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When degraded with the restriction enzvimes Haelll or H pall, the mitochondrial
DNAs from one Succharomyees carlsbergensis and three genetically unrelated
Noocepepisiae wild-type strains yielded 71 to 113 fragments ranging in molecular
welght from 104 to 4 109,

Genome wmit sizes, caleulated by adding up the moleenlar weights of all
fragments produced by Haelll. Hpall and, in some cases, HindlL §+ TI1 and
EeoR1, were in the 52 1o 54~ 10° range for the three 8. vererisiae strains, wherea
a value lower by about 109, was found for the 8. carlsbergensis strain. These
values are in agreement with the physical size of circular twisted veast mito-
chondrial DNA, as determined by electron microscopy {Hollenberg ef al., 1970),

Large differences in the electrophoretic patterns of Haelll and Hpall
fragments were found among the DNAs from different S, cercvisiae strains;
. egrerisine and 8. carlshergensis TN As showed only very few bands having the
same mobility, Such differences appear to originate essentially from additions
and deletions in the A +T-rich spacers and to be accompanied by a large preser.
vation of gene order. Unequal crossing-over events at the spacers seem to be the
source of additions and deletions and tounderlic the evolution of the mitochondrial
genome of yoasi,

1. Introduction

The mitochondrial genome of wild-type veast cells contains “spacers” || which (1) are
interspersed with the “‘genes’’; (2) have the same average size as the ““genes”; (3) form
about half of the genome: (4) have a G--C level lower than 5%,. whereas the “genes”
have an average G--C level of 329; (5) contain short repetitive sequences essentially
consisting of short alternating (dAT-dA'T) and non-alternating (dA . dT) sequences
(Bernardi ef el.. 1970.1972; Bernardi & Timasheff, 1970: Piperno ¢t al.. 1972; Ehrlich
et al., 1972, Prunell & Bernardi, 1974). In such a genome organization, internal
crossing-over events at homologous nucleotide sequences of “spacers” might lead
to deletions affecting genetic functions essential for cell respiration and ‘originate the

Paper IV in th
Prosent address;
Masgs, 02115, U.8.A.
§ 1o whom all corvespondence should be addressed.
We will indieate here as “spacers”™ the A - Torich stretehes of mitochondvial DNA, and as
Yrenes” the O - {Cirich stretehes, caorresponding to mitochondrial genes with their regulatory
tlenunts (Pruncll & Bernardi, 1974}
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respiratory deficiency which characterizes the extremely frequent, spontaneous,
eytoplasmic “petite” mutationi. An implication of this model was that crossing-over
events could lead to a divergence of the mitochondrial genome with preservation of
the respiratory-competent phenotype, if only nucleotide sequences non-essential for
the respiration were affected. We looked therefore for differences in the nucleotide
sequences in the mitochondrial DNAs of one Saccharomyees carlsbergensis and three
genetically unrelated 8. cerevisine wild-type strains. Such a search was encouraged
by our earlier observations of slight differences in all the chemical and physical
properties of the mitochondrial DNAs from two of the 8. cerevisiae strains investi-
gated here (Bernardi ef al., 1970; Bernardi & Timasheff, 19705,

The main results of this work were reported in preliminary form (Bernavdi ef al.,,
1975) at the workshop on Molecular Biology of Nucleocytoplasmic Relationships
(Paris, July, 1974), at the VIIth International Conference of Yeast Geneties
(University of Sussex. September, 1974), and (Bernardi, 1975) at the Xth Meeting
of the Federation of Furopean Biochemical Societies {Pariz, July, 1975).

2. Materials and Methods

inl Yeast strains
The wild-type S. eerecisiae strains A and B and their culture media have been already
described by Bernavdi et of, (1970). The S, cerevigiae strain DM, described elsewhere with
ite cultnre medivmn (Bernardi of al., 1968), will be incicated here as D, The 8. carlshergensis
NOYC 748 strain was kindly supplied by Dr C. Christiansen: culture conditions were
those deseribed by Christiansen et al. (1974); this sirain will be indicated here as . All
cells were harvested in late exponential growth phase.

ih) Profoplast form ation.

The conversion of yeast cells to protoplasts was done according to Crivell et ol (1971)
for N. cerevigiae and according to Christinnsen ef al. (1974) for S. coslshergensis.

(o) Mitochondrink DN A pre peeretion

Protoplasts were Jysed hy resnspension tat 0-5 g of starting cell wet wt ml) in 0-15 -
NaCl-2-59, sodium dodecyl sulfate (pH 7-0}, and incubation at 60°C under stirring for
1h. The solution was then adjusted to 13-NaCl, kept overnight in an ice bath and
centrifuged: the supernatant was precipitated with 1 vol. 95%, cthanol. The subsecuent
procedure, ie. dissolution of the precipitate, re-extruetion with 1:8%, socdium dodecyl
sulfate, chloroform treatment, ancd purification of mitochondrial DNA by batchwise
adsorption and chromatography on hyidroxyapatite were performed as proviously
described (Bernardi ef el., 1972); DNA was eluted in 2 alnost completely separated pealss,
corresponding to nuclear and mitochondrial DNA, respectively, The early fractions of the
second peal, representing about 3%, of mitochondrial DNA, were discarded since they
were shown to be slightly contaninated with the nuclear DNA of the first peak, by
analytical density gradient centrifugation. The pure mitochorideial DNA fractions
forming the hulk of the sscond peak were pooled, concentrated to 300 to 450 pg/ml, and
diakyzed against suitable huffers for restriction enzyme digestions, The molecular weights
of the mitochondrial DNA prepavations used in most of the present work were in the

# This model was first presemted in o lecture at the Karolingka Institute, Stoekholm tOetober.
1969). It was subsequently presented ab a nuriher of mestings and mentioned by Piperno ot al.
(1972) und by Prunell & Bernardi (1874). A very similar model has been developed by Clark-
Waller & Miklos (1974).
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35 1o 52> 10% range (Table Al of the Appendix), Two preparations of higher moleeular
weight (93 10%) obtained from strains A and B by a method to he published olsewhere
{Fonty, G., Kopecka, H. & Bernardi, G., unpublished data) were also used.

() Other DN A preparations used
Simian virus 40 (8V40) DNA was prepared by selective extraction of viral DNA (Hivt,
1967) from 4 subelonad OV cell line infected with large-plague strain SV40. DNA from
wild-type phage A waz ohiained by extraction of phage pariicles with phenol.

{e) Enzymes and DN A degradations

Bestriction endonucleases HindIL o LI, Hpell and Heelllt were preparved tfrom
Huesnophilus influenzue, H. parainfluenzac and H. aegyptivs, vespectively, according to a
uethod developed in our laboratory {Kopecka, 1975). EvoRI restriction endonnclease
samples from Eascherichin eoli were donated by A, Bernavdi and P. Yot of this Institute,

Digestions by restriction enzymes were done in TMSH mmedium (10 my-NaCl, and
6-6 v each of Tris (pH 7-4), MgCl,, 2-mercaptoethanol) for 16 b in the case of the
Huaemnophilus enzymes and for 2 1o 4 h in the case of HeoRI. All digestions were performedd
at 37°(" and stopped with EDTA, final conen 10my. Completeness of the degradation
was carefully checked by using different enzyme levels and different digestion timies. The
moleeular weights of Hpall digests, as obtained by sedimentation, are given in Table Al
of the Appendix,

() Gel electrophoresis

Hpall and Haelll digests oblained from 5 pg to 20 gg of DNA in 50 to 100 pl were
concentrated under reduced pressure o 30 ul. Samples were then made 1% in sodinm
dodeeyl sulfate, ineubated 30 min at 37°C, and 0-2 vol. of 609, sucrose containing (-029,
bromophenol blue was added. Electrophoresis in vertieal slabs (16 om < 40 om = (-4 oy
was carried out at 47C, at a constant currrent of 30 mA, for 20 to 30 b until bromophenol
blue reached the bottom of the gel. Alternatively 16 em x 40 cin = 0-3 ewn slabs were
used at a current of 40 mA. Composite gels contained -3, agavose (Sigma, St Louds,
Mo.) and 2, 2-5, 3, 4 and 67, acrylamide (Eastman-Kodak, Rochester, NY. ) associated
with 59 (relative to acrylamide) N, N'-methylene bisacryvlamide (Fluka AG, Buchs 858G,
Switzerland); 67, and 8%, acrylamide gels without agarose were also uged. For polymer-
ization, N, N, N', N'-teiramethylethylenediamine (Fluka AG) and ammoninm persulfate
were added o final concentrations of 0-13°, and D-0669, respectively,  Electrophoresis
buffer was 20 ma-sodium acetate, 2 mm-EDTA, 40 ma-Tris-acetale (pH 7-8).

