rlistance bc'tween any tlrro cornrnon si bes

(:rs determ.inc-.d.'0y systematic side-by-side comparisons

o f DI\TA fL:agment J-engths generated by comrnon restriction

sites) " Analysis of the DNA fragrnenL J-ength di.flfler"ences

revealed flour re.gions of bire rnl, genorne ssubjec'c fo

irisertion even'bs as compared to the minimal composite

map" O-f these :iiour' .regions, ti¡¡o occur in the large

unique regLon, one i.n the sril¿,:.-l-1 uniclue region, and one

::egion is in the repeats (¡'iS. 28, sites joined by

ar'.roi,,rhr¡erd-s)" Cr:'rrpr:.r:ison olÎ the A. kf e!gt-?q? physical

nrap to those of bhe heteroth¡aLlic strains (f'tg" ?-Pr)

indicates that inse:rt ion/de1e tion r:venbs ap,oear to have

or:curred. jn ihe same regions of the A. klebsi ana mtDlTA

as in the other Achþq strains. This wo¿ld acco'¿ni, i-n

part, -flor some of the common si-bes betr'ueen 'che sbrai-ns

being ourt of regi_ster. s_Lrle-by-side length cornparisons

o iî conrnon DI,TA llragrnents would 'oe req'uired to determine

rno ìie prec-'Lse location and actual s j-ze of any insert i-onf
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liligure 28. Alignm ent of the A. klebsiana and

A. e¡nbl'-se:cual-is F-87 restrir: tion maps " ì{aps are

l-i-ne¡¡.r'.i-zeri at one irepeatfLarge r.rnique region junction.

So-l-id areas I indicâ-Lt-'r0i.nirûI'ln exl;en-i; o-f invertecl

repeat regi-ons. Si- tes cotlillorl 'üo both A' 5.f-{9-s-til,:i¿¿ and

-D-E7 aL:e joined b¡r r¡ertj.cal on rì.ea¡: vertical lines.

.lSoxed s j- i;els o,l the E-87 map inrlÍcate si tes comrnon to

w 87 , 4 . ?qll lË9:T Wå1"9 73 4 , 4: 'rLet-op o"sexuali s '1 *4. , a'nd

A. heterosexualis 8-6. Sites unique to one oil,

or" p¡nirlon 'ùr> 'cr.¡o o r" i;lni:ee o f n*87, 7's4, 8*6, ancl 1'4,

à(e i. nrl.lca'cecl above the ll-8'7 rnap. Sj. Ì;es on the f 87 map

j o.ined .by arrowheads indicate regi-ons o,fl :lnse rtiotf

de,l-et ion events. Regi ons 't hat hyb r: i.d.izecl to spec i. fl-i r:

gene probes are incl"j-c¿lì;e11 on.both inaps: f, fl-, IIÏ, are

cytochr"orre c oxiclase subunits T.e II, and TfI; 6 and 9

are ATPase; s ubunits ,6 and 9; cyt b i s apocytochrome 'o;

"ygrl_ is L:nito-r j-l:osorna-.1- protein _:[3I1; S and Tt àre srna-]-l-

and 1-arge rRÌdAs; 5? and 5? indicate thr-' r(rsp(:)c'r,ivo

u'errnini of the rRlilA genes. Clonecl -ílragrlents o.fl

A" klebsiana mtDNA are -Lnrlicateci by pl{AK5 ( Ucff4) antl

AR6 . 5 (¡coRI5). tìestricti-on sites: B, Bel:IJ; C, QL?l;

F], ; H, !lp-?I; 1{, *r!p3J; r, H?lI; l,t, Ð+qtJ{; P, T:.:!"I;

lìo ÐcoRI-; S, QglI; T, Sgllf; V, Pvuf l-; X, ,[bg.I.

