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The mitochondrial genomes of a mober of spontancous “potite™ mutants of
Saccharomyees cerevisiae wore investigated by restriction enzymo analysis and
by hybridization with restriction fragments from parontal wild-type gonomes.
The nuclaotide sequences forning the ends of the repeat unitsof the petite genomes
were shown to be formed by GO elusters and, possibly, by AT spacors. These non-
coding clements are characterized by the fact that thoy consist of, or contain,
sequenees which are repeated a number of times in the parvental, wild-typo
genome and which are often svmmetrical. The exeision process leading to the
formation of the spontaneous petiie genomes appoears to involve site-speeific,
illogitimate recombination vvents which take advantage of localized sequence
homology, in agreement with a deletion model previeusly proposed. The same
kind of execigion proeoss appears 1o be operative in the further delotions under-
gone by the mitochondrial genomes of spontaneous petite mutants. The genome
organization and the exeision mechanism appear to bo largely different in spon-
taneous and ethidinm-induced potite matants,

1. Introduction

Several vears ago it was shown (Bernandi ef af. 1968 Mchrotra & Mahler, 1968) that
the mitochondrial DN As from two genctieally unrelated, acriffavine-induced, cyto-
plasmic “petite” mutants of Nuccharomyees cerevisine had a grossly altered base com-
position (G 4 € o= 420} compared to the DNAs from the parent wild-type€ cells
G| 1870}, Thexe findings unequivoeally established that massive alterations
in the nucleotide sequences of the mitochondrial genome may aceompany the petite
mutation and he responsible for it

Subsequent investigations (Bernardi of af.. 1970 Bernardi & Timashelfl, 1970)
showed thit the mitochondrial DN from wild-type yeast cells was extremely hetero-
geneous in base composition. ahout half of it melting at a very low temperature and

T Paper VI in this sevtes s Fonty of af, (1T8978).

 Thix puper is dedicated to the memory of Profissor Boris Ephrussi who founded extrachromeo-
somal genetios with his pioneering studies on the petite muatation (Ephrussi, 1949).

§ To whirn all corrospondenee should be addressed.

i A, T, b and O indicate deoxyadenosine, thymidine, deoxygoanosine and deoxyeytidine,
respectively, G 1 Cis used 1o indieate the molu fraction ol deoxygnanosine aod deoxyeytiudine in
DNAL

U Phe term wild-dype refers heres as i previons publications from this laboratory, to the mito-
chondrial genome.
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being almost exelusively formed by long alternating and non-alternating AT stretehes
(which were later called AT spacers by Prunell & Bernardi. 1974), and the rest meiting
over an extremely broad temperature range. Compared to mitochondrial DNA from
wild-type cells. DNAx from three different spontancous suppressived petite mutants
were shown (Bernardi ef al.. 19700 (1) to have lower G -+ C levels, (2) to lack a number
ol higli-melting components, and (3) to renature very rapidly. These results were
interpreted} as indicating that petite mutants had defective mitochondrial genomes,
in which large segments of the parental wild-type genomes were deleted; it was sug-
gested that such deletions arose by a mechanism of the Campbell (1962) type, in-
valving illegitimate, site-specilie recombination events in the AT spacers which were
supposed to be internally repetitive in sequence.

Further work showed that these spacers formed 507 of the mitochondrial genome,
hada G — Ccontent lower than 59 wereinternally repetitive in nueleotide sequences,
and likely to he endowed with sequence homology over stretehes long enough to allow
site-specific recombination (Bernardi ef al.. 1972 Piperno et al,, 1972; Ehrlich ef al.,
1972 Pruncll & Bernardi, 1974). Five years ago, dircet evidence was provided for
both the deletion mechanism (Bernardi ef af., 1975), and the accompanying amplifica-
tion of the excised genome segment (Locker et al., 1974 Bernardi el al., 1975). Indeed,
only a fraction of the restriction fragments of wild-type cell mitochondrial DNA were
still found in the petites and these were present in multiple copies per genome unit.
These findings disposed of & number of hypotheses put forward to explain the petite
mutation (Slonimski, 1968 ; Carnevali ef «f., 1969; Borst & Kroon, 1969).

In 1976 short mitochondrial DNA segments extremely rich in (3 + ¢ were dis-
covered in the mitochondrial genome of wild-type cells. the GC elusters (Bernardi,
195606 Pronell. et af . 1977a: Prunell & Bernardi. 1977). Operationally, two sorts of
GO clusters were distinguished. the (C-C-G-G. G-G-C-C) clusters, present in 60 to 70
copies per genome unit and recognizable hecanse they were degraded by two par-
tienlar restriction cozymes (Hpall§ and Haell) and the 6 + Corich clusters, that
do not eontain C-C-G-Goor G-GA-C sequences, but are often close to (C-C-G-G,
G-G-0-0) clusters and o isolated CLC-G-G sequences. A certain number of these
clusters were likely to he endowed with sequence symmetry and to he homologous in
sequence: this raised the possibility that the excision events leading to the petite
genomes could take place not only in the AT spacers but also in GC elusters. Ob-
viously these two localizations of excision sites were not mutually exclusive. In
any case. a basic idea of the deletion model was that the instability of the mito-
chondrial genome of yeast (the spontaneous petite mutation has a rate of 1 to 59
per generation in most laboratory strains) was due to the existence in each genome
unit of a number of nucleotide sequences having enough homology to allow illegitimate,
site-speeifie recombination to take place.

4 Suppressive and neatral petite mutants are Jdistinguished on the basis of the onteome of their
erosses with wild-type eolls: in the fiest case, the progeny contams a certain pereentage of petite
calonies, in the second case it is only formed by wild.type eells (Ephrussi, 1953). Later work showed
that neutral petite mutunts may liek mitochondrinl DNA altogether (Goldring ef al.. 1970; Nagley
& Linnane, 19705,

1 This model was first presented inoa leeture at the Karolinska Institute, Stockholm, in October,
196t It was subsequently presented at a number of meotings and mentioned by Piperno et al.
(1972) ool by Prunell & Boernardi (1974).

§ Restrietion enzymes are indicuted aceording to Smith & Nathuns (1973); Hpell and HaeIll
will be indicated honceforth as Hpe and Hae, rospoetively.,
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In the present work. we have investigated the molecular mechanism of the spon-
taneous petite mutation. and have verified the correctness of the deletion model
mentioned above, mainly hy studying the nucleotide sequences delimiting the repeat
units of such genomes. The spontancous petite mutants used were either heterogencous
or homo_ neous in terms of mitoelondrial genome. The latter contained stable,
low-compiexity genomes and were derived from the former by subcloning. The ck-
perimental 'ay.vprc_mch and the results obtained can be briefly outlined as follows,

(1) Since preliminary work (Bernardi ¢ al., 1975,1976) had suggested that the
sequences involved in the excision process might frequently correspond to C-C-G-G,
G-G-C-C sequences andfor to clusters of these sequences, this point was studied by
investigating the restriction patterns of mitochondrial DNAs from heterogeneous
petite mutants as produced (a) by Hpall or HaeIlT, and (b) by other restriction
enzymes. As shown in Figure 1. if excision takes place at, or very close to, C-C-G-G,
(G-G-C-C xequences, andjor clusters of these sequences. Hae and/or Hpa digests of
petite mitochondrial DNA will only show bands also present in the patterns of
parental, wild-type genomes; if excision takes place elsewhere in the genome, petite
mitochondrial DNA will originate new Hue or Hpa bands. namely bands that are not
present in the restriction pattern of the parental wild-type genome and which eorres-
pond to junction fragments bridging subsequent repeat units. In cither case, restric-
tion patterns produced by enzymes other than Hae or Hpa should show, as a rule,
new bands (Fig. 1). The results obtained confirmed our preliminary work, in that new

1 P — -

i cammm- ; ’

Fre, b Mestreton fragments of mitochondrad DNAs frome spontaneous petite mutants, as
expectedl oy the basis of the loealization of the original exeision event. The upper line {I) represents
a segment of the mitochondrial genome unit of the parental wild-type yeast cells; lower case letters
mdieate frivrments delimited by Hoe sites ((G-G-C-CY, Hpo sites (C-C-G-G) or Hae—Hpa clusters;
capital letters indicate fragments delimited by restriction sitez other than Heae or Hpa, Tf excision
takes place (zolid arrows) at, or very near to, the first kind of sites, the Hae andjor Hpe fragments
from the perite DNA will only be of paeental type (1), In contrast, the patterns produced by a
different. restrietion enzyme will <how s new band, not present in the corresponding parental
pattern, and representing the junetion fragment conneeting neighboring sites of subsequent
repent upit= (11 00 A I exciston takes place {open arrows) oulside the frst kind of sites, all
restrietion patterns, including those produced by Hae and Hpa, will show u new band contaming
the exeision sites {111; d-a, C—=A). Arrows delimit the repeat units of the petite genomes,
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bands were found in the latter digests, but were either ahsent or strikingly rare in
Hae or Hpa digests.