Electrophoresis of Hindll — 11T and EcoRT digests (obtained from 2 1o 3 pg of DNA
in 30 uly was done at room temperature in vertical slabs (16 can . 20 ¢m < 0-3 em) of
-89, agarose at a constant ¢wrrent of 30 mA; the resolution of low molecular weight
fragments was obtained on 3%, polyacrylamide/0-5Y, agarvose gels,

Gels were stained for 2 h in electrophoresis buffer containing 2 g of ethidium bromide ml
{(Sigma) and photographed under illomination by short-wavelength ultraviolet lamps
{UV Products, San Gabricl, Calif.} using Polaroid type 55 P/X or 105 films and a Polaroid
MP3 camera with a Kodak no. 23A red filier, Alternatively, the ultraviolet lamps were
used without short-wavelength filters; in this ease the canera iller was a Kodak no. 24
filter.

The Polaroid negatives were scanued with o Joyee-Loebl (Gateshead-on-Tyne, England)
microdensitoreter; the final maguification from the gel to the tracing was about 63<. In
the case of Hoelll and Hpall digests, the fracings for a single DNA sample on the
6 different. gels nsed had an overall length of aboat 12 m,

Thiz procedure allowed an accurate measurement of the migration distance of the
fragments, which eould he estimated within — 1 mmn {on the gels). The precision on the
moleeular weight of fragments was ecuual to 2.0:5%, in the 0-5 t6 § < 10° range (manuscript
in preparation). A precise assessment of the amount of DNA per hand was obtained using
& new photographic method (see the Appendix).

t Restriction endonucleases ave indicated here according to Smith & Nathana (1973); Hpall
and HaeIIl will be indieated as Hpa and Hae in the Results and Discussion sections,
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) Electrophoretic molil ity and polecolar welght of restrivtion fragments

The molecular weights of the Haelll snd Hpoll fragments of mitochondrial DNAs
were determined using ag secondary standaves the Hpall fragments of DN A from strain B;
in turn, these were calibrated against primary standards formed by restriction enzyme
fragments from SV40 and phage A DNAL as follows, In the high molecular weight range
{15 to L 105 EeoRI fragments of A DNA and EeoRT or FeoRI + Hpall fragments of
SV40 DNA were used; for o better precision, EeoRT fragments of A DNA were mixed
with mitochondrial DNA B fragments and run together. Figure 1 shows these results in
the form of plots of log M (molecular weight) versus Ry (velative mobility)., In the inter-
mediate molecular weight range (1 to 01 108), HindIT -- ITT fragments of 83V40 DN A
were used as molecular weight standards (Danna & Nathans, 1971; Danna e al., 1873).
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Fie. 1. Plot of molecnlar weights {as given by Allet ef al., 1973a.b: Sharp of al., 1973, respectively)
against relative mobilities, B,, of fragments obtained from phage A DNA with EcoRI ( ), and
SV40 DNA with KeoRI and EcoRI 4 Hpe (@), A molecular weight of 3-4 2 10° for 8V40 (Sharp
et al., 1073} ensured the best continuity between A and SV40 fragments in the plot. Vortieal bars
refer to the B values of the bands of the Hpa digest of DNA from strain B; this was used as a
secondary standard (see Materials and Methods). See Fig. 8 and its legend for the numbering of
hands. The reference band for mobility ealeulation was band of B -~ 1 in Fig. &

For molecular weights lower than that of HindIL - ITT fragment K of 5V40 TINA
(o = 136,000}, a linear extrapolation of the straight line of the log M rersus iy relation-
=hip of 8V40 fragments was used. Such a procedure may lead to an overestimate of the
lowest molecular weights, M, and M, values of Haelll and Hpall digests, as caleulated
from the molecular weight of the restriction fragments, are given in Table Al of the
Appendixt.

When a given DNA digest was run on 2 different gels having the same concentration,
or on 2 different lanes of a gel where migration was not the same (the migration being
nsually faster at the center of the gel} Rp values were in general slightly different. A
precise comparison of By values of the same or of different digests could be done, however,
heeause o linear relationship of the type Bp = aRp, — b (where | and 2 indicate the

T Tables with Bp and M valucs of the restriction enzyme bands are available apon request,
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different experimental conditions) wis always Founcd hetween the 2 sets off By values.
Sinee the parameters o and b in the above equation can be calealated from the By values
of at least 2 fragments having the same mobility in the test and the reference digest {this
situation always oceurred Tor mitochondrial DNA digests), the f70 of all the fragments of
ihe DN A under study conld be normalized.

EcoRT fragments of A DNA and Hpadl fragiments of mitochondrial DNA from strain A
fealibrated as described abovey were nsed o~ noleeular weight markers in the case of

FeoRT and Hind1T < T chigests,

thy Other anethods
Sedimentation veloeity experinwents were performed as deseribed by Prunell & Bernardi
(1973),  Analytical CsCl density gradient experiments were done according to Bernardi
et ool (1972)

3. Results

The results obtained with Hae and Hpe digests will e presented in sections (a)
to (¢): those concerning the EeolD and HindI1 - T digests in seetion ().

{ay Beonel patleris

The fragments produced by Hee or Hpe from the four mitochondrial DN As
investigated here are very nmmerous (71 to 113) and cover a wide range of moleeular
weights (101 to 4 210%). Therefore, they could be satisfactorily separated only on a
series of long slabs of different gel concentration, Figures 2 to 6 show the separations
of Hae fragments from the fow mitochondrial DNAs on 2 to 6%, polyacrylamide gels
containing -3¢, agarose. The Figures also show the separations of Hpa fragments
from the DNA of strain B; these were used as secondary molecular weight standards
(see Materials and Methods, section (g)). Figure 7 shows the separation of the Hpu
fragments from the four mitochondrial DNAs on the 29 gel. The Figures are shown
to give a precise idea of the resolution obtained under our experimental conditions
over a wide range of fragment size, as well ax of the intensity and appearance (spread-
ing, sharpness) of the bands, and of the fragment homology (see section (e)).

Schemes of the band patterns obtained with the two enzymes on the five different
gels are presented in Figures 8§ to 12: 87, polvacrylamide gels were also used: these
did not reveal any additional bands in the case of Hae digests, whereas they showed
5. 7, 8 and 10 additional bands for the Hpr digests from strains A, B. D and C,
respectively (not shown). A large number of very small, single-stranded fragments
not detectable by gel electrophoresis could be shown to be present in the digests by
chromatography on hydroxyapatite (Pruncll & Bernardi, 1977).

Since six gels of different coneentration were used to resolve all the fragments.
corresponding bands. as observed on different gels, had to be identified in order to
establish the overlaps necessary for defining the fragment pattern derived from each
mitochondrial DNA. This could be casily done on the basis of the molecular weights
of the fragments and with the help of characteristie features in the hand patterns.
such ax fragment elusters and multiple bands.