Restrict:l-on and gene inapping for E-8'7, 714, 8*6, and"

1*4., f rorn lluclspeth e i; a1-, 198'5, cLnC Shunla¡:iL e b r¡"f-, 1 986 "

-.?sï-nLI
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deletion event between the A. kl-ebsi ana and the

heterothal-1ic strainsf genomes. In one case, hoi,,¡r;i¡s¡,

.bhat o-ílthe insertion jn the rrepeab region of 754, 1-4,

and 8--6 r'el-¡¿'uirre to Þ-87, compaÍ"ison of the E-87 and

A. klebs i.ana maps reveal-s the pr esence o:fl a r r: l-at j-ire T-y

large :Lnsertion in the é" lSlç_þp.-i9"" mt.l)NA' Tltj-s regi on

is deiiine;t1 by the coLninon -Eggi¿I_ síte and the colnlnon

"ÐgI_I site (pLroxirnal. i;o the 1ar¡ge uni.clue region) j.n the

repeats of the trnro genomes (betvre en 29 "O-3?-.5 rn. u' and

79.6-85.2 m . u. in the A. klebsiana map shown in

Fig. 12)" This region is internal'uo -fr:::.gment SsIIJ o.1

X-87 and fragrnent SstI4 of A. lrlebsi a;na and. a detai-Le11

size cornp¿ìr.Lson of this l'egion is shown in Fig 29"

The BarnHI B II distance is 1"09 kb in E*B'l hut 1.¿l l{'il

in A. k-l-ebsiana. Thus the data r¡¡or-il-d indicate a 0"71 kb

inserLion jLn bhis reg ion of the A. klebsiana mtDliA

relative to E-,37" This woul-cl be in the r"Pìnge of

insertion sizes (O "eZ-O.gA kb) detec'uerl .Ln 1;he

analogous regions of the 734, 1-4 and 8.-6 mtDÀTAs.

Tloweve:r, a O.7I ìtb 'insr:rl;i on r.n¡ou-l.d acr:ount -for 'coo much

of the DNA fragnent J-ength variabion in thj.s region

sj.nce the absol-ute riifference betl¡een -Qs ÞIl o-fl F-E7 antl

Ss'uI4 o:fl A. klebsiana is only 0.40 kb" I'b can be seen

from Fig 29 l,ha'r 'che ¿¿rltlj.tional O"31 kb is d.

dif flerence in the _Þgl._ILÞplI distance be'i;r,'¡oe

maps (l "zl kb in 'E-BJ, but only 0.9 kb in A.

'ue to a

n the two

kl-ebsi ana) "

As n.o insertion/,1eJ-etion events r¡¡err: d.e'cected in thj-s
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Figure 29. Length comp a:ri son roe'cr¡¡een A " annbiserual--i- s

E-.87 rni;DifA rîr'aginent ÞS_1_I5 ancl 4" lS,.t_g!giele mtDNA

fragment SstI.4. Distance s (t¡) be i;t^¡een .r"eíJ'r;r"-Lc'r, i.ort

sj i;r¡s åìre show'n" Rest:r.i"c'f;i.on si-tes: B, -ÐCl_If; M, -.ÐgåtIIi

S, !Ë-!_f" Restric'uion data f or E-87 fragment SstL5 fron

Huds pe'ch e b ú-, 1985 .
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region in any of the hetei:othal-lic strains, it is

l.i lcr:1 ¡r bh¿¡.'b th j- s 0 .51 kb cl.Lf ference is due to mapping

inacc ur¿¿ci es betlveen E-B J and A " klebsl'- ana. In aclcli b j.on,

'chere a:re ti,¡o other RgIII sites in this reg.Lon of the

A " k-l-ebsi an amt genome, either of ruhich coul-d be the

c oûrmon site sha:led r^¡i th ]È87 . TJoluetvell one v¡ou1d then

have to postulate an insertionfð"el-etion event be'ül,ueen

bh.Ls common Pglf f site and the common Ss-!I sj.i;e

(p:roxiJta:l- to'rh-e 1-ange unique region) and as noted

above, none has been shown to occur in ¿r:1$ of the

heter of hal-l-i c strains. Thus bhe most f- ikel¡r

interpl:etati oir j. s that an insert L on of apror oximately

O . 4-0 .7 lrb ?rr,rs o ccur re d in the r epeat regi on of the

A. klebs¡Lana rnt genome (Zg"O-3?-"5 m" u. and J9.6--83"2

m" u. , Fig. 12) rel-ative to the analogous L:egion in the

mt genome o.il lI-87, siin:ll-ar" t o the .i.r¡.se rtions in ntDNAs

of thr; hete.r"othal-1ic strains 734, 1-4-, and 8-6.