(2} Several homogeneous petite mutants were isolated from the heterogeneous
petite mutants just mentioned. The repeat units of the corresponding mitochondrial
DNAs were formed by oue or more Hpa andjor Hae fragments; no new fragments

-were present: partial digests showed oligomeric fragments corresponding to exaet
; multiples of the repeat units: hybridization of most of these DNAs on restrietion
fragments from the parental, wild-type genomes revealed that this mainly took place
on Hae andfor Hpa fragments identical in size to those found in the petite DN As, thus
. indicating that the nucleotide sequenees present at, or very cloge to, the ends of the
. DNA segment originally excised corresponded to C-C-G-G andfor G-G-C-C sequences.
More rarely, hybridization did not take place on Hae and/or Hpe fragments ident-
“feal in size to those found in the petite DNA, and the ends of the repeat unit corre-
sponded to other sequences poxssibly loeated in G | C-rich clusters or in AT spacers.

{3) A comparison of restriction patterns of mitochondrial genomes from recently
arisen and old petite mutants revealed differences of interest for understanding the
evolution of petite mutants and pointed to the fact that the secondary deletions
ocenrring in petite genomes involved excision sites of the same kind as those used in
the original excisions from the wild-type genomes.

(4) Finally, this work indicated that the genome organization and the exeision
mechanism are much simpler for the spontaneous petites investigated here than for
the ethidium-indoced petites. that are practically the only ones studied so far in other
laboratories.

Preliminary reports on the present work were presented at several meetings during
the past four years (Bernardi, 1975, 1976a,b ; Bernardi ef «f., 1975,1976,1978).

2. Materials and Methods
(i) Yeast strains

The . cererisias strains used in this work were respiratory -deficient, cytoplasmic potite
mutants. The genotic relationships among the yeast straing usod and their suppressivities
are indicated in Table 1. One such strain, a; (D 243-213-106) was a spontanecus mutant of
the wild-type strain 12 243-218 (Bernardi et af., 1970). Four other strains, ay (D 243-2B-R,
(AL}, ag, a9 and a5 were spontaneous mutants of a chromosomal mutant of strain
1) 243-2B indicated as D 243-2B-R,, or A (Bernardi et al., 1970). Several subclones of these
petite strains were also used. Two other petite mutants used Liere were strains b (C 982-19dp
G/6-M15-1B-2/16) and o (DM, }. Strain b {Bernardi et al., 1970) was a spontaneous mutant
of wild-type strain C 982-19d (also called B; Bernardi et al., 1970; Prunolt et al., 1977a).
Strain d (Bernardi et al.. 1968) was obtained by acriflavine treatiment of wild-type strain D
(DM Bernardi ef af., 1068 Pruncll et af., 1977a). A S. carlsbergensis wild-typo strain,
INCY 748, also called O Pranell et af.. 1977a), and another 8. cerevisiae strain (KL [4-4A;
Wolf et al., 1973} were vsed in some exporiments, Strains A, B and KL-14-4A were haploid ;
strains Cand 1 wore diploid.

Straing ay, ng, 4,5 and their subelones were used for DNA preparation just after they
arose, whereas straing a,, af (but not their subclones) and b had been stored and replated
for several years prior to DN A preparation (at least 15 years for a, and b).

Culture conditions for the petite sieains derived from 1) 243-2B, A and B were those
deseribed by Bernardi ef af. (1970); those for strain d were given by Bernardi ef al. (1968).
In all cages, cells were harvested in the late exponential phase.
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TaBLE 1

Genetic relationships among the yeast strains usedt

D 243.2B D 243-2B-R, (A)

(8, pr, ady, lysg, p*, w?) Chromosomal mutation p; - P} {a, P,nd,, p*, w*)
Spontaneous Spontanaous
mutation mutation

a3 (78%) a 1(15%) L%} 8g 85
1
Subeloning [ I ] 1 Subeloning
8./ (769%)% al‘f% afn “-:;s al‘m Bgry Bymyg Byp/z Bs/0 Brssa
(9%) (629) (43%) (25%)
Many
transfers Bubeloning

LLIVEY ) {989%)

Lodo

. * » * »
Subeloning Bippn By Buymys By

(865} (889%) (19%) (809

a0 (969%

C982.19d (B) DM (D)

{a, P, try, hisy, p*, w™) {p*)
Spontanecus mutation and Acrmflavine-induced
subeloning utation
b (95%) d

t ¥alues in parentheses indicato the supprossivity.

I The p; — P reversion may be not a back mutation sensu stricto, but a suppressor mutation
{Mounolou, 1967),

§ The suppressivity of this strain wias determined by Faurés-Renot ef al, (1974),

| 811 r/z1 was the result of a cross of this strain with B.

(h) Preparation of witochondrial DN A

I"u"_u- methods were used to prepare DNA from petite straing. Method A involved
pxtraction and purifieation according to Bernardi et af. (1972}, except that further purifi-
cation of the mitochondrial DNA fractions that were first oluted from hydroxyapatite,
and wore thorefore eontaminated with nuelear DNA, was done by centrifugation in
preparative Cs,80,/Ag* density gradients, at pH 9-2 and a Ag* mucleotide molar ratio
of 0:3 (Bernardi ef al., 1072; Filipski et al., 1973). Method A was used for tho preparation
of mitochondrial DNAs from strains a,, b and d; DNAs were obtained in quantitative
vield. represented 79%,. 39, and 13%, of total DNAs, respectively, and had s values com.
prised ‘between 13 8 and 14 8. Tn the corresponding wild-type strains A, B and D, mito-
chondrial DNA represonted 129, 1260 and 139 of total DNA, respectively. Method B
(Prunell et af., 1977a) was used to prepare DNAs from protoplasts of strain af, a,,, and
its subeclones, and strain b; in this case, DNAs were obtained in lower yields {60 to 709)
but had & values between 18 8 and 22 8. Method C (Fonty et af., 1978) was used to propare
DNAs from strain af and its subelones; this mothod yielded DNAs having s values close
to 28 8, but some nuecloar DNA contamination was present, and vields were much lower
than in method A {10 to 209). Method D (madified from Luang et al., 1977) was used to
propure DN Az from the subelones of afj;, from strains ag, 89, 2,5 and the subclones of a,5;
vields were around 309, # values were higher than 30 8; nuclear DNA contamination was
logs than 59,
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DNA preparations from wild-type strains were those previously described (Prunell
et al., 1977a; Fonty ef al., 1978). Method D was used for proparing the DNA from strain
KL 14-4A.

(e} KHestriction enzyme degradations and gel electrophoresis

Restriction enzymes were purchased from New England Biolabs (Beverly, Mass.) and
Bothosda Research Laboratories {Bethesda, Md)., Some of thom (FeoRT, HindIT + TTI1,
HaellT, Hpall), were also prepared as described previously (Pruncil ef al., 1977¢). Restric-
tion endonuclease digestions, gol electrophoresis and analysis of restriction patterns were
performed as deseribed by Prunell et al. (1977a). As in previous work, all polyacrylamide
gols, except the 62 onos, also contained (-5%, agaroso. Attempts wore mado at quantitat-
ing the amount of DNA per band in the gel electroplioresis experiments, as previously done
by Prunell et al. (1977¢), for DNA digests from wild-type cells. The wide range of band
intensities however, made impossible the general use of the photographic mothod of
Prunell et al. (19776). For this reason, eleetrophoretic bands from petite DNAs were simply
classified as faint, weak or strong, according to their intensities as compared to those of
reference bands from wild-type cell DNAs, Such roferonce bands were chosen among
single bands having molecular weights closo to those of petite DNA bands, the loads of
wild-type and petite DNAs heing the same.

