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A. INTRODUCTION

The subject of mitochondrial biogenesis is
rapidly becoming one of the most actively pursued
in contemporary cellular and molecular biology.
No fewer than two monographs,'? five
symposia,>”” and more than a dozen authoritative
reviews® 22 (cited in the list of general references)
have been devoted to the subject since 1968. It
would therefore be ill advised to add to this
profusion just one more review dealing once again
with some aspect of the general problem. Instead,
what [ have attempted is to survey the literature
up to the end of 1972 — but including as yet
unpublished material, currently in the process of
publication, kindly provided by colleagues — with
one end in view: to detect and describe the extent
of mitochondrial autonomy and thus to discern
the intrinsic limits set on the biogenesis of the
organelle. The coverage is intended to be
contemporary and representative rather than
complete, and no doubt many errors of omission
and commission have crept in during its prepara-
tion.

B. THE MITOCHONDRIAL GENOME

1. Mitochondrial DNA
a. Isolation, Structure, and Other Properties

The implication of mitochondrial DNA asa -
or perhaps the principal — depository of extra-
nuclear (extrachromosomal) genetic information
in nonphotosynthetic eukaryotic cells derived
from three conceptual roots: (1) the postulate
dating back at least to Altman®3 that mitochon-
dria are endosymbiotic bacterial derivatives
capable of replication within the eukaryotic
cell,>425 (2) the demonstration of extrachro-
mosomal, cytoplasmic inheritance,?’!%72¢
including a direct correlation of its manifestations
with mitochondrial structure and function,2”73°
in conjunction with (3) the conclusive demonstra-
tion in the 1950’s that DNA is the genetic material
in prokaryotes.?'-3?

The time was therefore ripe in the early 1960’
to institute a critical and systematic search for
mitochondrial DNA (mtDNA) and to initiate
attempts at its location and characterization at the
molecular and functional level. In fact, already in
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1957 Brand and I had shown®? that purified
mitochondria, isolated from chick embryos at
early stages of development, contained both DNA
and RNA. Similar studies with highly purified
mitochondria from yeast, performed by Schatz et
al.®* in 1964, indicated that these particles con-
tained a small but constant amount of DNA. In
the previous year, M. M. K. Nass and S. Nass®®
had demonstrated by cytological techniques that
fibers exhibiting properties and reactions of DNA
were localized in embryonic mitochondria; similar
results were obtained with mitochondria from a
wide variety of metazoan animals by Nass, Nass,
and Afzelius®® and with those of plants by Kislev,
Swift, and Bogorad.}” In the same year, the
mtDNA of Tetrahymena was shown to be capable
of incorporating > H-thymidine in vivo.3® The final
proof of mtDNA as a discrete entity, different in
properties from nuclear (nDNA), came with the
demonstration by Luck and Reich in 19643° that
mitochondria from Neurospora crassa contained a
DNA of lower density than nDNA (the latter
presumably present only as a contaminant). The
actual separation from nDNA and isolation of such
a “light” mtDNA from yeast mitochondria were
reported in 1965 by Tewari, Jayaraman, and
Mahler*® and confirmed independently by other
groups;*'»*? and its properties have been studied
extensively ever since, both in our own labora-
tory*3»** and in many others.?,8,%:!3,19,45-48

These studies as well as those on other protists
and plants have been aided considerably by the
discovery that in all these species nDNA and
mtDNA can be distinguished and easily separated
on the basis of significant differences in their base
composition. This fact can be put to good advan-
tage for the isolation of both components even
from impure mitochondria or whole cells on the
basis of resulting differences in buoyant density
(Table 1) (equilibrium sedimentation in CsCl or
Cs, SO, /HgCl,) or chromatographic elution
patterns (on hydroxyapatite®® or polylysine®°®).
Unlike these mtDNA’s, those of metazoan animals
frequently exhibit an overall base composition,
that is not sufficiently distinct from nDNA so as
to permit identification or separation on this basis.
However, they are distinct in nearest neighbor
frequencies,*' and what is even more important,
in another and most characteristic way: They are
covalently circular, and many of them in any given
population are present as twisted supercoils. These
properties were demonstrated first in 1966 by
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examination of electron micrographs of mtDNA
extruded from chick,*? mouse,’* and rat liver®*
mitochondria. They form the basis of an
extremely rapid and convenient method developed
by Vinograd and his collaborators®S:5¢ for the
isolation of such DNA's. It is based on the
observation that strongly intercalating dyes, such
as ethidium bromide (Etd Br), or its analogues,
affect the buoyant density of circular and linear
DNA’s to a different extent, and so the three
possible forms of the same DNA [covalently
circular, relaxed circular (only one strand
covalently closed), and linear] can be readily
separated in CsCl/Etd Br gradients.