The col-Lnearity o-fl th" 4"LL¡l? mtDNAs (nie. 28)

altor^¡s the stutly o,f rlir¡ergerìcrJ ¿ììrorlg their genomes by

us1ng equations 'chat relate the mulber of shared

res'r,riction siLes to sequence divergence (Rror,rn et aI,

1979; Nei and.Ì,i, 1979). Only rr:sbnjct,Lon enz¡nnes v¡hose

sites Ï¡ere nappecl in al-l- f-i r¡e Achlya strains are used

in the anal-¡rs i s . All r e sl, r1 ct i-on enzyrnes , except .8.9!IIJ,

recognize specífic hexanucl-eotide sequences ancl thus

the analysis is 1i-m.11;etl to the gai-n rl.r: loss o,íl sj.bes

T¡rh o se r e c ogn i t i on ri e q Lle nce s r c; 11ui.r r-' s i >ç n ucl e of j- rle s "
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The BstE-lf si.bes r,rere retained in'r;he arlalJrses because

the addj-tional one nucleotide in its heptanucleotide

recogni'tion seque nce ( 5'-çGTIVA CC*'3t ; N can be any one

of G, A, T, oli C ) is comp.l-etely d.c;çne rate. Anal-ysis of

the f our heterothallj c stra.insr r,rhether ltased on

pairwise comparisons orî cornpar j.son of tota-L sj te

vari ati ons involving al-1 rl oui: strai ns, cl.e arIy

:Lnd-lcated the relative conservation of blte repeat

seq_uences ( Shilnarcl et â1, 1956) " The resu-l-ts indicated

an overall sequence diver:gence of 6*7/"" A detaiJ-ed

analysis o:fl regions wi'bhin the genome, hol,rever,

reve aled -bha'r; dir¡ergence within the repeat was about

one-th.L::ri o-ii that :in singls rlop.f sequence and. fui:-bher

that divergence within rRNA genes vras one-fi-flth of thab

in non-.ri"bosomal r epeat sequences. This indi cate s 'r,hat

r:epeat sequence conservå-rt-ion inay be due to the encodÍng

of rR'ÌVA genes" To see l'¡he'uher thi-s pattern r,'¡¿ls ::etained

in a mor:e d-istant relatj. onship, similar calculat j-ons

r.^rere per'Iorrnr:11 :Ln a conparison between A. k]gþS_i_.?n-?,

a homothallic species, and E-87, whi r:h is heterothall.ic.

The alignment shor¡rn i-n F ig 2í3 r,\ras used" -flot' 'r,he

c¿¿lcula.tions (si bes shared by A. klebsiana and I)-87 are

jor'-ned by vertical or near vertical l-ines)" Since bhe

two r epeat arrns are ,'Lclent j- ca-l- itost of the di-vc;r'gence

values are derived f rom the b o'ual genorle less one

inverted repeat arm (fante 7), As seen in Table 7,

'uhe 4." klebsj-a;na and" E-87 n-bD.lIAs di-flfer by an average
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of 12.5% in over¡¿11 nuc-l"eo"bide sequence divergence,

l¡lhen only one arm of the inverted repeat is includerl

the d..Lvergence increases to 15.6/". Comparison of

genornic lregions,ret¡eals'uhat the inverLecl repeatsi Plne

more c onservative thatl single c o'r)Jr sequences " Iìepeat

regions have diverged by 1O"Ol, r.,rhj-"1-e single co;9y

sequences have dorle so b¡r 16 3,1", a 1 '6 f old cli f flerence

(Table 7) " T¡urthe r r 'ühere ís a 2.5 flo-L d dif ference

bc¡ trn¡een repeat rDl\TA (l . +% d ivergence ) and" repe at

nori*r"DidA (ltl .'5'1 d i vergence ) sequences ( ta¡te 7) '