(dy Hybridization of petite and wild-type genomes

Restriction enzyme digosts of mitochondrial DNA from wild-type yoast strains A, 1, C
and D {Prunell et al., 1877¢} were teansforrad from agarose gels onto nitrocellulose strips
(Schleicher and Schull, Dasscl, W, Germany ; Millipore, Molsheim, France), according to
Southern (1975), except that tho denaturing transfer solvent was 3 M-NaCl, pH 11-4
{Melli et al., 1975).

Mitochondrial DNA= from petite strains were labeled by nick-translation using 321
labeled deoxyribonucleoside triphosphates from the Radiochemieal Centre {Amorsham,
T.K.) or New KEngland Nuclear (Dreisich, W. Germany) and DNA polymerase from
Boshringer (Mannheim, W. Germany), according to Jeffroys & Flavell (1977). The labeled
DNA preparations so obtained had specific activities around 107 ets/min per pg.

Hybridization of lJabeled potite DNA with unlabeled rvosiriction fragments of wild-type
DNA was done in 6 x S8C (standard saline eitrato, 0-15 m-NaCl, 0-015 M-sodium citrate,
pH 7-2), according to the method of Jeffroys & Flavell (1977). Washing of the nitro-
cellulose filters was done with the following series of solvents: 6 x 88C, 1 x S3C and
05 % S8C. Autoradiography was done at room temperature, for 24 h using Neo-Standard
NDs54 filins (Kodak, Rochestor).

3. Resulis
(a) Restriction enzyme degradution
In this seetion, results on the DNAs from heterogencous petite strains will be
presented before those on the DNAs from the homogeneous petite strains derived
from them. The reader is referred to Table 1 for the genetic relationships ameng the
strains used and to Figure | and its legend for the significanee of new restriction
hands.

(i) Mitochoudrial DN As from strains ag, ag, @5 and their subclones

(1) The Hpa and Hae patterns were characterized (Figs 2 and 3; Table 2) by the
following features: (a) a number of parental bands were missing; this corresponded to
the loss of 289, to 949 of the wild-type genome in various petites; (b) all the Hpa
bands of petite DN As were of parental type, and only three flae bands werenew: a;;
- and its subelone a, 5, showed two such ba-nds']',:c')'m » 10° and 4-95 x 10°; subclones
ay51 and a,s, (Which had identical restriction patterns) one, 4-95x 10°; subclone

T Fragments will be designated henceforth by their molocular weights.
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EndoR Hpo Hae

Strain A oy dy o0 A A 03 ag o) A

4100 — 288
— |23
0-959
0651 — (+658
- Oe5i2*
— p-495*
— G380
0367
— 0-292
0-255
— 0193
04163
e Qe(28
o092

25%,

Fig. 20 Blectrophoretic putterns of Hpi und Hae digests on 2-5%, polyacrylamide gel of mito-
chrondrind DNAs from petite mutants a,, a,, a, 5 and their parental wild-type strain A. Molecular
weights [ < 107%) are indicated for some restrietion fragments, Asterisks indicate new bands. The
faint bundn of the DNA from ay and the low molecular weight bands of the DNA from strain A are
not visible in this picture,
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Fie. 3. Bleetrophoretic paiterns of Hpe and Hoe digests on 2:5% polyacrylamide gel of mito-
chondrial DNAs from petite mutant a5, its subelones a5, 81574 A15/4 and the parental wild-type

strain A, Indications as for Fig. 2.



TapLE 2

Results from the restriction patterns obtained with the mitochondrial DN As of strains agp, g, 5, @151, B153 @R G5, T

Strain A g ag fys B15/1 Ay5/3 g/
Restriction enzyme Hae Hpi Hae H i Hae  Hpe Hoe  Hpa  Hoe  Hpa o Hae o Hpn Hae  Hpa
No. of bandsi 75 85 7 13 G0 72 45 56 31 38 20 26 i1 24
No. of deleted baneds — - [ 72 15 13 32 29 45 46 57 39 61 i1
No. of deleted fragments — — 7 EH 18 19 36 4 a2 62 64 746 69 7Y
DNA in deleted fragments§ | — — 49-9 50:3 13 16-0 24-5 24-7 34-1 32-4 40-8 187 44-8 42-8
{ax 2, of wild-type genome) - —- 4.1 03-4 280 30-0 467 16-3 G4-3 60-8 770 745 B3 B3
No. of new bands — —_ —_ — — -— 2 — 1 —_— 2 — 2
DNA 1w new bands g — — —_ —_ c— - _— 0-5 — 1-0 — 1-4
e complexity §° 330 533 31 30 A5 4743 kERH i8-0 200 122 13-6 W2 -5

T Patterns obtained on 259, and 6
the text for steain ag;.

¥ The DNA from strain A showed 84 Heae fragments and 108 Hpe fragments.

§ Moleeular weight x 1076,

| These values correspond to the sum of molecular weights of fragments present in the DNA digest from strain A, which were n
the petite mutants. In the ease of homogeneocus petite genomes, account was taken of the disappearance of fragments in multiple bands «
dee footnote to p. 502, :

Iyaerviamide gels were used, 8 © a5 show

L3
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ags,4 bWO, 4:05 X 10% and 9-30 % 10°; except for the latter, the new bands shown by the
a5 subclones werc those already presentin ag; (c) the bands were non-stoichiometrie.

(2) The Alul, Mbol, Hhal and H incll digests (Figs 4 to 6; Table 3}, were character-
ized by: (a) a smaller number of bands, compared to the DNA from the parental
strain; in the case of Alul, only the DNAs from strains ay; and a5, Wert com-
pletely digested; (b) the presence of at least one new band per digest, with the only
apparent exception of the Hhel digest of a5, it should De noted that the v aterial
resistant to Alul corresponds to genomes lacking these sites and was, ti. cefore,
equivalent to new bands; (¢) genome complexityf estimates (Table 3) close to, or
higher than, those obtained from Hee and Hpa digests, except in the ease of dlul,
where they were lower because only a fraction of the genome wax digested: (d) the
non-stoichiometry of the bands. '

(3) In the case of ay, a largely predominant, apparently homogeneous genome was
accompanied by a small number of others, the former giving rise to a series of stoichio-
metric bands, the latter originating faint hands. As expected, several subclones from
a5 showed only the stoichiometric Hae and Hpu bands corresponding to the majority
genome. One of these, ag;;, was used for further work. In this case. genome complexity
estimates were identical for all digests (Table 3) and equal to about 3 x10% Mbol
(Fig. 4), Hincll and Hhal (Fig. 6) had a single site each on this genome, and released
a single new band; Alul showed no site. Figure 7 shows the restriction patterns of the
DNA from ag;; as obtained with several enzymes, Single, double, triple and partial
digests allowed a restriction map to be constructed (Fig. 16). The huoyant density in
OsC1 of this DNA was found to be equal to 1-683 gfem?. which also ix the density of
mitochondrial DNA from wild-type cells.

(i) Mitochondrial DN A from strain af and its subelones

(1) The Hpa and Hae patterns (Figs 8 and 9: Table 4) of the mitochondrial DNA of
strain a¥ were characterized by the features just deseribed for ng. oy, 8,5, namely:
(a) the absence of a number of parental, wild-type fragments, (1) the decrease in
genome complexity, (c) the striking searcity of new bands (only one in both Hpa
and Hue digests) compared to the [indllL + [TI digest (sce below), and (d) the non-
stoichiometry of the bands.

