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INTRODUCTION

The concept of mitochondria has undergone considerable evolution since
the organelles were originally discovered and described (under the name of
"bioblasts") by Altmann in 1890 in fixed preparations of animal cells. During
the next 50 years, many cytological observations on mitochondria accumulated with only speculation about their function, although shrewd guesses
were made; the particles came to be generally considered to be " . . . centres of
constructive metabolism" and already in 1912 Kingsbury proposed a respiratory function (Hackett, 1955). During this period great confusion existed
about just what cell inclusions should be termed mitochondria. Studies on
the metabolic reactions now known to be associated with mitochondria at
first proceeded quite separately. When the Krebs cycle sequence of reactions
was elucidated in the 1930s, its cellular location was not known; the first
reports of particulate succinoxidase in higher plants, in 1939 and 1940, were
published without the significance of the particulate nature being recognized
(Millerd, 1956). In the 1940s and 1950s, however, different lines of research
47
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converged. While the refinement of differential centrifugation and analytical
techniques enabled the isolation and biochemical characterization of sub
cellular fractions, electron microscopy made it possible to distinguish mito
chondria from other cytoplasmic inclusions and to equate subcellular frac
tions with structural entities in the cell. In a review published in 1951,
Newcomer still accepts as a mitochondrion almost any cytoplasmic inclusion
of appropriate size, while admitting that all "mitochondria" need not be
identical. Those "mitochondria" obviously include what now would be
termed proplastids. Within a few years, emphasis shifted to functional
definitions. Hackett also provides a primary morphological definition of
mitochondria as ". . . variously shaped particles, usually 0*5 to 1-0 μ in
diameter and up to 10 μ or more in length, which are composed largely of
lipids and proteins . . . and generally stain with Janus green B " . At the same
time, however, he cautiously produces a biochemical definition as " . . . par
ticles associated with cytochrome oxidase" and accepts a working definition
on the basis of centrifugal forces used in organelle sedimentation (Hackett,
1955). Goddard and Stafford (1954) already put the functional characters
first: "It seems best to define mitochondria in terms of their specific chemical
activities, with chemical and morphological details as secondary factors . . .
as cellular particles associated with enzymes of the cytochrome system, the
Krebs cycle, fatty acid oxidation and with oxidative phosphorylation. These
lipoprotein and pentose nucleic acid-containing particles may vary in size
from . . . about 0-1 to 6-0 μ in diameter, and range in shape from spheres to
small r o d s . " All that holds at the present day but now it seems imperative
to include one more criterion in the description, namely mention of the fine
structure of the organelles. The present writer would offer the following
definition:
Mitochondria are cytoplasmic organelles with dimensions ranging from
less than 1 μ to several μ and of variable, labile shape. They have a smooth
outer membrane and a highly infolded inner one and are composed pre
dominantly of lipoproteins, with small amounts of specific R N A and D N A ,
and are capable of carrying out certain biochemical reactions, notably the
Krebs cycle, electron transport via the cytochromes and oxidative phosphory
lation. The mitochondrion has thus finally emerged as an organelle clearly
definable by structural, chemical and metabolic criteria.
This paper is concerned with mitochondria in higher plants; most of the
data comes in fact from angiosperms, with a limited number of observations
from gymnosperms, ferns and bryophytes. The primary aim will be to de
scribe mitochondrial structure in situ and to evaluate their activities in the
cell. Information about the metabolic activities of mitochondria comes,
however, in the first place from in vitro experiments with isolated particles.
Moreover, work on the activities of higher plant mitochondria has lagged
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behind that conducted on animal, particularly mammalian, mitochondria
largely because of technical difficulties in handling the plant material. Many
investigations by plant physiologists have been of a confirmatory nature to
establish the presence in plant mitochondria of reactions known to occur in
the animal organelles and, in many cases, this has been achieved only in the
past few years. Therefore, after a discussion of mitochondrial structure, a
section of this paper will be devoted to reviewing the activities of isolated
plant mitchondria before passing on to consider their activities in vivo,
developmental changes, growth and inheritance.
II.