In consequence, the study of mtDNA and its
properties has progressed rapidly and occupies a
fraction of the contemporary research literature
rapidly approaching that occupied by its more
classical relatives, prokaryotic and nuclear DNA’s.
These studies have been discussed and reviewed in
such great detail within the recent past®-8%:13,
14,19,48,5759 that little would be gained in
recapitulating the same material once again. Much
of the pertinent information is summarized simply
in Table 1. Many of the properties and functions
of mtDNA are dealt with either explicitly or
implicitly in many of the discussions and inter-
pretations in later sections of this review. In this
part we restrict ourselves to three additional
problems: those of its replication and repair and of
the regulation of its synthesis.

b. Replication and Repair

Available experiments using the classical
density shift paradigm developed by Meselson and
Stahl suggest that mtDNA replicates semicon-
servatively in Neurospora,®® animal cells,®’
Tetrahymena,®* and Saccharomyces lactis.®?
Because of a number of experimental uncertainties
(reviewed by Borst®), there remains some doubt
concerning this conclusion in the first two
instances. The experiments by Sena®? on S. lactis,
however, appear less susceptible to these strictures;
and therefore the tentative conclusion appears
justified that, at least at a gross level, the
replication of mtDNA is indeed semiconservative.
As concerns the steps in and a likely pathway for
this process, much work remains to be done. There
the most convincing experiments come from
studies with animal cells.

Intermediates in replication — Two structures,
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TABLE 1

Physical Characteristics of Eukaryotic DNA’sd

Chlamydomonas
Chlorella
Euglena

Higher plants

Yeast?
Neurospora crassa

Physarum polycephalum
Tetrahymena :
Leishmania enriettii

Urechis caupo
Sea urchin
Drosophila
Carp

Xenopus (toad)
Chick

Guinea pig

Rat liver

Beef liver

Man

.- 3Wild type
Saccharomyces cerevisiae

.

Fleischminn (diploid)
DM (diploid)
D310-4D (haploid)
C982-19d

YDensity difference of separated strands of mtDNA in alkaline CsCl (mg/ml).

Density in CsCl

(g/ml) Contour length®
(um)
nDNA chIDNA mtDNA ab mtDNA
1.724 1.695 1.715
1.716 1.692 1.712
1.707 1.685 1.690
1.692 1.695 1.706 30
1.698 1.684 25
1.713 1.702 20, 26
1.700 1.686
1.688 1.684 6 15,17.6
1.721 1.699
1.699 59
1.694 1.704 5 4.6-4.9
1.696 1.689
1.697 1.703 54
1.700 1.702 13 57
1.700 1.708 42 5.1
1.700 1.702 5.6
1.701 1.701 31 5.0-5.1
1.703 1.705 5.1-5.3
1.700 1.706 40 48-5.3
nDNA mtDNA
Base Base -
Density composition Density composition
(g/mi) (% A+T) (g/ml) (%A+T)
1.698 66 1.684 79
1.701 62 1.685
1.698 62 1.683 83
1.698 60 1.683 83

€All for circular molecules except for Tetrahymena and one strain of Neurospora (26 ).
9Sources: References 2, 8, 48, and 58; the two sets of values for Tetrahymena and Neurospora
are discussed in References 8 (p. 336) and 48.

Abbreviations: nDNA = nuclear DNA, mtDNA = mitochondrial DNA, chlDNA = chloroplast

DNA, A = adenine, T = thymine. All buoyant densities relative to that of E. coli
DNA take as 1.710 g/ml.
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Figure 1. Replication of mitochondrial DNA — The circular replicating structures of mtDNA arranged in order of
increasing degree of replication reveal certain aspects of the displacement loop model for the replication of circular
mtDNA. Parental strands = solid lines; progeny strands = dashed lines; heavy strands = thick lines; light strands = thin lines.
Nicks and small gaps are not indicated. Daughter molecules (F and G) are represented as having formed after separation
occurred in a completely (or almost completely) expanded D-loop molecule. Exp-D(/) = an Exp-D molecule in which
light-strand synthesis has occurred; Gpc = gapped circular molecule. (Reproduced from Robberson, D. L., Kasamatsu, H.,

and Vinograd, J., Proc. Natl. Acad. Sci. U.S., 69, 738, 1972. With permission.)

isolated from these sources, appear to be likely
candidates as possible intermediates:

1. Kirschner et al.®* found a small number
of branched circles (“theta structures”) among a
very large number of mtDNA molecules isolated
from rat liver. These circles contain two branches
of equal length, varying from 0.2 to 4.2 um in
length, and all parts of the molecule appear double
stranded.