Out of four subeclones (Fig. 9, Table 4), three exhibited new bands: a¥,, showed the
same new hands exhibited by af: afy showed one new Hpa band, and three new Hae
bands; and af; showed one new Hpa band, and one new Hae band. Other (faint)
bands of afjs and afjg were new relative to af. but not to A,

t The complexity of the mitochondrial genome of petite mutants wis enbimated by subtracting
the sum of the molecular woight of the wild-type DNA fragments that were absent in a given
petite DNA from the genome unit size, namely, the sum of the molecular weight of the wild-type
DNA fragments. Tt should be pointed out that the genome complexity, estimated as just indicated:
{1) assumes that the mitochondrial genome of the parental wild-type strain is made up of u unique
DNA sequenco; forgetting nbout internal repotitions in the spaeers (Ehrlich et of., 1972}, in the
clusters of Hae and Hpa restriction sites {Prunell & Bernardi, 1977}, and in the G- C-rich clusters
{present work) this is likely to be the real situation (Prunell et «f., 1977a; see Discussion); (2)
ignores the fact that a petite genome may be heterogencons; if sueh is the ease, the complexity
concerns all genomes present in the gemome population, at least in so far as each one of them is
abundant enough as to show up its own specific bands in the gel pattern; 13) neglects the sequence
amplifications characteristie of the petite genomes; (4} takes into account the DNA present in
new bands, in the case of homogeneous genomes; in the ease of heterogeneous gonome pupilutiona,
new hands should throretically be taken into secount only as far s the corresponding sequencos
ave not alrendy represented in other bands (see Discussion),
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EndoR Alu Mbo .
¥
Sirgin A 03 g3 g5 A A 03 a3 ap A
5} 4105
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0-490 — L
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Fic, 4. Blectrophoretic patterns of AleT and Mhbol digests on 2:59%, polyaerylamide gel of mito-
chondreal DN As from petite mutants ag, a,, 855 and their parental wild-type struin A. Indications
as for Mig., 2. High molecular weight new bands were better detectad on 29 gel (results not
shown).
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£ndoR Alu Mbo
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Fra, 5. Electrophoretic patterns of Aful and Mbel digests on 2:5%, polyaerylamide gel of mito-
chondrinl DNAs from the petite mutant s, its subelones gy, 855m, 85574 and its parental
wild-type strain A, Indieations as for Fig. 2.
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508 . FAUGERON-FONTY ET AL.
TaBLE 3

Complexities of the mitochondrial genomes of strains ag, €z, Ag, @15 @151
Qys)a and aysT

Strains A g iy oy s s d Nigis ys/e
Hue B30 31 A1 350 295 1494 13-2 -G
H ot 3l 3-0 3-0 373 254 2009 13-5 10-5
Alub§ al-1 - — 2141 14-0 16-9 7-2 34
Mbol 513 4-2 2-85 379 280 18-5 15-2 14-49
Hinclk 022 24-0 2.8 35-5 393 173 15-0 16-3
Hhal Al-6 8] 2.8 3740 42-2 17-8 15-7 276G

+ Complexitied aro defined as in footnote § to Tahle 2 except that account was talien of new

Vs, Values are X 1075,
1 Subelone #5502 showed restriction patterns identical to those of subclone n g .
§ Except for aysfy antd diz2 digests of all petite DNAs shawed variable amounts of undigested

material (up to 100% in the case of agp).

(2) The HindlT 4+ 111 digests of petite a¥ (Fig. 8) revealed (a) the absence of four
of the 13 parental bands corresponding to 19 10 of DNA; () the presence of eight
new bands, representing 37x 109 of DNA; (¢) a genome complexity estimated as
74 % 108, if the new bands werc taken into account: (d) a non-stoichiometry of the
bands.

. (3) Subelone af 7. showing the least complex mitochondrial genome and the highest
suppressivity (Fig. and Table 4), was subcloned further. Out of 17 subelones, four
were examined (Table 1) in terms of mitochondrial DNA; their selection was made on
the hasis of their suppressivity, one of the four subclones heing the least suppressive
and three the most suppressive. The first one, ale with a suppressivity of 1%,
contained no mitochondrial DNA.

Subclone a¥ 7, (Fig. 9 and Table 4). with a suppressivity of 809, contained a
1'WA differing from a} ; in that it lacked one Hae fragment, 9:6x10%, and one new
repa fragment, 2-3:< 10%; like a} s subeclone a¥ 7, contained a new Hae band,
5-6 % 105. Interestingly, all Hpa and Hae fragments of a¥ 1 ;o were stoichiometrie with
cach other and present in the mitochondrial genome of the totally independent
potite ag,y, except for the new fragment of 5-6 10°, Since no Hpa fragments corres-
ponding to this Hae fragment were present in the DNA from a¥ 120 1t Is clear that
a¥ 712 contains two homogeneous genomes, one of which comprises the 5:6 X 10° Hae
fragment and lacks Hpa sites, and the other one has a repeat unit formed by ali other
Hite fragments. In spite of the fact that this genome has not yet been actually isolated,
we will call it a¥ 7,15,y A map of its repeat unit taking into account the data obtained
on g and aljre, 18 shown in Figure 16.

“Subclones a3s and afy,; had the same suppressivity, 88%, and contained DNAs
«<howing identical and very simple Hae and Hpa restriction patterns with no new
Lands (Fig. 9 and Table 4). These homogeneous genomes were formed by Hpa and
{Ize fragments also present in afjype. Figures 10 and 11 show the electrophoretic
patterns obtained by degrading the DNA from subclone af 73 with several restriction
cnzymes. Single, double and partial digests allowed us to construct a physical map of
this DNA (Fig. 16). The buoyant density in CsCl of this DNA was 1-681 g/em?.
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EndoR Hpa MHae Hindll + I

*
Strain A u‘,‘ o‘,‘ A A @y

03

a.45

3-60

295

217

85

[3-1e]

0-255

8%

o185
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Fia. 8. #ileetrophoretic pattorns of Hpa, Hae and HindII 4 111 digests on 2-59, polyacrylamide
and 0-8%, agarose gels of mitochondrial DN A from the petite mutant af and its parental wild-type
strain A o 3% polynerylamide gel (not shown) revealed, in both DN As, 3 additional HindII 4. LT
bands 7-2 2108, 3-7 5 10® and 2-7 % 10°, respectively, Indications as for Fig, 2.
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F16. 9. Scheme of band patterns found in Hpa and Hae digests of the mitochondrial DNAs from
letr'nimllAf af all‘u'l it,s_ sub(:hm(:'s :LTN, afye, 8l alfy, 0fiope. Al 0s obtained from 2-5%, anid 69
gels, Different line thicknoesses indicate differcut band intensities; broken lines indieate faint hanids,
Asterisks indicate new bands.
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SPONTANEOUS PETITE MUTATION IN YEAST 513
(iii) Mitochondrial DN A from strain a; and its subclones (Figs 12 and 13, Table 5)

(1) Strain a, showed only 23 I{ae bands and 28 /Tpa bands. three of which were new
compared to the parental pattern; two Hae bands, 488 < 10° and (-98 X 105, and three
Hpa bands, 3-01 % 103, 1-78 % 10° and 1-06 x 10°, displayed a strong intensity and were
apparently stoichiometric with cach other.

{2) Subclone a,,; only showed the two prominent Haee bands exhibited by a,;
seven Hpe bands wore present, which included the threc strong Hpa bands of ay;
none of the Hpa bands was new compared to a,, but two were new compared to A;
most of the seven Hpa bands had different relative intensities compared to a,; the
genome complexity of a;;; was estimated as 1-3 < 108 from Hpa digest but as 50 10°
from Hae digest, a result demonstrating the heterogeneity of a;,; and the presence in .
it. of genomes deprived of Heae sites and only containing Hpa sites.

(3) Subelone ay,,, was the result of many replatings of a,,;, over a period of two to
three years; its Hae pattern was identical to that of a,,; its /fpa pattern was very
similar to that of a,,,, but the relative intensity of the hands was different and one’
Ay 3 band eould not be detected.

{4) Subelone a,,15,, only showed the prominent Hae and Hpa bands exhibited hy
ay, &y, and a,,,g; the genome complexity was found to be equal to 5:9 3 10° from both
Hpa and Hae digests. Several lines of evidence suggested that this was an homogeneous
genome; (a) the [Tae and Hpa bands appeared to be stoichiometric with each other;
interestingly, this stoichiometry was already apparent in a;, a,,; and a;y, three
heterogeneous genomes in which the a1y, genome is differently represented: (b)
the genome complexities estimated from both digests were identical, in contrast with
the previous cases (ay, a5, ay5; sec Table 5); (c) the Hae and Hpa patterns of the
DNAs from two clones issued from individual buds, of a single a, ;5 cell, and from
diploids obtained by crossing the latter, or its buds, with wild-type strain B or with -
petite strain b (unpublished data) were identical to that of a;jp,. Restriction .
patterns obtained with several enzymes (Fig. 14) allowed us to draw a physical map
of the repeat unit of the mitochondrial genome of a, 15, (Fig. 16). The buoyant den- -
sity in CsCl of this DNA was 1-687 g/em®.