Tþus the data appealto Su.pport the conclusion tha'c the

repeat seeL:t--ârce c onservation in 4g4,1-y-? is d-ue 'uo thc:

encocling of rRNA Senes and that this phenoinerton applies

over f airl-y 1-arge evolubj-oirary t1.Ls i;¡¡.nces" Exclusion o-f

the rD.ìrTA frorn i;he c¿¡.-1 cr-llations signj-,fl.Lcant,ì-y increases

blie SeqLtenCe clivergence values betr,,reen bhe rernai.nj'ng

85?¿ (ln sequence complexity) o-f b'he Élenorne. Uj thout

rRIIA genes, overal-1 di vergence ri¡:es flrorn 1i "51/" to

16.64". TTor,reverr the paucity o,fl restric'tion sj-bes ,Ln the

repeat non-rDlTA region 1j-nits thr: sir:eng'Lh orÎ bhe

r: oncl asi on conce r ni-ng t ìre inr¡o.l-veme nt o:Î L:RNA ge nes in

t'epeatcollserr¡ation.Neverthefessrbasesubs'citutions

i n Ac4J_ya are non-random, the inver ted. repea. t er¡olvi ng

mor e s:L owly than 't he s ingle c opy .DJ\TA " Sirn-i l-ar

conclusj-ons Ïrere L:c;acìled in a s'rucly o-f legøne

ch,'l-or opl-ast genomes (Pal-ner et al, 19ü) .
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labÌe 7. Analysis of sequence divergence betr.¡een A. klebsiana and

A. a¡nbisexuaLis Þ87.

Gen cm i c r egi on corn par ecl Restriction

sites

c crn pare d

Restriction

si tes

shared

Percent

sequence

divergence

lotaì. gen crne

lotal genane less one repeat

72

52

14

27

12.5

11.6

Total repeat - one copy

repeat rDl.IA - one copy

repeat non-rÐNÂ - one copy

20

1r',

6

11

9

2

10.0

1.4

18.1

Total single copy

mal 1 single copy

large single copy

2a

B

24

12

2

10

16.3

21.1

1 4.6

Non-rDNA less one repeat

Non-IDNA total- gencme

70

44

14 16 .6

16 16 .9

Restrietion sites shared/restriction sites cønpared = g;

ùunber of nucLeoticles recognized = ¡;
percent sequence divergence = -lOO(ln S)/N (ï. Brown et al-, 197g1

Nei ancl Lí,'1979).
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The col-j nearity o-fl -i;he A. kle bsi. an a and E-87

nb g()noi[es means 'r,haL ihe prelininary gene map

establ-Lshed f or E.-87 (Shumard et aI, 1986) , including

the genes :for ATPase 6, ,ATP¿lsr-. 9, cyt b, COI, COII,

C0f If , vaT:1 , and 'r,he small- ancl ,l-arge trRlf As, is probnb-ly

true for A" l<]-ebsiana as well (¡le " 28). Construction

of de'caj.-.1-ed,ohysical maps thus simplifies genetic

mapping in closely i:el-atr-.d species and rnaJces possible

fruitf ul evoluti onàry compârlsons"