2. A different form of a branched circle,
called a D (displacement) Loop DNA has been
identified in large numbers, isolated, and
characterized from mitochondria of mouse L cells
growing in culture,®*:¢® as well as in the product
DNA formed by isolated mitochondria from chick
liver.87+¢® Similar structures were detected also in
the mtDNA isolated directly from chick liver®®
and thyroid gland’® as well as from dividing cells
of Tetrahymena.”' These structures — which
sometimes account for as many as 50% of the total
covalent circles isolated — appear as closed,
covalent duplexes with a short segment (E strand),
single stranded in nature, complementary, and
attached by hydrogen bonds to one of its two
strands (the L strand), thus displacing the other
(the pyrimidine-rich H strand). The E strands can
be isolated by mild denaturation that leaves the
duplex intact, and most of them are of the order
0.015 to 0.02 um (3 to 5% of the total) in length.
The extensive studies by Robberson, Kasamatsu,
and Vinograd®® suggest a replication scheme
involving such structures as early intermediates, as
shown in Figure 1.*

Repair — Mitochondrial DNA that has been
irradiated by ultraviolet light, or subjected to
other insults that might result in alteration in its
primary or higher order structure, appears to be
susceptible to various forms of repair processes to
counteract the initial damage. In this regard as
well, the pattern is reminiscent of that exhibited
by other, more intensively studied forms of DNA.
For instance, in Saccharomyces cerevisiae damage
to the mitochondrial genome brought about by
UV irradiation can be repaired by a mitochondrial
system of photoreactivation’? as well as by one
(or more) other dark repair processes,”® perhaps
akin to excision and postreplication repair in
bacteria.”* These systems are specified by both
nuclear and mitochondrial genes and can be shown
to be effective against damage introduced not only
by UV, but also by Etd Br and other muta-
gens.”5™77 At least one component of what might
well be an analogous system in Tefrahymena has
been identified by Westergaard and his collabora-
tors.”®>7® They have shown that various treat-
ments (exposure to UV or electron irradiation, to
prolonged treatment with Etd Br, or to thymine
starvation) induce (or result in the derepression
of) the biosynthesis of a mitochondrial DNA
polymerase synthesized on cell sap ribosomes. The
process might thus represent a special instance of a
more general phenomenon in which a shutdown of
mitochondrial genes results in the eventual dilu-
tion of a repressor synthesized by the mitochon-
dria but effective on the nuclear system of gene
expression (see Section E.3.d.).

Regulation — In discussing this problem we shall

*A potentially most important finding is the recent demonstration’'? that isolated, circular mtDNA from animal cells
contains covalently inserted ribonucleotides. These may represent prime sites for the initiation of DNA chains during

replication.
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distinguish three separate aspects: (a) regulation of
the amount of mtDNA, in particular, relative to
nDNA; (b) regulation of the time of onset (and
shutoff) of these two types of cellular DNA,
together with (c) regulation of their rate of
synthesis.

In most populations of exponentially growing
cells, mtDNA appears to be present in a fixed ratio
to nDNA and thus constitutes a constant fraction
of total cellular DNA. These observations suggest
that this stoichiometry is under nuclear control.
Although experiments specifically addressing
themselves to the question, say in terms of
different mutant cell lines of the same organism,
have yet to be performed, in Saccharomyces
cerevisiae, at least, published data are consistent
with the hypothesis.®” Also, as shown below
(Section B.3.), respiration deficient mutants, pro-
vided they retain any mtDNA, do so in normal
amounts. We®' have asked specifically what effect
a doubling of the nuclear gene dosage has on the
level of mtDNA by comparing isochromosomal
haploids (chromosome number N, amount of
nDNA equal to n) of opposite mating type with
the diploid resulting from their conjugation (chro-
mosome number 2N, amount of nDNA expected
and experimentally verified equal to 2n): In all
three strains growing on lactate, the ratio of
mtDNA:nDNA equaled 0.15%0.02. Thus, a
doubling of the amount of nDNA per cell results
in an identical increase in mtDNA. One can also
point to possibly interesting correlations for the
total amount- of mtDNA per cell in widely
differing species such as rat liver and yeast. For the
former, Bahr®® cites figures of 50 to 60 x 107
mitochondria/mg wet weight, with each mitochon-
drion containing 12 x 1077 g mtDNA or a total
complement of about 7x107° mg mtDNA/mg
wet weight (7.5 x 107'® g mtDNA per cell). For a
commercial yeast strain grown similarly in the
complete absence of catabolite repression (ratios
mtDNA:rDNA = 0.18), the numbers determined in
my laboratory®! are ~100x 107 mitochon-
dria/mg wet weight, and a total of 1 x 107 mg
mtDNA/mg wet weight or ~107'* g mtDNA/cell.
These values also correspond to ~107'® g mtDNA
or 6x 107 daltons per mitochondrion; since the
particle weight of this DNA equals ~5 x 10’
daltons, each mitochondrion contains one mole-
cule of mtDNA on the average.

The number of mitochondria per cell, of course,
varies widely, both as a function of the type

. tion by Grossman et a

(species or tissue) under discussion, and also,
especially in unicellular forms, as a function of the
medium. For yeast cells growing rapidly in expo-
nential phase, it does not appear to be subject to
gross fluctuation in response to carbon source and
state of repression®7:82 83 (for a recent contrary
view for cells in chemostat cultures, see Reference
84). This consideration, together with differences
in size of mtDNA between species, results in
significant differences in the number of molecules
of mtDNA per mitochondrion: This parameter
may vary from about one (for S. cerevisiae in the
absence of repression) to approximately ten (in
vertebrate cells in culture) on to several times
that®! (in S. cerevisize strongly repressed by
glucose for mitochondrial number and function).