(5) When petite strain a,;p was crossed with wild-type strain B, a clone, 8,/1pz1,
of the residual zygote (namely the zygote resulting after elimination of the early buds)
was obtained which contained a DNA showing no Hae sites and a single Hpa band, .
corresponding to a molecular weight of 2:7 X 10°; this corresponds in molecular weight
to a band already present in the DNA of the petite strain used in the cross and also
to a band from the parental wild-type strain DNA. Figure 15 (a) to (f') shows the
results obtained with single. double and partial restriction enzyme digestions. A
physical map of this DNA is shown in Figure 16. An interesting feature of it is the
localization of a Miol site, which is identical (relative to the isolated Hpa site) to that
of the same site on the rightmost Hpa fragment of a;,1,;. The buoyant density in
CsCl of this DNA was 1:683 g/cm?®.

(iv) Mitochondrial DN A from strain b

Only two out of ten restriction enzymes tested (KeoRL, Hindll +- 111, Hpa, Huae,
Hhal, Taql, Mbol, Hinfl, Alul, Tacl), Hpa and Alul, were able to split the mito-
chondrial DNA from strain b releasing a fragment of molecular weight 56 x 10%..
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i, 16, Restriction enzyme maps of the repeating units of the mitochondrial genomes of petite
sbens Wy 8epep s 0 ams 0feaa ez and b The molecular woights of rhe repeaf units are in-
dicated, The loculizations of Hee (00), Hpa (0 ), and all other restrietion sites on the repoat units aro
shown exeepl. for 2 Hpo sites on the 6-58 > 10° fragment of oz (this is the loftmost Hpa
fragment) and a, o and 3 H poosites on the 49225 10° fragment ol ey (Chis is the vightimost Hpa
fragment). Such sites as well the Hinell site on the ay;; genoroe have not been mapped,

See text for futther comments, The molecular weights of the fragments from single, double,
triple, and partinl restriction enzyme degradations, used to eonstruet the above maps, are given
in the Appendix.

Figure 15 (i) Lo (i') shows the results. A physieal map of mitochondrial DNA from
petite b is shown in Figure 16. The buoyant density in CsCl of this DNA was 1-678
glem? (Bernardi et al., 1970).

(v) Mitochondrial DN A from strain d
No degradation could be obtained with any of the nine restriction enzymes tested

which were those indieated above for b, except for Tacl. The buoyant density in CsCl
of this DNA was 1-672 g/em? (Bernardi ef al., 1968,1970).

-

{b) Hybridization of petite DN As on restriction fragments of wild-type cell DN As
(i) Hybridization on parental wild-type DN As

(1) The DNA from petite af 7 ,q mainl v hybridized with two Hae fragments and with
three Hpu fragments of the DNA from the parental wild-type strain A (Fig. 17).
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Fia. 17. Hybridization patterns of mitochondrial DNAs from petite mutanis 8l Niiir/as
and iy, r/z; on Hae and Hpa fragments of the mitochondrial DNA from the wild-type strain A.
Restriction onzymes, strains, and molecular weights (< 107%) of the restriction fragments are
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Ill_ll.l!!iltl.‘ll, vy stands for aggygyag. o and b correspond to the hybridization of &) g,; DNA digested
with mierococeal nuelense up o 33%; and 66%, degradation, respeetively, to Hpe fragments of
DNA rom strain A )
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Thess fragments corresponded in size to the Hae and Hpa fragments of the petite
DNA (Fig. 10). In addition, a number of weaker hybridizations were seen on several
Hae and Hpa bands of the parental genome. This DNA was also found to hybri-‘ize
on Ifincll fragment 7 and Hhal fragment 6 of wild-type DNA digests. HeoR1I digesion
of Hinell hydrolysate did not modify the hybridization pattern.

(2) The DNA from petite aq,1y,, mainly hybridized with two Hae fragments and
three Hpa fragments of the DNA from the parental strain, which corresponded in size
to flac and Hpa fragments of the petite DNA (Fig. 17). A large number of weaker
hybridization bands was detected on both Hae and Hpae fragments from the parental
strain as in the case of a¥,; 5. Washing the filters with SSC did not change the relative
intensity of the hybridization bands compared to the results obtained after washing
with 6 x SSC, whereas washing with 0-5 x 88C removed some radioactivity from
all bands. The DNA from a, ;5 also hybridized on HindIl |- TII fragment 3 and/or 4
of the parental wild-type DNA. _

(3) The DNA from petite a,;;5,z; showed a main hybridization on a 0-49 x 10° Hae
fragment and on two Hpae fragments, 0-3 X 10° and 0-18 x10°, the latter one being
relatively weak, as observed with other low molecular weight fragments; all these
fragments corresponded to fragments of the repeat unit of ay,x, (see Fig. 16),
whereas none had the molecular weight of the repeat unit of a,,,55,, 02750108,
Weaker hybridizations of a,,, 5, were found on several Hae and Hpa fragments also
showing a weak hybridization with the DNA of a,,,5,;. The DNA of a5z, was
degraded with micrococeal nuclease so as to remove 339, and 669, respectively, of
the segments richest in A - T. Both degraded samples behaved exactly like the
undegraded one in the hybridization reaction (Fig. 17 (a) and (b)). When tested on
other wild-type DNA digests, this DNA was found to hybridize on Hincll fragment(s)
3 andfor 4 (like that of a, ,5 ) and on Hkael fragment 5. EcoRI digestion of the Hinell
hydrolysate did not change the hybridization pattern.

{(4) The DNA from petite b mainly hybridized (Fig. 18) to two (or three) Hpa
bands of 0-56 < 10® (this seems to correspond to parental band Bl1), and 0-96 x 10°
(band b8, and passibly another band), and to three Hae bands of 0-76 x 10 (band
B12,) 1-60x10° and 1-69 x 10° (bands B6 and b3) of the DNA from parental, wild-
type strain (Table 6). In both hydrolysates, the lowest molecular weight band showed
the strongest hybridization. Much weaker hybridizations with another Hpa band of
(»74 % 10® and another Hee band of 1-00 < 108 were also detected. The effect of subse-
quent washings of the filters with 6 x 8SC, 1 x S8C and 0-5 x S8C was the same
as just deseribed for the DNA of strain a, ;5. The DNA from petite b also hybridized
with EcoRI band 3 (7-18 < 10°) of the parental DNA. '

(5) The DNA from petite d hyhridized to enc Ipa band of 1-14 % 10° and one fae
band of 1:15 % 10° of the DNA from the parent strain T (Fig. 18). Hybridization with
EeoRI and HindIl + 171 digests did not give any result, possibly because it took
place with the largest fragments which were obtained in very low yield.

(it) Fnterspecific hybridizations

These were performed with the DNA from strain b. This DNA hybridized to /{pa,
Hae and EcoRL bands of DNAs from straing A, D and C having either the samo or
similar molecular weights as the hybridizing bands of the DN A from strain B, the only
exceptions concerning the Heae hands of strain D) and the KeoRI1 band of strain C
{Table 6).
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I'1e. 18, Hybridization patterns of mitochondrial DNAs from petite mutants b and d on Hae
amd Hpa fragments of mitochondrial DNAs from their parental wild-type strains B and D, respec-
tively, All other indieations as for Fig, 17,
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Bands of wild-type DN As hybridizing labeled DN A from petite b

Digest Strain B Strain A Strain 1) Strain C

Mot M, M, M.
{ <1075 Coded [ =1 Caode [ L Ul [ 10-% Codo

e 1-69 hé 1-66 nd 1-76 dd, 1.63 el
160 B 1-60) Ab 1'57 oy
0-T6 Bz, 076 Al2, 495 dil, 77 el2,

Hym 0-96 by, -6 AN, 095 Iy 080 85
0-56 B11, 055 All, 0-57 § 0-55 ell

EeoRT 73 3 7 R3 T 3 132 R3

T Underlined values indieate main hybridizing bands.

I The nomenclature for Hee and I pa bands is that of Pranell et ol (1977q), Capital letters
indicate hads considered to he homologous in different strains, 83 is band 3 of EcolRT digests.

§ This i~ 0 band corresponding in mobility to ¢ ; (see text for the assignment of hybridization
to these parental bands),

4 ¥ Discussion
(a) The mitochondrial genowmes of spantaneous, helerogeneous petite mulants

The mitochondrial genomes of ag, ay, a,; and its subclones, a¥ and its subclones, a,
and its subelones ay,; and ay . share the following features: (i) absence of a number
of parental fragments and deerease in genome complexity: (i) heterogeneity; (iii}
absence or striking searcity of new flze and Hpa bands, and regular presence of new
hands in the patterns obtained with enzymes other than Hae and Hpa.