(b Multiple beends el feeind futuels
{) An inspeetion of Figures 2 1o 7 reveals a number of bands showing higher
mtensities than the neighboring oves. Such multiple bands raised two problems
concerning, respectively. the namber and the identity in sequence of the fragments
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Fics 2 to 7. Electrophoratic patterns obtaumed with restriction snzyvme digests of  mito.
chondrial DN A= The enzyIne uscil the DNA sonree and the gel t'_'fJ[]l}}uS'lTl'Hll are wcheated.
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they contained. These problems were solved om the basis of fwo independent eriteria:
{1} the intensity of the hands, This was extimated for all bands by visual inspection
ancl by densitometry of the negative pictures of the gels. For the 15 to 20 highest
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Fre. 8% Scheme of the band patterns chtained on the 2%, wel The relative mobilities and
molecular weights of the fragments are indiraterd, Bands containing 1 fragment. 2 fragments,
andd more than 2 (3 or 4] tragmenis are fdicated by oo different thickness: faint hands are
indicated by broken lines. Corresponding Dands, ar hand clusters, as seen o different gels, are
indicated with the sarme letter nurmber combination, Cupital letters innlicate bands exhibiving
interstrain hamology (aceording to the eriteria given in section (o) of Results), lower casge letters
For all other bamdls, Homologies hetweett B2a. 125 el ag of the Hpe pactern and between A4,
134 and b of the Hae patlern were not incivated o avoid erowiding of thee Figure,

This seherne, as woll ns thoze of Figs 9 1o 120 anly depicts the bands o fhe Testresolved vegion
al thee el

moleeular weight bands a quantitative treatment was alzo applied {see Appendix).
2) The hehavior of multiple bands on ditferent gels. In general. bands showed slight
<hifts in their relative positions when run on different gels. These effects are probably
due to differences in the dependence of clectrophoretic mobility upon nueleotide
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sequenee (Zeiger of af . T972) as stndied on gels of different porosity. Tn the case of
mitochondrial DXA fragments, these effects may be associated with the presence of
A Terich stretehes of differcut lengths in the fragmeuts and with their eontribution
to fragment fexibility. Interestingly. similar phenomena could be observed when
running the same fragments on the same gel at different temperatures {(Fonty o al.,
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T 9. Scheme of the band patterns nhtained on the 2-5Y, gel, For other indications see Jegend
toe Fig, 8 Heve, batud bo (Hoe) of Fig. 8 has the same mohility as band BE (Faed whieh is now
represcnted ag g double one,

unpublished data; Allet ¢f al.. 1973a.h). Because of these R; shifts, a double band on
a given gel may he resolved into a separate doublet on another gel. 1hus giving a
clear indication on the multiplicity ot the hand under eonsideration, About 50, of
the multiple bands of mitochondrial DNAs were resolved into simple bands when
electrophoresis was done on another gel. Very interestingly. all the high molecular
weight  multiple bands of the 29, gel were either resolved, or rearranged in
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clusters, on the 2-59%;, gel, an exception heing Hpa band cil which remains double on
the 2, 2-5 and 3% gels; in contrast none of the low molecular weight multiple bands
in the 4% to 6%, gel overlaps were resolved. Therefore, most of the fragments present
in the multiple bands were different in sequence; in contrast, the low molecular weight
fragments present in multiple bands could be identical in sequence and correspond
to duplieated sequences. The identical chromatographic hehavior of some of these
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Fra. 10. Scheme of the baud patterns abtained on the 3% gel. For other indications soe legend
to Fig. 8.

fragments on hydroxyapatite (Prunell & Bernardi, 1977) is in agreement with this
ides,

(ii) Very few bands, called here faint bands. having a very much weaker intensity
than expected from their molecular weights. were found in the Hae digests (bands
b7, A12,. B12, on the 22 gel; b7, all, on the 2:5% gel; Figs 8 and 9; Figs 2 and 4),
These appear to arise as the result ot a specific endogenous degradation of 5. cerevisine
DN Ag {see Appendix).
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(e) Band number and fragment number
(i) The number of bands present in the electrophoretic patterns is given in Table 1.
The multiple bands which could not be resolved on any gel were connted as single
ones, regardless of their intensities. Those which were resolved on a given gel, but
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Fic. 11, Scheme of the band patterns obtained un the 4% gel. For other indications see legend
to Fig. &,

not on another one. were counted as resolved bands. The Hpe bands seew on the 8%,
gel (see section (a)) and the faint bands in the Hae digests were counted.

(1i) The number of all fragments, taking into account band multiplicities, is also
given in Table 1. This number was higher in Hpa (107 to 113) compared o Hae
digests (71 to 84), the differences being mainly due to the presence in the former of
small fragments resolved on the 6 and 82, gels. The number of fragments released
by the same enzyme from different DN As was in most eases not the same.
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(iii} The sums of the moleeular weights of all fragments devived by Hue or Hpe
hyvdrolysis {Table 1) provide estimates of the unit sizes of the mitochondrial genomes
of each strain,

{iv) The contributions of unresolved fragments to such unit sizex are given in
Table 1. This corresponds to the difference between the estimates of the genome anit
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Fri. 12, Seheme of band patterns obtained on the 6%, gel. The diterent relationships between
- and W Tov Hpeesad Mo digests ave die to the fact that 0-5Y, agarose was present in the gol
needd for fpe digest bat ool in that wsed for Hoe digest,

sizes. as derived from the fragments (see (i), above) and from the bands (see (i),
above] respectively; the latter one elearly is a minimum estimate.

(d] Size disteibution of restriction fragurents
The fragment size distributions, as judged from gel electrophoresis. are <hown in
Fignre 13. Data are presented in the form of plots of fragment number verses In M.
Plots were normalized in order to allow eompavisons of different digests with the
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Tarue 1

Hue and Hpa restriction fragments and unit sizes of four yoast mitochondrial

Genomss
Ntrains

Enzyme A B D C

Number of bandst Hae b i3 70 63

Hpa 93 a1 97 a1

Nurmber of fragments§ Hue 54 K1 83 71

Hpa 112 107 13 17

Crenoane unit size, M § Hur az Bt 52 i

Hpe 23 52 a2 44
Contribution of “unresolved” Hue ] 24 15 4-4
fragments Lo genome unit size | Hpa -1 al {i-d4 3-8

* This is the number of all “resolved” bands (see sections (h) and {¢) of Results),

T Based on the band multiplicities given in the schemes (Figs 8 to 12,

§ M, is the molecular weight of the lragments (2 1079, as determined hy gel electrophoresis,
Values of 52, 3 and 46 - 109 were obtained for strains A, B and C from HipdIl o TTT digests:
a value of 34 0 10% was found for strain A from FBeoRT digest.

This is the difference between the genome unit size, as caleulated from the fragments, and the
genome size, as caleulated from the bands, Values are < 10 7

distributions which should arise it mitochondrial DNAs were hroken down by a
random degradation into the number of fragments experimentally found. Such
random distributions are described hy:

ANy 1

ar ¢

n

or, in terms of In M. by:

JiMy =dNid In M = :}{- e MM
]

where N is the number of fragments, M their moleenlar weights and 3, the number
average molceular weight of all the fragments. In contrast with the random distri-
bution curves. all experimental curves show a similar. characteristic multimodality.
Two remarkahle features of the distribution curves are (1} the great similarity of the
profiles obtained with both hydrolvsates from each strain. and (2) the shift towards
lower molecular weights of the Hpa curve compared to the Hae curve; this is par-
ticularly evident in difference curves (not shown). The first finding points to a cluster-
ing of Hpa and Hae sites: the second one is due to the fact that the Hpa digest
containg more small fragments than the Hae digest (see scetion (e) (ii)) and also to
the fact that in over half of Hae, Hpa site clusters the Hpa sites are external to the
Hae sites (Prunell & Bernardi. 1977).

(e} Inferstrain comparizon of bund putterns
I'he problem of fragment homology among DN As from different veast strains was
approached in two different wayvs,
(i) Fragments from different strains were considered homologous, i.c. to have the
same nucleotide sequences (1) when they had the same electrophoretic mobility even

&
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Fre, 18, Serndogarithmic plot of » verses M for the restriction enzyme fragments ohtained
trom the mitochondreial DX As,

pom CENG) 0 TAN/A I My, where Vs the total nmmber of fragments, AN the number of
fraginents hetween I Wowd I M- Al ML Intervals overlopping cach other by 3070 were
taken in order €0 lnerease the number of points, The vadue of A dn A8 = AM M, used in the plot,
$670: values of 23 and 929 gave similar vesults, The broken lines coreespond to random
distribntions caleulated foe the muober of fragments (experitmentally fonnd) for each oligest.