OBSERVATIONS W I T H THE L I G H T

MICROSCOPE

There is much confusion in this field, especially among the earlier literature,
for different workers have used different definitions for mitochondria. Some
authors have included all kinds of small organelles in the category; others
have applied the term to organelles of one narrowly defined shape excluding
other morphological forms which rank as mitochondria under the present
definition (see Newcomer, 1951; Guilliermond, 1941). In addition to con
fused terminology, erroneous observations have most probably arisen because
the particles are near the limit of resolution of the light microscope. It is not
intended to attempt a sorting out of all the data here; discussion will be con
fined to observations which seem with reasonable certainty applicable to
mitochondria according to the definition assumed here.
In unstained living cells mitochondria are best observed under phase
contrast when they appear darker than the ground cytoplasm. The vital dye
Janus green Β is very widely used to distinguish mitochondria from other
particles of similar size such as sphaerosomes (Steffen, 1955; Sorokin, 1955).
For strict proof, it should be shown that the particles not only take up the
dye but reduce it under anaerobic conditions and reoxidize it when oxygen is
readmitted (Sorokin, 1955). Tetrazolium dyes, the Nadi reagent and various
fluorescent dyes have been used with unfixed preparations but Janus green
is considered to be the most specific. F o r detailed studies on the reaction of
plant mitochondria with Janus green, the reader is referred to the work of
Sorokin (1938, 1941, 1955, 1956).
Mitochondria are universally observable in higher plant cells appearing
as spheres 1 μ or less in diameter, or as rods and filaments of similar width but
several μ long, sometimes branched. The number per cell has been estimated
at ca 90 in grass root tip epidermis (Avers, 1961); Veronica embryo haustorial
cells also contain ca 90, while the endosperm cells contain 57 (Steffen, 1955).
Much larger numbers can be present, however; from published electron
micrographs the writer counted 80 mitochondrial profiles per thin section of
a not quite complete cell of Arum maculatum spadix (Simon and Chapman,
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1961) and 115 in a similar portion of a Tradescantia pollen mother cell
(Sakai and Shigenaga, 1964); the numbers per cell must have been much higher.
For liver, values of 500 to 2500 per cell are quoted (Schneider, 1959). Mito
chondria may aggregate in certain cellular locations; e.g. in tulip perianth
epidermis they congregate next to the inner wall (Sorokin, 1955) and in
several cell types they cluster round the nucleus (Anderson, 1936).
The great value of in vivo observations by light microscopy lies in revealing
the capacity of mitochondria for movement and their lability of shape. The
organelles are carried along by cytoplasmic streaming but also perform
independent motions—wriggling (Sorokin, 1955) and "pulsating" (Honda
et al., 1966). The shape can undergo spontaneous "pleomorphic" changes;
the organelles divide and coalesce among themselves (Honda et al, 1966).
Changes in mitochondrial morphology can be induced by manipulation;
pressure, for instance, can cause a reversible disappearance as seen under
phase contrast (Wildman et al., 1962) and swelling takes place in hypotonic
media (Steffen, 1955). Seeming coalescence of mitochondria with nuclei or
plastids has been reported; in view of electron microscopic observations, it
is likely that in many cases the organelles only came into close contact (see
below, Section I I I ) . The non-green jacket of chloroplasts can push out
protuberances which break off, forming particles indistinguishable from
mitochondria under phase contrast (Wildman et al., 1962).
Light microscopy also offers opportunities for the cytochemical localization
of enzyme activities and chemical compounds. The smallness of mitochondria
hampers observation but some success has been achieved. The decolouration
of Janus green in anaerobic conditions depends on enzymatic reduction of
the dye by dehydrogenases (Lazarow and Cooperstein, 1953) and the Janus
green reaction of mitochondria has lent strong support to the identification
of the organelles as centres of dehydrogenase activity. The Nadi reagent
has been used to locate cytochrome oxidase in the mitochondria and tetrazolium salts in combination with different substrates to locate enzymes such
as succinic dehydrogenase (Avers, 1961).
III.