(i} The restriction patterns of these “petite” genomes are characterized, like those
of all petite genomes (whether spontaneous or induced), by the absence of a numboer
of fragments present in the parental, wild-type genome. This feature was the first
direet evidence of the deletion phenomenon underlying the petite mutation (Bernardi
ef al., 1975), and is the canse of a decrease in the genome complexity, a point which will
he further commented upon in subsection {ii) (4), helow,

(ii} The heterogeneity of these petito genomes, namely the fact that the petite
mutants imder consideration coutain a population of differently deleted and amplified
homogencous petite genomes, is shown by several lines of evidence,

(1) Noun-stoichiometry of restriction fragments. Restriction bands having intensities
twice as great as expected for single DNA fragments were scen in the patterns of
wild-type mitochondrial DNAs and shown to be due to a lack of resolution of frag-
ments having very elose molecular weights (Prunell et al., 1977). Tn the case of hetero-
gencous petite genomes, however, the lack of stoichiometry covers a much wider
range of | ind intensities. Strong bands are not only due to the amplifieation phen-
omena characteristic of petite DN As (see following sections), but also to the fact that
“different. senomes in the heterogeneous population may share certain stretches of the
parental wild-type genome (Fig. 19). Such is the case of the genomes of a% ;s and
a¥ 712, which are both present in af,; (Fig. 9), and of the genomes of a; ;54 and a 15,2
which arc both present in a, and in its subclones a, ;; and a,,;3. Faint bands are indica-
tive of thy presence of minority genomes in the heterogeneous population.
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Fra. 19. Scheme of execision of petite genomes from the parental wild-type genome. Radial
lines indicate restriction sites other than Hae and Hpa, The excision process leads to the formation
of different petite genomes (thick lines on the bottom circles); these exhibit new bunds and
overlap in part with each other. The genome complexity calenlated on the basis of both parental
nnd new bands produced by tho heterogeneous petite genome formed by the 3 homogeneous petite
is overestimated relative to the real value.

(2) Differences in the restriction patterns of the DNAs from petite subclones. The
"DNAs of the subcelones of ayg. al. ay,q, ay and ay 4, differ from those of the parental

petites in both the restriction patterns and in the relative intensity of parental bands.
Three points should be considered here. (a) The presence in some subelones of bands
which are new relative to the parental petite genome, but not to the parvental, wild-
type genome is a very strong indication of the enrichment of minority genomes that
had gone undetected in the restriction pattern of the parental petite DNA, (b) Some
bands of DN As from subclones are new relative to hoth parental petite and wild-type
genomes; this emphasizes the possibility that further deletions may affect petite
"genomes. (e) A ease of particular intorest is that of a,);5, because it shows that upon
repeated replatings a selection took place among the petite genomes present in the
heterogeneous population, as shown by the different relative intensity of bands.

(3) Differences in the suppressivity of petite subelones. This has been shown fora, ,,,
ay and al,; (Table 1), If one examines the results of Table 4, an inverse relationship is
found between suppressivity and genome complexity. This point will be presented and
discussed in detail elsewhere.

(4) Differences in the complexity estimates arrived at using results from different
digests. Complexity cstimates from Hae and Hpa sites (Tables 2 to 5), gencrally were
in agreement, a result essentially due to the clustering of these sites and to the
absence or striking seareity of new bands (see following paragraph). Complexity
cstimates from other digests, taking into account new bands (Table 3) were higher,
in most cases, than those estimated from Hae and Hpa digests and could reach, as in
‘the case of aj, values higher than that of the pavental wild-tyvpe genome. This
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phenomenon is due to the fact that several petite genomes in the population arise
from excision events affecting partially overlapping regions of the parental wild-
type genome and that the DNA stretches present in new bands from such regions
are counted more than once (Fig. 19).

(iif} A very striking property of Hae and Hpa digests from the spontaneous, hetero-
geneous petite genomes under consideration is the searcity or absence of new hands,
namely of bands that do not exist in the parental wild-type genome and that corres-
pond t¢ anetion fragments. In sharp contrast, all other digests from these petito
DXNAs shw new bands {see Fig. 1).

It should he noted that the number of new bands ean he underestimated hecause
(a) they may happen to have the same mobility of parental bands: this case is prob-
ably rare. but it has been found for the single Hpe band of the ay; 5,7, genome (see
section (b} (ii) (1) (c), below): (b) they may be buried in bands having the mobility of
parental hands: this possibility is greater in the case of Hae and pe digests, which
usually show more bands than other digests; it should be stressed, however, that in
several eases (a5, 8,5, Qi Aynie A1 712) only new Hae bands are seen, in spite of
the fact that Hpe patterns have comparable complexities. It should also he men-
tioned that new Hae and Ipa bands could he observed in all 37 ethidinm-induced
petite mutants examined by Lewin et al. (1978); this finding has also other implica-
tions which will be further commented upon in the Conclusions.

In spite of some uncertainties in the precise estimation of the number of new Hae
and flpa bands, it can be concluded that they are rare, compared to the new bands
formed by other restriction enzymes on the following grounds: (a) the overall finding
of absence or striking scarcity of new bands in a number of heterogeneous petite
genomes that had different complexitics, and were further analyzed by subeloning.
If the excision process had taken place at random locations on the wild-type genome,
each homogeneous petite genome present in the heterogencous population should
produce, upon degradation with a restriction enzyme, one new band (corresponding to
a junction fragment) per exeision event, and vet the number of Hae or Hpa new bhands
ix extremely rare. In the case of af. for instance, HindlL 1 1 released eight new
fragments. but only one new Heae fragment and one new Hpa fragment: (b) five out of
six homogeneous genomes, isoladed so far from the heterogeneous populations, lack
new Hae andjor fpe bands. The repeat units of four of them, a,,1. 37,101, a%,75 and
Ay e are formed by parental Hee and Hpe fragments. One. b, lacks Hae sites and
seems to correspond to a parental Hpa fragment. One, aq,y,,,, corresponds to a new
Hpa fragment. appareutly derived from a5, through an additional deletion.

() The mitochondrial genomes of spontuneous, homogeneous petite mutands

(i) The vepeat wnits and their physical maps

(1) The results of different partial restriction enzyme degradations ol all spontaneous
homogeneous petite genomes examined here indieate that they are formed by DNA
segments, ranging in size from 0-27<10° to 3-2x 10% (and corresponding, therefore,
to 05", to G9% of the wild-type genome), that are tandemly repeated (head-to-tail).
No evidence was found in any case for the presence of inverted repeats (head-to-head)
or of sequence rearrangements. The fact that in all cases oligomeric series representing
precise multiples of the repeat units were found rules out the possilility that sizeahle
junction ragnments were missed. The absence of such hypothetical fragments was
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contirmed by electrophoresiz on 6%, polyacrylamide gels. Therefore, if such fragments
exist. they should be small enough to melt under the experimental conditions used
and, therefore, to he missed on the gels. In all cases, restriction enzymes were found
which had a single site in the repeat unit; in such digests a single monomeric fragment
5 found, as expeected for a tandem repetition, and not two as expected for an
fverted repetition or for a mixed repetition.
(2) The restrietion maps of four out of six petite genomes (Fig. 16) provide a direct
evidenee for the Hae—Hpa site clusters of Prunell & Bernardi (1977). It should be noted
that the data of Figure 16 <hould be taken as representing a minimal number of
Hae and Hpa sites, Bequence data are required to assess precisely the actual number
of these sites in the clusters. All restriction maps of Figure 16 are characterized by
regions that do not contain any of the 12 or so restriction sites routinely checked.
That part of these regions correspond to AT spacers is strongly suggested by the
o) and the known sequences of

extremely low G - €' content of the spacers (=

the restriction sites,

{3} 1t should be pointed out {a) that the orientation of the repeat units of Figure 16
on the physical map of the parental wild-type genome is as yet unknown; and (b)
that in the map of a,,, the two fragments external to the genome of a¥7,15,, might also
be both on the left or on the right side of the map in the parental genome. For these
reasons, there is uncertainty as to the exact localization of the excision sites of 83,1
and ay ;3,0 it s certain, however. that these correspond to (C-C-G-G, G-G-C-C) site
clusters, since these form hoth ends of the segments that cannot be positioned on the
wild-type genome map.