Wi

ou different gels {a condition which obvionsly could not be ehecked for bands outside
overlaps): for instance, in the Hpa digests band AL had the same mobility as bands
Bl and DI on both the 2%, and the 2-53%; gelg; (2) when they had comparable vields
(see Appendix), and/or released upon double-digestion fragments having the same
mobility (Pronell & Bernardi, 1977). These eriteria concerned a relatively small
number of bands.

{ii) For an overall estimate of interstrain fragment homology. the following pro-
cedure was used. The percentage of the number, or of the weight. of the restrietion
fraginents from & given DNA coineiding, within a certain AW W range. with the
fragments of another DNA wag plotted against AW W (Fig. 14). For cach DNA pair,
a similar plot was calewlated for fragments produced by random breakage: these
plots (broken lines in Fig. I4) provided an estimale of what might be called the
“random homology ™. namely the chance of having melecular weight coincidence.
within a certain AWM range. in fragments having no sequence correlation.
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Fragment hemology {%)

Hpa, n
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Fie, 14, Plot of the computed fraginent homologies (%) versus AM M with the 4 strains and
both enzymes. The broken lines correspond to the statistical homologies. 1 and W indicate that
the number and the weight homologies, respectively, are CoOneerned.
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In order to calenlate the “random homology™. a computer procedure was used
to generate 200 samples of a random distribution of N, fragments. These samples
correspond to a random cleavage of the circular genome in ¥ points. The length of
the genome is taken as 1, and the positions of the cleavage points are given by random
numbers generated by ‘th computer and comprised between 0 and 1. After the ¥,
cuts are introduced, the difference between the positions of two neighbor cuts.
multiplied by the genome unit size. corresponds to the fragment size. The 200 frag-
ment distributions are arranged in 100 pairs. The distributions in each pair are
compared, the homology caleulated with the procedure deseribed above. and averaged
for all pairs. Two values of Ny, 111 and 83, were used corresponding to the Hpa and
Hae case, respectively. Random homologies by weight or by number were found to
he the same.

(iii} The difference curves between experimental and “random homology™ (not
shown) exhibited maxima at an abscissa value of zero, or very near zero (AM M
<= (1590 beeause of experimental error. The fact that the “random homology ™ curves
tend to zero when MMM tends to zero. whereas the experimental curves have, as a
rule. a finite value and the difference curves a maximum value at {or near) AM M -
indicates that the intuitive criterion that fragments having the same clectrophoretic
mobility are homologous is correct on average. The values of the maxima of the
difference curves represent, therefore, the pereentage of fragment homology. by
number or by weight; such values are given in Table 2. Estimates from Hue and Hpa

TasLE 2

Inierstrain fragment homologyt

Strains Hpu Hoe
w n W n

A-B 10 +3 32 35

A-D 28 20 37 20
B-D» 24 16 23 22
A= 1] 7 u 111
B ] ] t 14
D- it 4 0 11

+ Values in this Table are %, homologies by fragment weight (w}, or fragment nuamber {n).
Values were ealenlated as deseribed in the text,

are in fair agrecment with each other. The data clearly indicate that fragment
homologies are much higher among 8. cerevisine strains than between 8. cerevtsioe
anc 8. carlshergensis. In the latter case. the homology by weight was non-significant
and the very limited homology by number only concerned the smallest fragments.

1f) Band patterns of HindZd + 1T and EcoRT digests
Figure 15 shows the fragment patterns obtained on (-89 agarose gels with
HindlT 4- 11T and EcoRlL digests of mitochondrial DNAs. Fragments having mole-
cular weights lower than about 1-5 L0¥ were resolved on a 3%, polvacrylamide;j0-57,
agarose gel (not shown). Figure 16 presents the fragment patterns as obtained on
hoth gels with all the digests: Table 3 gives the molecular weights of all the fragments.
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EndoR HeadlD + T £roRl
Strain A B o] C Y

Q8%

Fro, 14,

(1) HindIl + LIT digests. The genome unit sizes were estimated by suwmming the
molecular weights of all fragments and by taking into aceount the existence of some
double bands in the digests (Fig. 16). The values arrived at were 52, 50 and 46 108
for strains A. B and respectively (Table 3). The good general agreement of the
genome unit size estimates, as obtained from HindIl — 111 and Hae or Hpa, indicates
that no large HindlI = 111 fragments were missed from the gels. The absenee of any
background material above the top Hind[l = TTT1 bands for DNAs which showed
such material ahove EeoRT bands of even higher molecular weight. confirms this
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Hindll + 111 EcoRl
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Fic. 16. Scheme of the band patterns obtained with findll 4- I and EcoRI digests of
mitochondrial DNAs.

Results obtained on 0-8Y% agarosze, and 39 polyacrylamide05% agarose were nsed. DNAs
from straing A, D and C were those of Table Al of the Appendix; the higher molecular weight
preparation from strain A was used: the DNA preparation from strain B used here had a molecular
weight of about 9 x 10°. Thicker lines indicate donble bands. The top bands of HindIL + TIT digest
of DNA from strain D, and of FeoRI digests of DNAs from straing B, D and C are missing (see
text).

conclusion. In the case of DNA from strain D (which had a lower initial molecular
weight than the other DNA#: sce legend to Fig. 16) probably two large molecular
weight fragments were missed.

(i) BeoRT digests. In this case, the estimate of the genome unit size of strain A,
54 108, was in quite satisfactory agreement with the results obtained with the
other three enzymes. In the other cases, clearly one (strains B and C') or two (strain D)
fragments of high molecular weights were missed.

(iii) Band homology in HindI1l & ITT and EeoRI digests. The HindIT -+ III and
EcoR1 restriction patterns obtained with the §. cerevisine DNAs were eharacterized by
the fact that most bands had either the same or a similar mobility, Several S. carls-
bergensis DNA bands, particularly in the low molecular weight range, also showed
mobilities identical or similar to those of 8. cerevisiae DNAs, Because of the very
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TABLE 3

Molecular weight of HindlI + 111 and BooRI restriction enzyme fragments of
yeast mitochondricl DN Ast

Hindll 4 111 EeoRI
Rtraing A B I (84 A B D Ct
10-3 10-3 1t
04 T 13-6 136
415 445 464 108
430} 427 430 4-30 73 73 73
405 40141 GH]
52 52 a2
3-60 360 360 4.42
2-90
235 2.35 230 2-35
3-50 3-50 30 1-72 172 1-72 172
T 1-40 1-40 1-40 1-36
2-45 2-045 300 065 (165 065 0-65
217 T 2.2 0-56
1-85 1-85 1-85
1-60 1460 it
073 072 72 (657
0-37 037
027 0-27
Genome
unit gz 52 50 46 a4

¥ All values are given x 107° Underlined figures refer to double bands. Figures referring to
bands having identical or similar mobilities ave put on the same lines (see text). Two bands were
supposed to be missed in the HendlT + IT11 and EcoRT digests of DNA from strain D; one band
was missed in the EeoRI digest of DNA from strains B and .