The time and rapidity of onset of mtDNA
relative to that of nDNA in cells growing in
synchrony appears to be subject to different
controls in different cell types or, more likely
perhaps, to the specific manipulations required to
achieve synchrony. In the protists Tetrahymena,®?
Physarum polycephalum,®>8® and S. cere-
visize,®’®7 formation of mtDNA appears to occur
at about the same rate throughout the cell cycle.
On the other hand, in S. (really the unrelated®®
Kluyveromyces) lactis mtDNA is synthesized
discontinuously during a brief interval that
precedes the one for nDNA ®° and some prelimi-
nary evidence with S. cerevisize synchronized by a
different procedure has also been interpreted in
these terms.’® In synchronized animal cells, Pica-
Mattoccia and Attardi,>®> as well as Bosmann,®’
have presented evidence for discontinuous synthe-
sis of mtDNA in the S and G, phases by human
(HeLa) and mouse (L) cells, respectively.

Although in growing cells the synthesis of
mtDNA and nDNA appears to be coupled in some
fashion, the two processes can be dissociated
under appropriate conditions. A relevant observa-
1.°2 in yeast has tumed out
to be extremely useful operationally: The reiniti-
ation of a new round of nDNA synthesis is
blocked when protein synthesis is inhibited by
cycloheximide (CH) (Section C.3.a4.), but
mtDNA remains unaffected. As a consequence,
mtDNA increases relative to nDNA under these
conditions to levels two to three times those
observed in the growing cell; and if a labeled
precursor is added when the previous round of
replication of nDNA has already reached comple-
tion (ie., less than one generation after CH),
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almost exclusive labeling of mtDNA can be
achieved. Similar effects can be obtained when the
further synthesis of nDNA is interrupted by
shifting appropriate temperature sensitive mutants
to the nonpermissive temperature.®® Results that
are similar operationally, although their explana-
tion and significance are much less clear, are
observed when nongrowing cells of S. cerevisize
are shifted from an anaerobic to an aerobic
atmosphere,®*»®% or are released from catabolite
repression.’® Under both these conditions, there is
a substantial increase in the rate of mtDNA
synthesis relative to that of nDNA without a
concomitant large increase in amount (<30%) of
this DNA. Similarly,”7>°® when certain tissue
culture cells (kidney cells from African green
monkey, and mouse line 3T3) become confluent,
the rate of nDNA synthesis drops to a small
fraction (2 to 5%) of the logarithmic value, while
that of mtDNA continues at a much higher rate
(~20%).

2. Mitochondrial Mutations

The existence of extranuclear (extrachromo-
somal, cytoplasmic) genes, operationally defined
by non-Mendelian modes of inheritance of certain
mitochondrial characteristics, is now well estab-
lished. This line of investigation has been the
subject of a recent monograph® and a comprehen-
sive review.!® Certain aspects of the general
problem are also discussed in considerable detail in
the other general references cited at the end of this
article. We shall therefore restrict ourselves to a
brief description of the relevant observations and
their interpretations. The most important conclu-
sion — placed on a firm experimental footing only
during the most recent past, although implicit in
much of the earlier thinking — is that these
cytoplasmic mutations in yeast and in Neurospora
are indeed due to alterations in mtDNA. For
although this entity, first demonstrated conclu-
sively only in 1963 and documented extensively
since then (see Section B.l.a.), was shown soon
thereafter to code for various mitochondrial
RNA’s (see Section C.l.a.), its other genetic
capabilities remain to be explored. In particular,
no mitochondrial gene has yet been shown to be
capable of specifying an authentic polypeptide of

the mitochondrion, so that it was by no means
obvious that non-Mendelian cytoplasmic inheri-
tance was necessarily mitochondrial with regard to
localization of the determinants responsible. We
first deal in some detail with what is known'>?>
11,12,22,26,29-31,997101 qncerning the nature
and origin of one class of such mutants.

a. Respiration Deficiency: The Vegetative Petite
(p~) Mutants

1. Neutral petites — When cells of Saccharo-
myces cerevisiae, a facultatively anaerobic yeast,
are plated on nutrient agar containing a readily
fermentable sugar such as glucose and the resultant
colonies are examined, a sizable fraction appears
to be smaller (petite) than the majority (grande).
Once isolated, the cells in these colonies —
whether in their haploid or diploid state — pass on
this particular property [colony morphology on a
“nonselective” diagnostic medium such as glucose,
or more strikingly glucose (0.1%) plus glycerol
(3%)] to all their descendants upon vegetative
growth by cell division (mitosis). Therefore, this
property is controlled by a heritable alteration or
mutation in the affected celis. In fact, it is but one
manifestation of their phenotype, which is respira-
tion deficient. This respiratory deficiency is due,
we now know, to an alteration in the inner
membrane of their mitochondria, resulting in their
inability to elaborate a functional electron trans-

port chain??:30>1 022103 (o5t dramatically, cyto-
chromes b, ¢,, and aa; — but not cytochrome c!)

and its attendant system of ATP generation®3-'%4
(see Table 5). In consequence, these cells are
unable to grow on respiratory carbon sources such
as glycerol and can therefore be detected by an
inability to form colonies upon replica plating to
such a “selective” medium. However, they are
capable of growth, albeit with a reduced vyield,
purely glycolytically, on glucose,* producing the
small colonies described earlier.