{4) The identity of restriciion fragments prexent in the repeat units of the genomes
of totally independent petites ay,; on one hand and a7z and af7s on the other
atzes the possibility that spontaneous petite genomes may arise preferentially from
certain regions of the wild-type genome, because these have a higher frequeney of
excision sites, andjor a site for the initiation of DN A replieation. The genome over-
lapping in heterogencous petite mutants (Fig. 19) may be due, in part at least, to the
same reason. Interestingly, these petite genomes arose from a region of the wild-type
mitochondrial genome that has been found (Mathews of ol 1977) to originate spon-
taneous petites with a very high frequency,

(5) The identity of restriction fragments from the repeat units of genomes present
in the same heterogeneous petite, like ztf‘r?{,m” and a‘fms Or #yqpn and a;qq,,; may
have two explanations: (a) these genomes may have arisen independently from the
parental wild-type genome. in which ease this would further support. the idea of a
proferential localization of the exeision of spontaneous petite genomes. (b) Alterna-
tively. and more likely, the simpler genome of each pair may have arisen from the
more complex one hy a sceondary excision: the interesting point here is that similar
excision sites appear to be used in the secondary exeision as in the original one.

(iiy The hybridization resulls

i1} (a) The main hybridization of the mitochondrial DNA trom afi7;s on parental
Hae and Hpa digests took place on fragments having the same size as those of the
petite genome, Two to three faint secondary hybridization hands were seen in both
dipests: none of these corresponded to parental segments located on either side of the
repeat unit of af ;g (see Fig. 16}, an evidence against the excision sites being relatively
far from the (C-C-CG-(, G-G-C-C) clusters delimiting the repeat unit.
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(b) Likewise, the main hybridization of the DNA from a4, took place on parental
Hae and Hpa fragments having the same size as those of a,,;. The secondary
hybridization was, however, much more important than in the previous case; in-
~ terestingly, it was remarkably weaker on Hpa digests compared to Hae digests, per-
haps owing to the contiguity of Hpa sites with G 4- C-richi clusters (see section (2),
helow). .

(¢) In contrast to the preceding cases, the DNA from ay 5,2, did not hybridize on a
parental f{pe fragment having the same size as that corresponding to its repeat unit,
2.7 % 107, Instead it took place mainly on the 0-49 < 10° Hae fragment and the 0-30 X
105 and, 0-18 x 105 Hpa fragments that also hybridized the DNA from a,,5,,. Thus,
the repeat unit of a,;pz appears to contain sequences from the 0-30<10° Hpa
fragment (with which it shares the Mbol site, but from which it differs by being
shorter by 3% 10% and by lacking the Hae-Hpa cluster) and also from the neighboring
018 10° Hpa fragment. The simplest explanation is that the exeision of the repeat
unit of a, yn,z1 took place at two sites located at the left of the two Hpa sites shown
in Figure 16; but alternative explanations cannot be ruled out. In addition, the DNA
from a, g,z showed a secondary hybridization on several of the parental bands
hybridizing the DNA from a,;,y,;. None of these hybhridizations was changed upon a
very exiensive removal of AT spacers from the a,,,5,5, genome, a strong suggestion
that sec ndary hybridization is due to one or more of the three (G 4 C-rich clusters
found in this genome (Gaillard & Bernardi, 1979).

(d) The main hybridization of DNA from petite b took place on a parental Hpe
fragment apparently having the same size as the repeat unit of b, 56 x 10° and on a
Hae fragment, 7-6x 10°. The ends of the repeat unit of b are therefore likely to
correspond either to two isolated Hpa sites (possibly located next to G + C-rich
clusters) or to a Hae—Hpa cluster and an isolated Hpa site. The secondary hybridiza-
tion of by was very strong.

(2) Thé explanation given above for the secondary hybridization of the DNA from
a1 1n 21, namely that G + C-rich clusters are responsible for it, is likely to be valid
for the other petite DNAs as well. None of the alternative explanations appears to
be correct: (a) no evidenee exists in favor of gene duplications; (b} AT spacers were
direetly vuled ont in the case of a, 15,4, ; other indirect evidences are the fact that
decreasing the stringeney of hybridization did not cause a preferential disappearance
of secondary hybridization and the single hybridization of the DNA from d, which is
formed by AT spacers to an extent higher than 909;; (¢) (C-C-G-G, G-G-C-C) clasters
were lareely or totally removed from the /fae or Hpa fragments on which hybridiz-
ation was ecarried out.

(3) The hybridization of the petite genomes under consideration on EcoR1, Hinell
and Hind1T + 111 fragments from the parental wild-type genomes, showed that these
genomes originated from three different regions. The quasi-identity of EcoRI, Hinell,
HindITl and BamH] restriction patterns exhibited by the DNAs from our parental
strain A and from strain KL14-4A (a genome that has been mapped by Sanders ef al.,
1977) justifies the assumption that these genomes have very similar physical maps. In
this ense. onr results show that the DNAs (rom ay,p,, and ag, g,y originated from a
sector comprised between map positions 27 and 46, where the 15 8 RNA gene is
localized. the DNAs from g, alj70p and nfmg from a scetor comprised between
map poxitions 88 and 95, between the var, locus and the 21 § RNA gene. Because of
the ident ity of the large EcoRI fragments of the DNA from strains A and B, and their
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very likely homology in sequence, it can also be concliuded that the DNA from b
riginated from a sector comprised between map positions 64 and 76 in the cob-oli-2
region.
(4) The results of the main hybridization of the DNA from strain b on the /fae and
Hpa fragments of the DN As from three other wild-type yeast strains (Table 4) confirm
‘the suggestion of Prunell e «f. (1977a) that fragments having identical or similar sizes
in different strains are homologous in sequence. The data of Table 6 confirm homo-
“logies previously established on the basis of other criteria, and indicate homologies
“not evident before. Very interestingly, the sccondary hybridization of the DNA
“from b also takes place on fragments of similar size in different DNAs, some of which
were considered homologous previously. This suggests a sequence conservation in
different strains of the G 4 C-rich clusters {presumed to be the sequences responsible
for the hybridization), having the same localization on the mitochondrial genome of
wild-type cells.

{(¢) The mitochondrial genome of induced petite mutant d

Information on the organization of this genome, the only one derived from a strain
submitted to mutagen action among those studied here, is very seanty because of lack
of restriction xites.

DNA/DNA hybridization showed, however (Fig. 18), that this petite DNA hybrid-
izes to a single Hpr and a single Hae band (these bauds being elose to each other in
wolecular weight) from the DNA of the parent strain. This result js interosting beeanse
it should indieate the localization for the seryl tRNA gene which has been detected
on it by Carnevali ef «f. (1973). In this connection, it should he noted that mierococeal
nuclease degradation has shown that the amount of spacer sequences in this DNA was
higher than 909, ; and that 109, of it was as high as 8%, in G + C, versus 4%, for total
DNA (Prunell, 1976).

5. Conclusions
{a) The wmitochondrial genome of spontaneous, helerogeneous petite mutants

A comparison of vecent and old, spontaneous, heterogencous petite genomes pro-
vides several interesting insights, Recently arisen petite genomes, like those of ag and
a5, were charvacterized by the following features,

(i) A low degree of heterogencity, This is indicated by three facts: (1) the deviation
from stoichiometry of Hae or Hpa fragments is small; (2) the number of new bands in
other digests is smally (3) the genomes of two random subelones, a5, and a5,
showed identical restriction patterns,

(ii} The properties of the genomes of their subelones. In the ease of ay;, two points
are striking: (1) the complexity of these genomes is high, ranging from 10 10° for
| aysse 10 133108 for agg.,. to 205 108 for agg,, that of the parental petite a,5 being
‘about 30 108 (Table 3): (2) almost all of the Hae or Hpe fragments of the least com-
plex subelone genome. a5, are present in the more complex one, a5, and those of
the latter in the most complex one, a,q, (Fig. 3).
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Hd petite genomes, arisen vears before analysis, like a; and a¥ share with the recent
ones the fact that the least complex of their subelones show Hae or Hpe fragments
that are contained in the more complex ones. They differ from them however, in tvwo
other respeets: (1) they have a high degree of heterogeneity, as shown by the very poor
stoichiometry of their Hae or Hpa fragments, and by thelarge number of Hind1l -+ III
fragments in the case of a;: (2) low-complexity genomes are found in their subelones.