Two restrlc.bioLr fl:r'agments froln the A. klebsiana

mt genome (_gg-1¿+ and -nc;rRJ5) r¡rer:e cl-oired. inì,o plasnid

vectors. Plasmi d !M455- c ontains fra.gment BclL4 which

lnappecl Lotal.l-y w-Lthin the repeat regions (see Iigs. 21

¿¡nrL 2,3). Dxtensir¡e restriction rnapping o:fl gl4AK.þ- shor¡¡ecl

n o dif ferences betr.¡ee n the clone c1 ii.rargine nt ¿ur11 iire

A. klebsiana map in this r"eg,Lon" As can been seen Ín

Fig 2a, _pll445 contains mos'r o:fl the sequence that

hybrið,ized to the l-arge rRNA gene probe in

A . amb j. s ex ua--l- j s F-B 7 " Plasmi d ÐAÞQ.| contains f ragment

EcoRf5 (see Iigs. 21 and 28). Restriction mapping of

PDAR6 R shor¡¡ed no di f flerences be'cr¡¡een the cloned

fragment and the A. k-lebsiana map in this region,

exce,ot in cligestions inr¡ofving BcJ-I and Claf. In the

an d ltrc*oR I/".ç-þ! c od i ges ti ons o:f pD, A86:5 DlfA

(tiis. 19r lanes fl and h), it can be seen that Bcl_I and

Claf tLo not cl-e¿rve as prerl-Lctetl (see }l'j-g" 21) "

Sç.e"&Ii Þs_l-I
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Tt i s likely that bhis was clue t o niet Ìtyl-a bi on of bhe.Lr

recognition sites by the 
-4gt_g

met hylase of E " co li JlÍ1 05 ,

r,rrhi ch rne thylates 'uhe internal adenine in the sequence

5t-GAIC-1' (titrilson aniL Young,1975; Pirotta, 1976)"

Ëgtl recognizes the sequence 5'--TGAll CN-3' ( ningham

et àI, 1978) , alld _ç1gI r ec ognizes the sequence

5'-ATCGAT--5 t (iua;yer et àL, 1 9s1 ) . The ClaI site in bhe

"IS_g¡f5 fraement of A, ic-l-ebsi ana mtDI'TA rnust theref o::c;

have a G on j-ts le.f'b or: C on iLs right such th.¿¿l tire

dqq methylase recognition si'r,'e would be complete.

SglT ancl Claf are inhibited r^rhen bhe .Ln''cet'nal adenirte

of th-ej.r recognibjon siües j-s rrte'L,hylaberi.

(Dreisr-.,Lkel-rnann et al , 1979; it{cCJ.e11and, 1981). As carl

be seen in "F i g 28, pDAB6 . þ c ontains the -f ul-l sequence

that hybridizeri to the la:rge rRISA gene probe in

A. ambisexualis E-87, as lrel.l- as the.r"egi-on r¡¡hich

contains'r,he stL:ain-specific repeat insertion" It has

noi; been deter¡nined whe'r;her this insertion .inf e:: rupts

the J-a.rg<; ¡:R'irlA gelle sequenc(.r on is rnereJ-y l.ocated at

its 5r r,-e-rulinuls in thrrse Âchl-ya strains contaj.ning it
( Shumard. et aL, 1 986) . R-loop anal ysis anð,f o.c DITA

sequence analysi s r.,'¡oulc-L be requ-lretj" 'r, o determ.Lne i.:il the

strain-specifj c repeab j-nseLrt,Lon -in Achl-y? is analogous

to opt:i onal- large rRldA jirtrons clescri'bed in otheL: f ungi

(see .l{isborical- secti on 3.5)" The avaiL.abj-Li b¡r oI

cl ones containing thi s negi on wj -l-l- ,f acj l-L i;al;e bh j-s

an alysis.
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As discussecl above (Resul'u s sect i-on 3 .2) , pDAB6 " 5 also

contains the ::egi-on in whích bhe jtir:ction betr¡een the

repeat regions and the large unique:region l--Les

(see Figs. 21 and 28) " This L:egi.on nigh'r, be o.fl in'cerest

wj-th respect to ti'ie mechan-Lsn of ,ll.l-,Lp- f i.o p

isomer ir,at.ion since it may be here that intramo l-ecr-1l¿¿r"

r ec orrrbi n a.ti on be g1 ns,
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