Genetically, the mutation exhibited several
unusual properties:

a. As already mentioned, it occurred spon-
taneously with a frequency (varying from about
0.001 to >0.1 in different strains) much higher
than that characterizing common chromosomal

*Wild type cells growing aerobically on glucose do so in phases:2?+'°* In the first they are supported by (aerobic)
glycolysis yielding ethanol and CO, virtually quantitatively (i.e., the contribution due to complete oxidation of pyruvate,
acetate, or acetaldehyde is insignificant); in the second the metabolism is based on the complete oxidation of the ethanol

produced in the first phase.
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mutations, e.g., to auxotrophy or its reverse,
which are usually in the range around 107°

b. This frequency could be raised virtually
to 1 (i.e., affecting every cell in a population) by
treatment with appropriate mutagens at quite low
concentrations. The first such agent, already used
by the original French workers?®:39:106:107 i
their seminal investigations in 1949, was the
acridine dye euflavine (10-methyl-2,8-diamino
acridine). Microdissection and clonal analysis
showed it to be capable of converting the descend-
ants of almost every bud produced in its presence
into mutant cells; however, the mother cells
remained unaffected.'®® Ethidium bromide (Etd
Br; 3,8-diamino-5-ethyl-6-phenylphenanthridinium
bromide) is even more effective; in the uM range
of concentration it is capable of mutagenizing
without lethality virtually all cells present in either
a growing or nongrowing population.’ 09 A large
number of potential mutagens have now been
examined,''® some of which will be discussed
more fully below in Section B.3.b.1. In general,
agents, or treatments, most effective in producing
this mutation are much less so or virtually ineffec-
tive in producing the usual chromosomal muta-
tions and vice versa.? In these mutagenic events, as
already mentioned, nuclear gene dosage or ploidy
(haploids vs. diploids or even tetraploids' ' ') does
not appear to exert a significant effect.

c. Some of the original mutant strains,
isolated almost 25 years ago, as well as literally
thousands isolated and examined since, have been
maintained in a large number of laboratories to the
present day: No revertants to wild type have ever
been reported in spite of a meticulous search and
the obvious selective advantage this process would
confer to the cells affected. Similarly, two in-
dependently isolated haploid mutants of opposite
mating type — a trait specified by a nuclear
determinant — can be mated to produce a zygote
that upon vegetative growth (mitosis) generates
diploid clones. No such zygote has ever been
found to have been rendered respiration sufficient
by virtue of complementation somewhere in the
cell of two different hypothetical gene products
with one each being provided by the two parents;
nor have the two hypothetical modified genes ever
been shown to be capable of producing wild type
descendants by virtue of their recombination.

d. All these observations suggest, but do not
prove, an extramitochondrial (extranuclear, cyto-
plasmic) origin of the mutation. This proof was

furnished by examining the mode of inheritance of
this trait and comparing it to that of characters —
preferably in the same cell — of known chromo-
somal localization. Such traits include mating type
(a vs. a), growth factor requirements (e.g., for
adenine or thymine, phenotype Ade™ and Thy~,
respectively, due to modifications in a variety of
ade and thy genes), or resistance to certain
antibiotics." ' > As discovered more recently,'®®>
101,113 4 variety of nuclear genes (e.g., the
segregational petites of the P/p series) also control
production of a respiration deficient pheno-
type.' '* The relevant genetic test is performed by
examining the properties of the zygote produced
by the fusion of two haploid cells, opposite in
mating type, one of them mutant for the trait to
be examined (Figure 2). The genetic contribution
of the zygote and any of its diploid descendants
can then be examined by inducing these cells to
sporulate: This process (meiosis) involves first a
duplication of the nuclear chromosomes and its
genes, followed by their separation into four
haploid ascospores enclosed in a sac (ascus). These
four cells can be dissected out from the ascus,
germinated, and examined for their growth re-
quirements, etc., either immediately or upon
further vegetative growth and division as haploids.
Under these conditions, any single pair of nuclear
alleles present in the (heterozygous) diploids
should and does assort in the expected equal ratio
(2:2) among the four ascospores. The type of
respiratory deficiency under discussion did not
exhibjt this Mendelian pattern of segregation. Not
only the original zygotes and all their diploid
descendants, but also (with very rare exceptions,
due to actual mutations in the course of the test)
all four haploid ascospores and their descendants
proved to be as respiration competent as the wild
type (grande) parent: The petite phenotype had
disappeared, and operationally the genetic deter-
minant responsible had been eliminated. From
these observations and from appropriate back-
crosses of descendants with the original wild type
parents, it was inferred that wild type cells contain
a cytoplasmic factor (p*) that is absent (p7) in
petites. The second part of the hypothesis has had
to be modified on the basis of more recent genetic
and molecular evidence.