These findings may be interpreted as follows, The relationships found in the Hae
or Hpa restriction patterns of the genomes from subelones indicate that these are
essentindly subsets of a single petite genome (or of a very small number of genomes),
originally exeised from a given region of the wild-type genome. We have already
mentioned in the previous seetion that some regions of the Intter may he preferentially
used in the formation of spontancous petites. While in this respect, recent and old
spontatcous petite genomes do not show large differences, they do so as far as their
heterogeneily and the complexity of their subelone genomes are concerned.

The fow complexity of subelones from old petites indicates that the exeisinn process
originally acting on the wild-type genome continues to operate in the petite mutants,
using the same preferential sites {as indicated by the abscnce or scarcity of new Hae
or Hpa bands) and canses a progressive decrease in the complexity of the genomes
present in the heterogeneous population. Such a proeess appears to come to an end
when exeision sites become scarce, and stable, simple petite genomes are formed like
those of afqe. af7020 and agy.,. 16 is conceivable that there is a spectrum of
excision sites, the most favorable ones being used first.

The other difference hetween recent and old petite genomes, the larger heterogeneity
of the  tter, seems to be due to the faet that, as the number of petite genomes in the
populaiion inereases becase of the continuing excixion process, a selection takes place
leading to the situation actually scen in old petite genomes, in which some genomes
predominate over other ones. This suggestion is supported by the changes found in
iy, as the result of many replatings of a, ;. Since some genomes in the population
tend to be wiped ont, probably beeause their replication rate is lower, one could
expeet a general trend for xpontancous petite genomes to become lower in complexity
ax they age. This is borne out by our experimental results with a, and also with a}.

I this general picture of the evolution of petite genomes is correct, as we bhelieve,
il is possible that o recent petite of low complexity, like a, (complexity of 3 109),
may cither correspond 1o an old petite which was present for a great number of genera-
tions in the wild-type cell population. or have arisen recently as the result of an
exeision process involving highly preferved and relatively close excision sites.

ihy The mitochondrial genome of spontaneous, homogencous petite mutants
The iindings of the present work indicate that the mitochondrial genomes of spon-
tancou~ petite mutants belong in three different classes according to the nucleotide
sequences that form the ends of the repeat units and that have, therefore, preswmnably
heen involved in the excision process.

(1) Mitochondrial genomes formed by the fandem repetition (head-to-tail) of @« DNA
segment which is delimited by (C-C-G-67, GA7 ( Q) clusters

This is the case of the petite genomes ag,q, 27,12, a5 and a, 5, Here excision
of the repeating unit of the petite genome did take place at two (C-C-G-G, G-G-C-C)
cluster- of the parental, wild-type genome, or at a few nucleotides distance from them.
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Under these circumstances, the most likely primary mechanism for the excision
of this class of petite genomes, is a site-speeifie, illegitimate recombination, as pre-
viously suggested (Prunell & Bernardi, 1977). Such a recombination event may con-
ceivably involve clusters located on the same genome unit or on two different genome
units. In the first case, the nucleotide sequences involved in the recombination process
<t ould basically correspond to inverted sequence repeats; in the second case, to direct
sequence repeats. As a result of the illegitimate recombination, one would expect to
have changes in the (C-C-G-G, G-G-C-C) clusters located at the ends of the repeat unit
of the petite genome, compared to the original clusters in the wild-type genome.

(i) Mitochondrial genomes formed by the tandem repetition (head-to-tail) of a DNA
segment delimited by C-C-G- ¥ sequences

This situation may be due to the same primaty cvent described above, namely to
he excision of the repeating unit of the petite genome at two {C-C-G-G, G-G-C-C)
clusters on the parental wild-type genome, the only difference being that G-G-C.C
xequences, which are known to be generally internal to (-C-G-G sequences in the
clusters (Prunell & Bernardi, 1977) have been lost in the illegitimate recombination
process. Alternatively, one (C-C-G-G, G-G-C-C) cluster 1s involved on one side, the
other side being represented by the G 4 C-rich cluster contignous to a C-C-G-G
<equence; the third possibility is that two sites of the latter kind are involved. The
case of the genome of petite b apparently belongs to one of the last two subclasses.

i) Mitachondrial genomes formed by the repetition of « DNA segment delimited by
seither (O-C-G-(, G-G-C-C) cluster nor O-C-G-( sequences
Tn this case, excision sites are possibly located on G - C-rich clusters not contiguous
{0 C-C-G-G sequences (whose existence has been shown by Gaillard & Bernardi, 1979}
or on AT spacers. This may be the caso ofa;nz1-
The relative frequency of the three different excision modes outlined above cannot
be assessed ab the present time. If one were to judge this issue on the basis of absence
“of new Hae and Hpe bands exhibited by independent, heterogeneous petite mutants,
wad on the basis of the situations found in all homogeneous, petite mutants isolated so
far, the frequency should decrcase when going from the first to the second and third
excision mode. It hould he stressed here that the data on the homogencous petite
SENOMES concern all the genomes isolated so Tar in our laboratory, and not a selected

set of petite genomes.

(¢) The mitochondrial genome of acriflavine-induced petite mutant d

The repeat unit of the mitochondrial genome of petite d strikingly differs from those
considered above in that it does not contain Hae nor Hpa sites and is essentially
formed by spacer sequences. [t is quite evident that in this case, either the original
oxcision event was different from those diseussed above. or considerable sequence
rearrangements have followed an excision of the types already described. In either
case. we consider it very significant that this petite was the result of mutagenization
with acrifiavine. In fact, it is well known that the tremendous increase in petite
formation upon mutagenization (from a few per cent to 1009, per generation) is
accompanied by extensive fragmentation of the mitocht mdrial genome (Goldring et al.,
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1970) and that petites lacking mitochondrial DNA altogether are frequently formed
(Goldring et al., 1970; Nagley & Linnane, 1970). Tnvestigations carried out in other
laboratories indieate that ethidium bromide-induced petites fall into far more complex
exeision patterns compared to those found here. For instance, all the 37 induced
petites of Lewin el al. (1978), not only regularly exhibited new Hae and Hpa bands,
but lso frequently showed inverted repetitions of monomer units, multiple deletions
and sequenee rearrangements. 1t appears therefore that the primary events originat.
ing spontaneous and induced petite mutants are significantly different.

(Y Ceneral conclusinons

The general conelusions of the present work are the fullowing, (1) The primary event
in the excision of the defective genomes of spontaneous petite mutants seems to be a
crossing-over process involving site-specific, illegitimate recombination concerning
the same genome unit or two different genome units. (2) 16 appears that the sequences
concerned by this process most frequently are the (G-G-C-C, C-C-G-G) clusters, but
(} -+ Corich clusters and AT spacers may also be involved. (3) If recombination occurs
by an internal crossing-over process, the primary event in the spontaneous petite
mutation is very similar to the excision of the lambda prophage from the Escherichia
coli chromosome or to the dissociation of a transposon from its host plasmid; in this
case. the various GC clusters play the same role as the insertion sequences delimiting
a bacterial transposon and should also play a role in what can be considered the
reverse process, namely the recombination of petite genomes with wild-type genomes
or other petite genomes. (4) In fact the intervention of such sequences in recombina-
tion' processes appears to he more general and to account for the divergence of the
mitochondrial genonie of wild-type cells (Prunell ef al., 1977a), and for the recom-
bination events oceurring in crosses of wild-type cells (Fonty ef al., 1978); obviously
in these cases, unequal crossing-over events never lead to the elimination of any
essential coding sequences. (5) Our original proposal that the petite mutation is the
result of an excision proeess promoted by the presence of nucleotide stretches that
share some sequence homology and arve present in a certain number of copies per

genome unit appears to be correct .

APPENDIX
Construction of the physical maps of pelile genomes
The molecular weights (2 107%) of the fragments obtained by degradation of petite
DN A= with restriction enzymes are given in the following Tables. Underlined values
correspond to double bandx. The partial Hee digestions of the DNA from ag,, were
done on final Whel digests

F f Siuee this paper was completed, we hinve learned from De AL 'lzagoloff that work done 1 his
laborntory hus shown that the nncleotide sequences of the (C-C-G-G, G-(-C-C} clusters studied so
far it with tbe predictions of Pruncll & Bernardi (1977): (1) in being palindromic; (2) in being
present in several copies in the genome; (3) in heing contiguous to G4 (-rich clusters deprived of
C-C-6i-0 or G-0-0-0 sites, Interestingly, G 4 C-rich elasters are also found around wsolated Hpa

sites.
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