1 Blightly different values for the DNA of the same 8. carfsbergensis strain have heen published
by Christiansen & Christianscn (1976) and by Sanders et al. {1976) after this work was completed.
The classification of the top HindIl -~ I1I band as a donble band rests on the yield of this band
(see Appendix) and on results obtained on another TN A preparation of higher molecular weight;
this classification is confirmed by the independent work of Sanders ef ol. (1975).

small number of fragments produced by HindIT - 111 or EcoRI, fragment homology
could not be estimated using the statistical approach outlined in the preceding
section, and was, therefore, taken as equal to the percentage of DNA present in
bands having the same mobility in different digests. In the HindIl + IT1 digests,
the (weight) homology values of the DNA pairs A-B, A-C and B-C {where no bands
are misging) were 82, 42 and 33%;, respectively, in sharp contrast to the Heae and
Hpa estimates of 32 and 429 for the A-B pair, and of 09, for the A~C' and B-C
pairs (Table 2). This apparent paradox is largely due to the fact that HindIT + I11
fragments showing identical mobilitics (and, therefore, considered homologous
aceording to the criterion mentioncd ahove) ma v be formed by Hae or Hpa fragments
some of which have different mobilities in different strains. An example of such
“perfect™” compensations is given by the 10-3 < 10° fragment of 8. carlsbergensis DNA
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which can only be formed by Hae or fpe fragments that do not have identical
mobhilitiex in N. carlsberygensis and S, cereisioe DNAs. T Tmpertect” length con
pensations. on the other hand. may account for the large number of fragments having
similar vet not identical wohilities in ditferent digests. The overall simnilarity of the
Hindll - 11T and EcoRl restriction parterns exhibited by different DNAs has an
important implication as far ax gene order in the corresponding genomes is concerned
(see Discussion, section (b (i)

4. Discussiont
(a) £ wit size eud phosicel size of fhe nettochandviedd geion

1) Enit size

The sum of the moleeular weights of all fragments derived by Hae or H pa hydrolysis
(Table 1) provides an estimate ol the unit =ize of the mitachomndrial genowes under
investigations: this is equal to ¥ to 53 .« 107 for the ditferent strains studied here.
it should be noted that (11 the Hae estimates should be inereased by (08 10% and
the Hpa estimates by 1 109 since these amonnts of DNA were present in the digests
as small, single-stranded oligonneleotides detect able by lhivdroxyapatite chromato-
eraphy. but not by gel electrophoresis (Prinell & Bernardi 1977): (2) the HipdTT—I11T
and EcoRI results concerning <train A are in goutl agreement with Hae or Hpa data
(compare Tables L and 31: 13} the genoue nnit xize of strain B. as estimated from the
Hae digest. is much higher than those obtained from Hpe or HindIl — LLL digests:
in all Kkeliness. this overestimate is lue to the wrong assessment of multiplicity in a
high molecular weight band: (4) the dixerepancey between genome unit size estimates
of &, varlsbergensis as obtained from Heae or Hpa ceesus Hind LI — 111 might also be
due to errors in hand multiplicity assessments in Hae or Hpe patterns: if so. the
veal number of feagments originated by Hae twhich is of importance: see Prunell &
Bernardi. 1976} i comprised hetween the number of bands. 63, and the number of
fragments, 71 (Table 11

A very significant difference in unit size exists hetween the mitochondrial genomes
of the 8. cerevisize strains used here and that of the S, caelshergensis strain: this has
heen recently confirmed by the electron microscopic work ot Christianzen &
Christiansen (1976), Significant ditferences also exist among the genome nnit sizes
of the 8. eererisiae strains: the case of DNAs from strains A and B as analyzed by
HindIl = [L, and of some recombinant DNAs frome A B oerosses ¢ Fonty et al..
unpublished data) is particularly meaninelnl because of the identical mobility of
most fragments, It ix important to remark that. while the unit sizes of the wild-type
mitochondrial genomes examined here differ from cach other. the size range is rather
narrow: considering the similarity of properties strongly dependent upon the amount
of A =Terich spacers (=uch a= G C rontent. buoyant density. melting and eircular
dichroisin speetra) in DNAs devived from lifferent straivs {Bernardi ¢ ol 1970
Bernardi & Timasheff. 19707, this indicates 1) that the total amonnt of =pacer
sequences is relatively constant in different sirains and ket under some control.
and suggests (2) that most of the mitoehowlrial genes are indizpensable for respiratory
competence.

G This Drisetssion 3= Dest Followed 00 the conelisions peached i che Tollos ing paper CPraell &

Leruaedi, THTT) e Known.
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(il) Genome unit size and physical size: homoge ncity and complexity of the
mitochondrial genome

The good agreement of the genome unit sizes of Table 1 with the physical sive.
A0 10% estimated by electron microscopy (Hollenbere of al.. 1970}, has threc
important implications: (1) it unequivoeally confirms the validity of the eleetron
microscopy results and the fact that the 25-pm cireular supercoiled DNA molecules
indeed correspond to mitochondrial genome units: sich molecules, released by
osmotic shock from mitochowdria direct Ly on the electron microscope grid {Hollenberg
et al, 1970, could never be observed in other lahoratories nor eould they be isolated.
This conelusion (Bernardi of ol 1975) wax also reached hy Borst {1975} ane then
contirmed by the very recent data of Morimoto et al. {1975) and Christiansen &
Christiansen (1976). (2) Tt ruler oul no only the wnlikely possibility that mito-
chondrial genes are distributed over more than one physical unit (a situation existing
n some plant viruses). but alvo the existence of 4 “dixerete” heterogeneity, nanicly
of a small number of different genomes present In comparable amounts, In faet. it
indicates that the mitochondrial genome of a given yeast strain is guite homogeneous
in terms of nucleotide sequences {strictly speaking in terms of distribution of restric.
tion sites). Tt shonld be stressed. however, {a) that sonue sinall sequence duplications
are strongly suggested by the lack of resolution on different gels of multiple bands
in the low molecular welght range and by the same chromatographic behavior on
hydroxyapatite of he fragments contained in such double bands: these fragments
appear 1o lack spacers and to eorrespond to gene fragments (Pruncell & Bernardi.
1977); (b) that other larger sequence duplications are possible (see section (h), (iii)):
{c) that neither the agreement het ween genome unit size and physical size nor the
stoichiometry of the fragments (see Appendding rale vut the possibility that a certain
pereentage of spontancous wild-type mutant genomes contaminate the predominant
genome: in fact, such mutants would hehave like the sportaneous “petite’” mutants
which are present in our wild-type cell eultures. namely they would affeet the stoichio-
metry of fragments below our detection level and contribute to the background smear:
these spontaneous wild-type mutants ave, in fact . likely to be present and to provide
the material for the divergence and evohition of the mitochondrial genome (see
seetion (b). below). (3) The general conclusion on the sequence homogeneity of the
mitochondrial genome from g given strain seems 1o suggest the existence of 1 “unigue”
{(Britten & Kohne. 1968) nucleotide scquence in mitochondrial DNA or, in other
words. a perfeet correspondence between the “complexity™ (Britten & Kohne, 1968)
of the mitochondrial genome and its physical size. This would. indeed. be the case if
the restriction sites were randomly distributed over the mitochondrial genome. The
actual situation is. however, oquite different. As far as HindIT <~ 11T and EeoRT are
coneerned. these enzymes insert 1oo few breaks to be of any help: on the other hand.
the vers numerous Hee and Hpu sites. G-G.O-C and C-C-(-@ (K. Murray & A,
Morrison, unpublished results: Gartin & Goodman, 1974), are completely absent
in the A< Turiel spacers and are very strongly clustered in particular segments ol
the mitochondrial genome (Prunell & Bernardi. 1977). Our data do not say anything,
therefore. about the existence of a unique” nucleotide sequence in mitochondrial
DNA and, clearly, are perfect Iy compatible with the existence of repelitive sequences
inside the enzyme-resistant restriction fragment=. It should he pointed out here
that the previous claim of a Tunigue” neleotide sequence in mitochondrial DN A
(H””f'-iﬂu-'l’g el 19700 Cheistiansen of ol 1974). resting on the arreemoent hetwoen
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the kinctic complexity and the physical size of the mitochondrial genome, is extremely
controversial because of the large number of unresolved problems which affect the
renaturation kinetics of this DN A {Christiansen ¢ al., 1971,1974; Prunell & Bernardi,
1977).

(b) Homology and divergence of the witochondrial genome

(i) Sequence homology and restriction fragment homology in mitochondrial genomes

As shown in Table 2. Hae and Hpa fragment homology thy weight) between S. cere-
visiae and S. carlshergensis DNAs is equal to zero for the DNA pairs A-C and D-C,
and lower than 109 for the pair B-C. In apparent full contradietion with these
results, & number of findings indicate a high level of sequence homology in the mito-
chondrial DNAs investigated here: (1) all genomes released approximately the same
number of Hae and Hpa fragments (Table 1) and. therefore, contained approximately
the same number of restriction sites (or restrietion site clusters; Prunell & Bernardi,
1977); this is so much more significant as such a number is extremely high compared
to statistical expectations (see section (it) (2). below). Tn all cases, Hpe fragments
were more numerous than Hae fragments. revealing a common bias in all DNAs.
(2) The size distributions of the vestriction fragments were similar (Fig. 13}, an
indication that Hae and Hpa sites {or zite clusters) arc similarly distributed in the
genomes. (3) Tn the case of strains B and C, Hpa fragments of similar size, as separated
hy chromatography on agarose columns. have a similar base composition {Prunell &
Bernardi, 1977), suggesting that fragments having similar lengths may be homologous
in sequence. A stronger indication of sequence homology for fragments of similar size
from the DNAs of straing B and C comes from their similar chromatographic behavior
on hydroxyapatite columns (Prunell & Bernardl. 1977).