e. The cytoplasmic nature of the mode of
inheritance of the mutation was substantiated by
experiments of Wright and Lederberg''® using S.
cerevisiae var. ellipsoideus. In this species the
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FIGURE 2. Segregation and recombination of mitochondrial markers during the life cycle of Saccharomyces — Two
haploid strains, each capable of vegetative division (mitosis), differ in (1) an allelic pair of chromosomal markers (a and a)
designating their mating type and (2) in two allelic sets of mitochondrial markers (A,S/A,R and A§/AB). The first part of
the scheme demonstrates the formation of a zygote from the two haploids, followed by the segregation of various
combinations (parental and recombinant in type) of mitochondrial markers in the course of successive mitotic divisions of
the isochromosomal diploid (a/a) cell lines. The outcome of these segregational events is the formation of clones
homogeneous in their mitochondrial genotype. The second part of the scheme demonstrates the complete absence of a
Mendelian pattern of segregation of mitochondrial markers during meiosis, when this pattern (2:2) is readily apparent for
chromosomal markers such as a and a.

The appropriate ascospores can be used to initiate all the events shown in the scheme including zygote formation. Note
that some of the ascospores retain their parental mitochondrial alleles but have their nuclear alleles reversed.
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mating pairs survive for an appreciable time as
heterokaryons, cells with a mixed cytoplasm but
with the two parental nuclei still intact. Now,
occasionally, buds produced by such cells contain
only one of the parental nuclei but of course share
the common cytoplasm and thus generate a
homozygous diploid clone: Examination of such
clones originating from the fusion of wild type
(a arg” thr “p*)cells auxotrophic for threonine, and
petite cells auxotrophic for arginine (a arg “thr'p ™)
disclosed the presence of a small number of clones
that were Thr™ but respiration deficient (o), as
well as an equally small number that were Arg~
but wild type (p*). Thus, the trait for respiratory
sufficiency had been shown- to segregate in-
dependently of the nucleus and, hence, was
subject to extranuclear inheritance.

f. In contrast to these cytoplasmic petite p~
mutants, the nuclear (segregational) petites
originally discovered by Chen et al.'!'® (now
known to possess the genotype pp”) exhibit, after
being crossed to wild type (Pp’), normal segrega-
tion upon meiosis (2 wild type or P:2 mutant or
p). Over 20 nuclear genes, mostly unlinked, have
so far been identified, all participating in mito-
chondrial specification in a manner so as to
produce a mutant, respiration deficient phenotype
qualitatively and sometimes quantitatively similar
to that of p~ mutants.''* When two different
nuclear petifés (e.g..p, and py) are either crossed
with one another, or any one of them is crossed
with any cytoplasmic petite (P,p~) to produce a
zygote, the latter is capable (after some delay) of
normal respiration due to complementation.'!$ If
such a zygote or its descendants are sporulated,
the segregation patternis 2 p, : 2 P, (all petites) or
2 p,p" (petites):2 P, p* (wild types), respectively.

2. Suppressiveness — The cytoplasmic petites
first described exhibited complete replicative
dominance of the wild type in zygotic clones and
upon meiosis. Since this is not the only pattern
observed with other mutant strains, this first class
of petites are now known as neutral or recessive
petites. More frequently, petites crossed to wild
type produce zygotes that upon immediate sporu-
lation exhibit not only the 4 p*:0 p~ segregation
described, but the reverse pattern (0 p*:4 p7) as
well.'1'7 If the zygotes are not sporulated but
instead allowed to undergo vegetative division on
glucose plates, the resultant colonies of diploid
cells are of three types: pure, or rather pre-
dominant, wild type (staining red with triphenyl-

tetrazolium); pure mutant (white); and a mixture
of both (red and white mosaics of the two types).
The relative proportion of pure white (petite)
colonies (or of zygotes exhibiting the 0:4 pattern
on meiosis) obtained in a cross of different p~
petites with a standard wild type tested under
carefully controlled conditions is a characteristic
property of each mutant strain and can thus be
used to measure its degree of dominance or
suppressiveness: The latter varies continuously
from zero (neutral petite) to >99% (highly sup-
pressive). The degree of suppressiveness or sup-
pressivity is inherited coincident with the p~
character but is relatively easily altered, e.g., by
repeated subcultures or by agents affecting cyto-
plasmic inheritance: It represents a second in-
stance of extranuclear inheritance and proves that
the p~ mutation (except for neutral petites) need
not necessarily be devoid of all informational
content.

Analysis at the cellular level' ! 8! ' has shown
that zygotes from p~ mutants of intermediate
suppressiveness produce three types of cells: p*
cells (which generally breed true), p~ cells (which
always do), and cells in an intermediate, premuta-
tional state that can generate both types. Initially
most, if not all, the zygotes, and probably their
immediate descendants, are of the third type; and
some of the cells retain this capacity for many (up
to 20) generations, the exact proportion and
kinetics varying with the physiological state of the
cell (temperature, growth medium, etc.). Zygotic
clones of such p~ x p* crosses thus exhibit the
phenomenon of mitotic (somatic) segregation,
which, as we shall see, provides us with a second
general criterion for cytoplasmic inheritance,
which can be used in addition to the absence of
segregation during meiosis.! 29! 2!

Several models have been proposed to account
for suppressiveness (reviewed in References 15,
122, 123): the ability of (a) either the cytoplasmic
genome (mtDNA) or its product and carrier (the
mitochondrion) to compete successfully in replica-
tion with its wild type counterpart in the same
cell; (b) preferential transmission of either of these
components to the progeny (bud); (c) the actual
destruction of the wild type genome; and, con-
trasting with the three previous models, all of
which involve some form of selection, (d) the
postulate' 2! that mutant and wild type genomes
are capable of rapid and multiple genetic ex-
changes (recombination) with suppressiveness re-
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lated to the probability of producing an aberrant
genome as a result of these events.

b. Cytoplasmic Mutations to Drug Resistance

1. Isolation and characterization — Because
of the inherent strong selection (only resistant
organisms are capable of growth), mutations to
drug resistance are easily isolated and have been
extensively studied in bacteria. A mutant of this
type resistant to streptomycin was isolated in
1954 by Sager'?® in Chlamydomonas, a
eukaryotic protist, and shown to exhibit a non-
Mendelian pattern of inheritance presumably
determined by a cytoplasmic entity. By 1966 it
had become apparent’23:'2¢ that (a) mitochon-
dria and cell sap ribosomes exhibited separate but
complementary patterns of sensitivity to various
antibiotics (Table 7), and that (b) only aerobic
growth on ethanol and other nonfermentable
carbon sources, but not on glucose, required active
mitochondrial proliferation and was thus sensitive
to “mitochondrial inhibitors” such as chloram-
phenicol (CAP) and erythromycin. These facts
provided the basis for the isolation by Wilkie,
Saunders, and Linnane in 1967 of mutants
resistant to erythromycin during their growth on
such nonfermentable carbon sources.!?7"!3°
These studies were extended quickly in Wilkie,
Linnane, and Slonimski’s laboratories (for reviews
see Wilkie et al.,'?” Coen et al.,'2° Linnane and
Haslam,!? Preer,’* and Linnane et al.??). By now
a wide variety of mutants resistant to a number of
other antibiotic inhibitors of mitochondrial
protein synthesis, such as CAP, spiramycin,
lincomycin, mikamycin, tetracycline, etc., as well
as to other drugs that interfere with mitochondrial
biosynthesis by virtue of blocks on respiration or
energy generation, such as oligomycin,'31"133
triethyltin, or other uncouplers,’* have been
isolated and partially characterized.'357!37

The phenotype of many of these mutants is
quite complex since they almost invariably exhibit
complicated patterns of cross resistance. However,
in spite of this inherent complexity, it is becoming
apparent that a number of separate, perhaps eight,
genes conferring drug resistance exist on the
mitochondrial genome. In the next section we
discuss their mode of inheritance.

2. Genetics of transmission of antibiotic
resistance markers — criteria of mitochondrial
inheritance (Figure 2) — The following criteria

*Systematic designation.
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appear to be obeyed by and to define mitochon-
drial mutations (for detailed discussions see Coen
et al..'2° Bolotin et al.,'?' Rank and Bech-
Hansen,'222 Trembath et al..!*® Mitchell et
al..,' 3% and Preer’ *):

1. Absence of meiotic segregation —
Production of tetrad ratios of 4:0 and 0:4
(antibiotic resistance — which commonly has been
abbreviated as AR, ANR, or ant-r* as a phenotype,
and similarly in italics as an allele (gene) — to
antibiotic sensitivity, As, etc.) upon sporulatlon
(meiosis) of stable AR or antr {mutant) and AS or
ant-s (wild type) diploids.

2. Mitotic segregation — The generation, in
crosses between ant-r and ant-s cells of a hetero-
plasmic zygote, i.e., one with a mixed cytoplasm
containing determinants from both parents
(heteroplasmon). Not only the parentai types, but
various recombinant ones, become detectable if we
can score for more than one marker, e.g., in the
cross AR 45 x A5 AR we find not only these two
types, but also ARAR and ASA 5» the doubly
sensitive and doubly resistant Znes. The various
types segregate and become st )ly established in
the course of vegetative growth. This process of
reassortment of mitochondrial genomes during
mitosis may not be completed until many
vegetative divisions have passed

3. Mutation to A% — The conversion pTtop”
is accomgamed by either retention (i.e., of either

or 4°) or loss (AO from either) or other mito-
chondrlal markers. Such a loss is manifested
operationally by retention of the parental trait
(45 or AR) carried by the p* parent. Since
extensive vegetative growth in the presence of Etd
Br leads to a complete loss of mtDNA, all other
markers are necessarily lost as well The mutagenic
change p*AR (or AS) »p "4% s never observed.
These observations permit the inference that
mitochondrial resistance markers are encoded in
mtDNA (or at least controlled by it in their
expression).