All these results are not surprising in view of the essential identity of all physical
and chemical properties (huoyant density, G-—C level, melting, pyrimidine isostichs,
A-- T-rich spacers, restriction site clusters, G--C-rich clusters) shared by the DNAs
under consideration and are in general agreement with the finding (Groot et al., 1975)
that mitochondrial DNAs from the same S. carlshergensis strain used here and a
S, eerevisiae strain show 1007, homology. by DNA-DNA hybridization, with no
mismateh in the hybrids. An explanation of the apparent paradox represented by the
fact that DNAs from 8. carlsbergensis and S. cerevisine (to take the extreme case)
show 1009, sequence homology and no Hae or Hpa fragment homelogy is given in
the following two subsections.

(ii} Origin of differences in the fragiment patterns

Two. not mutually exclusive. possibilities can cxplain the origin of the differences
found in the fragment patterns exhibited by the mitochondrial DNAs investigated
here: (1) point mutations and/or base modifications (methylation, glucosylation) at
the Testriction sites. (2) Deletions and'or additions hebiween restriction sites.

The first possibility can be ruled out as a mechanism aceounting for more than a
minor part of the changes on the basis of the following arguments: (1) practically all
fragments of S. carlshergensis DNA have electrophoretic mobilities different from
those of the S. cerevisive DNAs. This implies that at least half of the restriction sites
are different in the two strains. Assuming a random point-mutation mechanism and a
single hasc-pair change per two sites. this means at least one mutated nucleotide out
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of eight (the number of nucleotides present in two sites) in the mitochondrial DNAs.
Such a situation should give rise to a measurable mismatch in the DNA-DNA
hybrids (4t ~ 10 deg.C), whereas none was observed (Groot ef al.. 1975). Obviously,
the degree of mismatch would be even larger if the restriction sites were changed by
an addition/deletion mechanizm af the sites instead of a point-mutation mechanism.
An additional remark is that the large number of point mutations required to bring
about the observed pattern changes would certainly affect rRNA and tRNA genes,
which represent more than 109 of the genome. and also lead to an inacceptably
large divergence time (over 10° years, at a point-mutation rate of 10~7 per generation)
between strains which show 1009, homology in their nuclear genomes as well {Groot.
ef al.. 1975). (2) Since the number and the size distribution of the restriction fragments
is very similar in DNAs from different strains (Table 1 and Fig. 13), the disappearance
of “old” restriction sites should be accompanied by the formation (caused by the
same point-mutation mechanism) of an approximately equal number of “new’”
restriction sites having a very similar distribution on the genome. This very unlikely
explanation becomes totally unaceeptable if we consider: first, that the number of
Hae or Hpa sites in mitochondrial DNAs is more than 20 and 40 times, respectively.
the number, 5, expected for a statistical DNA having the same base compasition
{(Prunell & Bernardi, 1977; Appendix). and that a random mutation process cannot
preserve such a number since it will randomize the nucleotide sequences; and, second.
that restriction sites are clustered in mitochondrial DNA (Prunell & Bernardi. 1977),
a finding which implies that several point mutations at neighboring sites are needed
to change the restriction fragment patterns, (3) As far as base modifications at the
restriction sites are concerned, glucosylation is non-existent in veast mitochondrial
DXNA (Bernardi et al., 1970), and methylation can be ruled out as an explanation
for the lack of fragment homology. In fact, recombinant mitochondrial genomes,
such as those studied in diploids issued from A B crosses (Bernardi, 1975; Fonty
et al., unpublished data), show Hpa patterns where different combinations of the
patterns shown by the DNAs of the parent strains are represented; this suggests that
no strain-specific modifications took place at any of the restriction sites present on
either DNA.

We conclude, therefore, that the largely predominant mechanism underlying the
changes in restriction site distributions is one involving deletions and additions
between such sites.

(il) Localization of deletions and additions in the restriction Sfragments

It should be recalled here that all Hee fragments and most Hpa fragments contain
& gene and a spacer element flanked by G +C-rich segments containing Hae and H Pt
site clusters. Under these cireumstances, the important question concerns which one
of these elements is the seat of deletions and additions. It is obvious that such pheno-
mena cannot affect the genes themselves since in the case of the DNAs from S, carls-
bergensis and S. cerevisiar all allelic genes should have different lengths. Deletions
and additions must, therefore, affect cither the A T-rich spacers or the G--C-rich
Segments (these comprise the Hae, Hpu site clusters and the G--Chrich clusters;
Pl'une]] & Bernardi, 1977). In hoth cascs, one could expect an absence of mismatch
In the DNA-DNA hybrids because of precise pairing of the gene sequences present
In the fragments and of foldback pairing in the extra lengths of A-LT-rich spacers
or G+C-rich segments, both of which are known to contain hyphenated palindromic
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sequences (Ehrlich eb el 1972 Pronell & Bernawdi, 1977), 1t is very likely that the
A--T-rich spaccrs are the seat of changes in length of restriction fragments for the
following reasons: (1) the A—TT-rich spacers represent 30°, of the genome. the
(+ - Crich segments less than 10950 if the number of these two elements is the same,
as scems to be the case (Prunell & Bernarvdi. 1976). the (3 -C-rich segments are
just too short to allow for the changes in length ohserved; in the two cases where
length changes in sequence-homologous fragments could be assessed. these were
much longer thao the average length of —C.rich scgments {Prunell & Bernardi.
1977). (2) The variations in the unit sizes of witochondrial genomes of different
strains may reach values of at least 40109 these large changes can be easily under-
stood in terms of additions and deletions in the 25 < 10% of A—=T-rich spacers whercas
thev are much too large for the 3 < 108 or so of (G- Corich segments: in addition. one-
third of the DNA in these segments (the Hpu site clusters) i knowo not to change
in amount in the DNAs from strains B and C (Prunell & Bernardi. 1977). The alterna-
tive explanation that changes in genome size are due to deletions and additions of
very long genome sconments encompassing a numhber of restrietion fragments does
not. explain the changes in length of all restriction fragments. (3) If the hypothesis
that the G—-C-rich segmenis correspond to regulatory sequences is correet (Prunell
& Beruardi. 1977). it is obvious that these sequences cannot be alteved without
funetional losses: the preservation of the amount of i pe clusters in straing B and (.
mentioned above is in keeping with this concept: in contrast. the A--T-rich spacers
are not likely to play the sume role nore to be under the same evolutionary constraints,

In connection with the localization of additions and deletions in the A< T-rich
spacers. it is worth recalling (see scction (i) above) that Hee ar Hpe fragments of
S, eerenisiae and S, carlshergensis DNA sharing common sequences have similar, yet
not identical, electrophoretic mohilitios, a Anding which indicates that acditions and
deletions are short. relative to fragment size. This explaing how compensations
between additions and deletions keep within a narrow range not only the unit size
of the diverged genomes, but also a number of Findl] G- LLL feagments. The length
compensations found in the latter have an iinportant implication. namely that gene
order is largely preservied in the genomes examined: in faet it extensive gene trans-
locations had taken place in these genomes one would not find that most of the
fragments have cither the same or a similav size, whereas this s eastly explained by
compensationg in spacer lengths in otherwise homologous genome segments,

The variability in length of A - Torich spacers in the mitochondrial genomes of
different strains implies that duplicated genes present in a given genome may be
found on Hae or Hpn fragments of ditferent lengths hecause of the different length of
the neighboring spacers.

(iv) Mechanisms wnderlying deletions aond ndditions in the pesiriction frogments
Several mechanisms may conceivably be responsible for the deletion-addition
events occurring in the A--T-vich spacers of the mitochondrial genome of veast.
The hasic mechanism which we favor ix one involving unequal crossing-over cvents
in the A Torich spacers. This is being investigated in onr laboratory by sequence
analygis of spacers from cloned fragments of mitochondrial DNAs from different
strains, At the present time. we can only mention a number of possibilities concerning
the nnequal crossing-over events. These might ocenr: (1) within single spacer
elements, leading to loeal deletions: aceording to this explanation. the genomes under
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investigation have diverged (rom a common aneestral genome beeause of the different
localizations and extents of deletions; (2) at different spacer elements belonging to
the same genome unit: such a process leads to the deletion of a genome segment and
the formation of a “novel” spacer formed by the fusion of the “old™ ones: this process
should, however, essentially lead to “petite” mutants, as originally suggestedf:
(3) at spacer elements of different genome units: (a) if spacer elements fanking non-
honmologous genes are involved, this leads to exchanges of non-homologous genome
: the most frequent result of this process will be the formation of defective

i gmen

genomes (with both deletions and additions of genome segments) and therefore of
Spetite’” mutants; it ix coneeivable that deletions only affecting genes non-gssential
for cell respiration. as well as gene duplications and translocations, may be caused by
this process, which leads in any case to additions and deletions in the spacers where
erossing-over events took place; (hy if spacer elements flanking homologous genes
are involved. exchanges of spacer sequences or of homologous genome segments
will oeceur: in the latter case. additions and deletions in the spacers can he the result

of either an exchange accompanied by segment inversiom. or of incurrect pairing of

nucleotide sequences in the spacers flanking similarly orlented segments: interestingly
this situation may arisc not only if there is a general possibility of crossing-over
events anywhere in the spacers {ag implicitly supposed above). but also i this
possibility is limited to spacers flanking homologous genes,

Two of the mechanisms just deseribed ((2) and (3} (a)) predominantly Jead to the
formation of defeetive genomes. This stresses the fundamental analogy of the mechan-
igms underlying the “petite” mutation and the evolution of the wild-type genome.
unequal crossing-over events at the repetitive nucleotide sequences heing responsible
for both phenomena. In this connection, it should be mentiovned that recombinational
events seem also to take place in the G +Corich segments, in whieh case. however,
they systematically lead to “petite”™ mutant genomes (manuseript in preparation).

The other two mechanisms (1) and (3) (b)) can account for the divergence of wild-
type genomes. Both of them preserve gene order. in agreement with the indication
given by Hindll <. 1L fragment patterns. It iz most likelv. however, that mechanism
{1} is probably hindered by topological contraints andyor lack of adequate intra-
spacer scquence homology and that mechanisim (3) (b) is the predominant mechanism
respousible for genome divergence. In fact. the restriction patterns of diverged
mitochondrial genomes are identical to those of witochondrial genomes of diploids
issned from A % B erosses in which ecase clearly intergenomic recombination oceurs
{Bernardi. 1975; Fonty ef ol unpublished data). A very important feature of the
recombination of different genome units is their extremely high rate (compared to
point-mutation rate) not only in zveotes (Bernardi. 1975: Fontv ef af.. unpublished
data). but also in vegetative cells (Williamson & Fennell, 1974).

(v) General implications

In summary, what has been shown in the present work is that, in aninterspersed
system of genes and internally repetitive (Ehrlich ef .. 1972: and manuseript in
preparation) spacers, evolution goes ahout essentially by recombination, this process
being several orders of magnitude faster than point mutation. This conclnsion is very
mteresting becanse it may apply to the nuclear genome of enkaryotes which is also

ToSee ot e Lo . 1.,



A6 A, PRUNELL ET A L.

made up of genes and interspersed repetitive sequences. [t is coneelvable that recom-
bination processes taking place at a high rate at such sequences have played a very
important role in the evolution of eukaryotes. A key feature of cvolution by recom-
hination at interspersed repetitive sequences is that it can generally affect the genome
essentially by translocations, inversions, duplications and deletions of genes whereas
it is very conservative as far as gene nucleotide sequences are concerned: only the
much slower process of point mutation is operative on these. A major difference
between prokaryotes and eukaryotes might precisely be that eukaryotes developed an
interspersed system of repetitive sequences and this allowed them to evolve much
more rapidly than prokarvotes.

We wish to thank Dr Alberto Bernardi and Dr Pierre Yot for the gift of EcoRI samples,
Dr E. Cassuto for the gift of A DNA, M. Francois Goutorbe for his help in the caleulation
of fragment homology, Dra 8. D. Ehrlich and €. V. Lusena for eritical reading of this paper,
Miss Louise Marty for the preparation of 3V40 DNA, Miss Martine Brient for typing this
manuseript and M. Philippe Breton for the drawing and photographic work.
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APPENDIX
Yield of Restriction Fragments from Yeast Mitochondrial DNA

ArTEL PRUNELL, FRANQOIS GOUTORBE, FrRANQOIS STRAUSS AND
G1oreIo BERNARDI

(a} Preliminary considerations
Yeast mitochondrial DNA can only be prepared, so far, in a more or less degraded
form. DNA preparations having molecular weights of only 35 to 52 <10°% (the
genome unit size being about 30 2 10%) were used in most of this work (Table Al).
In spite of sueh extensive degradation, all the Hae and Hpa fragments could be

TaslLr Al

Molecular weights of the mitochondrial DN As before
and after vestriction enzyme degradation

Strains

Initial DN As At At B 1 o
Souw 26 179 18-3 205 209
My {from sedimentation)t ] 35 3-8 49 52
My (from egqn (A9) j] 3-1 2.2 4-3 4.2

Degraded DNA {Hpa)
Sag,w 54 &6 &0 93
My (from sedimentation) § (43 (48 048 7l
Mo (from eleetrophoresis)! 1-14 1-2% 1-27 1-07
Mo from eloctr phoresis) 047 0-52 (a0 0-53
My af, {from electrophoresis) 24 2-4 2-5 2.0}

Degraded DNA (Har)
My (from eleetrophoresis)’ 1-18 1-35 1-20 1-53
M, (from eleetrophoresis) 0-62 0-68 62 071
Mg /M, (from electrophoresis) 149 2.4} 19 2.0

T Values { ¢ 10-%) for 2 different preparations are given. .

I My was caleulated using the relationship of Richards & Bernardi (Bernardi & Sadron, 1964,
Prunell & Bernardi, 1973). The relationship of Studier (1963) would lead to molecular weights
higher by 500,

§ ﬂ_f w was caleulated using the relationship of Prunell & Bernardi (1973).

i Using the well-known relationships:

M, = SM:T M,
p . :‘I“ = r"'Th’rl.-'lzi-
M‘ ]Jf—'mg the molecular \\-‘l:"lght of the fragment i as determined by gel electrophoresis,
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detected sinee the size of the largest fragments was equal to only £ 10% in these
digests, whereas for EeoRT and HindIl - 11T higher molecular weight preparations
hacdd to be used to obtain satisfactory results (sce Results, section () in the main
text). Bxpectedly. however. the amount of DNA in the Hae and Hpa bands was not
proportional to the molecular weights of the corvesponding fragments, but showed a
relative decrease with inereasing molecular weight of the lragments. This effect.
already evident upon inspeetion of Figures 2. 3 and 7 of the niain text, is clearly
idlemonstrated by a comparison of the molecular weights of fpe digests. as obtained
from their sedimentation cocfficient with those caleulated from the weight-average
moleeular weight of the ragments as determined from gel electrophoresis data
(Table AL). Such a comparizon indicates that the former always are lower than the
latter by a factor of at least 2 for the 8. cerepivice DNAx The higher yicld of the
highest moleenlar weight fragments in the Hpe digest of 8. earlsbergensis DNA (see
section (¢], below) accounts for the relatively higher molecular weight (as estimated
from sedimentation) of this digest.

The effect of the initial degradation of mitechondrial DNA on tragment vield was
therefore studied nsing the approach ontlined in the following section.