The existence of DNA? (also called po) mutants
can then be used to define two additional
criteria for assignment of a suspected mutation to
mtDNA: (a) its production by the method
outlined and (b) its behavior when crossed to a
mutant retaining the allele, i.e., all descendants of
across AR ©T Sy o0 will be 4R o1 S.

4. Polarity — In crosses between two differ-
ent p* parents carrying ant-r genes:
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a. Of transmission: one of the two
parental genotypes is transmitted to the
descendants more frequently than is the other.

b. Of recombination: provided the two
parents are of opposite mating type (sign) — see
below — one of the two possible recombinant
genotypes will be formed preferentially: We
observe that recombination is nonreciprocal, i.e.,
A$AS/ARAR (e.g., CSESICRER) # 1.

c. Of sign:
i. In a homosexual cross (w' x w* or
w” x w7) all diploid descendants whether of
parental or recombinant type are of the same sign

(which is identical to that provided by the parents,
ie., ether w' orw").

ii. In a heterosexual cross (w’ x w™) all
recombinant descendants are w”® while those of
parental genotype retain the sign (sex) of that
particular parent. This operation serves to define
the concept of mitochondrial donor and acceptor
— or sign.

The following example modified from Bolotin
et al.!2! shows some of the results obtained in
the two types of crosses. The numbers show the
percentages of various phenotypic classes (see
Key) in the progeny.

cR
R - R .+
Key:
8 54 44 45 (*'R FS CS ER
% . CSES
E N 300
CR ER
38 0.13 7 45 CSER CRER
48 4?2 80 3.5
El; w 1.2
6 5 0.4 18
iii. Effects of UV irradiation, which viruses;® 132>141 gpecifically the transfer (and

converts p* to p~, in heterosexual crosses prior
irradiation of the w® parent enhances, while that
of the w~ parent is without effect on, the
transmission of parental markers.

3. Recombination and segregation — Implicit in
the brief description just presented and the think-
ing of investigators in the field is that mitochon-
drial genetics shares many of the formal attributes
— and perhaps also the molecular events —
previously worked out for prokaryotic systems
such as bacteria, their plasmids, and their

attendant replication) of chromosomes and plas-
mids from donors to recipients, and the exchange
of chromosome segments in the relatively large
mating pools of vegetatively replicating phages
after mixed infection. Although analogous explicit
studies on mitochondrial systems are still in their
infancy, several interesting questions have already
emerged.

One would like to know, for instance, about
the rapidity of the events that are required for the
reassortment of genetic elements and culminate in
the formation of recombinant genotypes, as well

August 1973 391

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

as about the kinetics of transmission of these
genomes together with the parental ones to stable
cell lines during vegetative growth. Are they
restricted to the zygote and its immediate buds, or
do they continue during the mitosis of their
descendants (Figure 2)? This question can be
answered by a pedigree analysis of these various
individual cells — and their haploid ascospores —
emanating from a single cellular mating event.
Experiments of this type have been performed by
Coen et al.,' 2° by Lukins et al.,' *® and by Wilkie
and Thomas.!*® All these studies are in agreement
that primary recombinational events appear
restricted to the zygote and its immediate descend-
ants, although, in occasional lines, additional
reassortment and rectification may continue for a
number of additional generations. Smith et al.! 42
have shown also that coincident with nuclear
fusion during zygote formation there is a disorgan-
ization and dedifferentiation of the mitochondrial
inner membranes; these changes are reversed in
older zygotes. One would also like to know
whether a molecular basis, on the level of mtDNA,
can be found for such reassortment. The most
pertinent study is one by Shannon et al.,'*? who
showed that within = 2 generations after a mating
in mass culture between two population} varying
in both the density of mtDNA and a mitochon-
drial marker (i.e., wild type with a suppressive p~
of lower density), a significant fraction of the cells
in the population appeared intermediate in both
these characteristics. In the interpretation of these
experiments, we must not forget that all of them
were performed with S. cerevisize, an organism in
which cellular replication is by budding and
therefore inherently asymmetric. Buds initially
contain only a few mitochondria (and molecules
of mtDNA), which might furthermore not be
representative of the mitochondrial population at
large.

4. Antibiotic resistance in other organisms —
Isolation of mutant cell lines, resembling the ones
just described for yeast and sharing some of their
characteristic attributes, have also been reported
for Paramecium'?4 146 and, more recently, for
mammalian cells growing in culture,!47-148

However, particularly in the latter case, genetic
tests have not been performed and will prove to be

extremely difficult to execute. Since many cells
exhibiting chloramphenicol resistance (the particu-
lar trait selected for) are chromosomal even in
yeast, the assignment of the mutation as mito-
chondrial appears premature.

3. Mutations and Mitochondrial DNA
a. Observations on Petites
1. Retention of genetic information in cyto-
plasmic p