(b} Restriction fragment yleld from a randondy degraded LN A
If the DNA degradation preceding the restriction enzvime digestion is random, the
yield of the DNA fragments released by the restriction enzyme can be caleulated from
the moleenlar weights of the intact and of the degraded DNA. The probability
R for a given restriction fragment of N, nucleotides to be intact s given by:

R, = (1 — p)¥i-1, . (A1)

where g iz the probability for any bond to be broken: j can be expressed as the per-
centage of honds broken in the intact DNA:

j‘ = ‘.'\?0' {‘\_)}

where Vg is the nunther of nueleotides in the intact moleenle.  p. the number ot
random breaks. can be caleulated according to Charleshy (1954):

My M, - Pj;'—) o= pe k), (A

where M, is the weight average molecular weight of the randomly degraded DNA

and M, is the molecular weight of the intact DNA of ¥, nuecleotides, Byuation {A3)
can be approximated by:

MMy - p224p 1) (AL

w
Equation (1) can be approximated by:
) {A5)

where ) is the molecular weight of a fragment containing ¥, nucleotides.

B is the vield of fragment 1 and can be physically expressed as the ratio of the
amount of DNA in the corresponding band to the amount that would he obtained if
intact DNA had bheen nused. Figure AL shows the =traight lines velating log K to M| tor
different M, values of the degraded DN and for 3y = 500 108 It can be zeen from
Figure Al that. for instance. the vield of a fragment having a moleeular weight of
4o Y eorresponding to the hegest fragments obtained by fHoe or H pe in this work)
i equal 1o 200000 the molecnlar weight of the degraded DNA s 3 20109 1F 0 is the
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Fic. Al Plots of the yield of the frugments, on a logarithmic scale, wversus their melecular
weight for different values of the molecular weight, My, of the randomly degraded starting DN A,

amount of DNA, per fragment. in band i, and 3, the corresponding molecular weight,
the ratio @,/ M, is proportional to the yield, R, of the fragment, i.e.:

Qi_u' J.Ui = IRi . (.‘{6)
Equation (A5) shows that the slope, 8, of log @,/ M, versus M| is:
1‘9 to — P-]‘(O — — ]jfn . (:’l?)

where M is the number average molecnlar weight of the DNA of weight average

M. and that the ordinate at the origin, b, is:
b = log.x . (AR}

Eyuation (A8) allows us to derive « and therefore the abhsolute vield of the fragments
from equation (A6).
It is possible to derive M, from M : using equations (A4) and (A7) one obtains;
74 2 g : 2 M A9
Ho =T\ BT ar,) T (A9)

The M, value caleulated from this equation corresponds to the average size of the
DNA molecules which are the enzyme target.

It is clear from equation (A9) that 1/M,, which is equal to 002, can be neglected
compared to 8 whose absolute value is comprised here between 0-2 and 0.9 (see
Results, seetion (d)). This prevents the use of equation (A9) to caleulate W, from 8
and A ..

(c) Quantitative measurement of DN A amount in bands

The treatment just described requires a precise knowledge of the amount of DNA
Present in the gel electrophoresis bands. A photographic procedure for this quantita-
tion was therefore developed. This essentially requires the experimental set-up

4
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described in Materials and Methods, section (d). of the main text, exeept that Kodak
Ektapan (4 in > 5 in) films were used instead of Polareid Alms. The blackening curve,
i . the relationship between the intensity of the light hitting the film and the blacken-
ing of the film, was determined by illuminating a film through a step tablet having
zones of different transmission. The resulting negative was scanned with a Joyee-
Locb) microdensitometer and the blackening enrve was obtained by plotting the pen
deflections of the microdensitometer against the transmission of the zones of the
step tablet. Densitometric tracings of DNA bands were analyzed by converting the
pen defleetions corvesponding to the slices into which DNA peaks were cut into
fluorescence intensities nsing the blackening curve. After baseline suhtraction. the
intensities corresponding to all slices of a peak were added together to give the total
Auorescence of ench band which was shown to be direetly proportional to the amount
of DNA. A detailed presentation of this method will he given elsewhere (Prunell
et al., unpublished data).

() Hae and Hpa fragment yield from yeast mitochondrial DN s

Figure A2 shows plots of fragment yield rersus the malecular weight of the fragments
for the 15 to 20 bands of highest molecular weight. These results lead to a number of
interesting conclusions,

(1) Loss of fragments having malecular weights higher than those corresponding to
the top bands of Figures 2 and 7 of the main text can be ruled out since DNAs from
strains A and B having higher molecular weights (9 > 109) dicd not show any additional
bands of higher molecular weights. but simply higher vields of the top bands: data
for DNA from strain A are shown in Fig, A2 (squares); a similar gquantitative freat-
ment was not done for the DNA from strain B.

(2) Multiple bands. as defined in Results. section (hy of the main text, fitted the
straight line only after dividing the amount of DNA by the band multiplicity,
confirming our assessment of the multiplicity.

(3) Some points showed a reproducible deviation from the straight line (Fig. 2).
For instance. bands A1 and a3 (Hpa) appear to have vields approximately four times
lower than expeeted. The vield became close to the expected value when the DNA
preparation of higher molecular weight (< L05Y was used (Fig, A2, squares), showing
that a preferential breakdown of DNA is responsible for this phenomenon. Similar
offects have been seen for bands A3 (Hae). and (not shown) tor the faint band Al2,
{[ae).

(4) In the case of strains B and D. bands homologous to those just mentioned
showedl the same behasior. the deviation being stronger when the starting molecular
weight was lower. This phenomenon provides an additional eriterion of fragment
homology hetween different strains, In contrast. similar deviations were not seen in
the caze of S. carlsbergensis DNA

(3) The plots of Figure A2 permit us to calculate the target size of the DNAs for
the restriction enzyvmes using equation (A9). The values so caleulated (Table Al) are
in general agreement with the moleendar weight of the starting DXNAs,

(6) The vields considered here were calculated assuming that the vield of the
smallest bands ix 1000, (Fig. A2) and not on the basis of the atmount of DNA loaded
on the gel. As a conscquence. the presence of contaminating DNA {like nuelear DNA
ancdl DNA from spontancous “petite’” and wild-type mutants (see Discussion, section
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¥ic. A2, Tlot of the fragment yield, on a logarithinic seale, from the four mitochondrial DN As
degraded by Hpe () muld Hee (@) restriction endonuclease, versas the molecular weight of the
fragments. [_7) Refer to the fragments obtained by Mpe degradation of mitochondrial DA
from strain A whose molecular weight was higher (92 108), The wield was ealeulated from
equation {A6). In order to obtain the 2 values, ¢/ was plotted eersis M fivst, and o determined
from equation {AS) using o least-sguares procedure,

Al @M values were then divided by 2 and replotted. Some points coneern multiple bands or
incompletely separated bands. In these cases the ¢ values were divided by the corresponding
number of fragments. In the ealeulation of the » values. the points which deviate too strongly
from the line were not taken into acconnt, namely A1, a3 (Hpe) and A3 (Hee), Bl and B2, (Hpu),
DI, D2, (Hpe) and D3 (Hae) The donblets in B3 (Heep, Fig. 8 of the main text, were considered
as double hands,

{a}) (i1). in the main text) contribnting to the background smear does not affect the
estimation of the fragment vield.

(e} Endogenous degradation of mitochondrial 1IN A
The fact that the target size is in general agreement with the molecular weight, of
the starting DN As (Table Al}indicates that the overall degradation occurring during
the preparation of t{he mitochondrial DNA can be considered as a random one.
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Nevertheless, the observation of a speeific endogenous breakage which is superimposed
on the random breakage and which induces lower yvields of some bands and the
appearance of faint bands in the DNA from the S, cere
presence of a highly specific DNasc in veast. This activity, possibly localized in the
mitochondria of 8. cererdsine strains. appears to be different from previously described
ones. ineluding the one recently reported (Zeman & Lusena, 1975) to attack preferen-

st strains, indicates the

tially: the A~ T-rich spacers. ln S. carlshergensis the specific activity is absent or
much lower than in §. ceperisize. This may be an explanation for the greater ease of
preparation of high molecular weight DNA from 8. carlsbergensis,
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