FINE

STRUCTURE

The electron microscope has confirmed the presence of mitochondria in
all higher plant cells examined. R o u n d or oval profiles predominate and
elongate figures are frequent but great care must be taken in the deduction of
three-dimensional shapes from single sections. N o t only spheres but rods in
cross-section will produce circular outlines, while elongate profiles may
represent cylinders or flattened discs; curved discs can be cut as rings and
discs with thicker edges can appear respectively as rings or as dumbbell
shapes with a narrow connection according to the sectioning plane (Manton,
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1961). The shapes can be quite complex. Isolated mitochondria are spherical.
Mitochondria of all Eukaryota possess the same basic structure. An outer
smooth membrane surrounds an inner membrane with many infoldings, the
cristae or microvilli, projecting into the enclosed matrix. The thickness of
the membranes is ca 50 A; the width of the total mitochondrial envelope,
i.e. outer and inner membrane plus the intervening space, is 150-200 A—
precise values depend on the fixation. With negative staining of unsectioned
membranes, complex subunits can be seen on the inner membrane and cristae;
in higher plant mitochondria, these have a " h e a d " of 90-110 A diameter and
a " s t e m " measuring 35-40 by 40 A (Parsons et al, 1965). Freeze-etched onion
{Allium cepa) root mitochondria display particles of 100 A diameter on the
cristae (Branton and Moor, 1964). These dimensions are very similar to those
reported for mitochondrial subunits from Neurospora crassa—head 85 A,
stalk 40-50 A (Stoeckenius, 1965) and beef heart—head 80-100 A, stalk
30-40 by 50 A (Fernandez-Moran et al, 1964). Thus all mitochondria seem
to be constructed from the same fundamental building blocks. Some authors
have considered the subunits to be myelin-figure like artefacts (Sjostrand
et a/., 1964) but by now, the particles have been seen also in thin sections
(Ashhurst, 1965) and they persist in beef heart preparations after removal
of 95 % of the lipid, a treatment which should cause myelin figures to collapse
(Fleischer et al, 1967). The outer membrane does not bear these particles
and has a different enzymatic makeup (see Section IV C). In plant mitochondrial preparations, the outer membrane is more susceptible to fixation
injury than the inner and may be lost in pellets. Parsons et al. (1965) noted
pits, 25-30 A in diameter, in negatively stained outer membranes of isolated
potato and mung bean (Phaseolus aureus) mitochondria but believe these may
be indicative of damage.
The pattern of the membrane infoldings varies between species and tissues.
In higher plant mitochondria, the infoldings are mainly tubular or saccular,
rather than plate-like (as in many mammalian mitochondria); hence some
authors prefer to term them microvilli rather than cristae. Sometimes circular
profiles of cristae occur (Fig. 1); it is not clear what these represent in three
dimensions. The system must possess great flexibility in view of the pleomorphic changes visible in situ by light microscopy.
The two most commonly employed fixatives, osmium tetroxide (with or
without glutaraldehyde prefixation) and potassium permanganate, can give
somewhat differing pictures of mitochondrial structure. With permanganate,
the membranes are very smooth and regular and the intracristal spaces are
narrow (Fig. 1). With osmium, the membranes often appear more wavy and
diffuse (Figs 2 and 4); the outer may be faint and even broken. In osmiumfixed mitochondria the width of the intracristal space varies; it may be
practically as narrow as with permanganate fixation (Fig. 3) or dilated to
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varying degrees (Figs 2, 6, 7). The mitochondria with dilated cristae usually
also possess a more electron-dense matrix than the narrow-cristate ones.
Osmium-fixed mitochondria can almost be divided into two types as narrowcristate, light-matrix (Fig. 3) and swollen-cristate, dark-matrix (Figs 2 and 6),
types. In any cell, all mitochondria are as a rule of the same type; occasion
ally both kinds coexist (Weintraub et al, 1966).
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A scanning of as many original and published electron micrographs of
osmium-fixed material as could be found with sufficiently distinct mitochondria yielded 26 tissues with clearly narrow-cristate, light-matrix mitochondria,
6 with the swollen-cristate, dark-matrix type and 8 with mitochondria of
intermediate appearance. To some extent, the division must have depended
on personal judgement but it gives an indication of a prevalence of the
narrow-cristate type. Mitochondria of both types occurred in diverse tissues
but no active young meristem had strongly swollen-cristate mitochondria
although intermediate forms occurred in meristematic tissues. Isolated
mitochondria, on the other hand, often have highly swollen cristae and very
dark matrices and frequently both types are mixed in a pellet.
Interpretation of these observations must be undertaken with extreme
caution because of the danger of fixation artefacts. There is an inclination
to regard the swollen cristae as indicative of fixation damage or degeneration
in situ. Permanganate fixation always produces a narrower separation of
cristae and in freeze-etched onion root cells, the intracristal space seems to
be narrow (Branton and Moor, 1964). Mitochondria of animal tissues are
almost without exception narrow-cristate even when the matrix is very dense.
Malhotra (1966) found that in quick-frozen, freeze-substituted mouse tissue
there was no separation at all between the crista membranes and suggested
that the routine osmium picture already represents some swelling during
fixation. In plant tissues the mitochondria sometimes change during ageing
from the narrow to the swollen-cristate type and this change can occur also
during isolation (Weintraub et al., 1966); some pellets show the swelling of
cristae to an extreme degree. F r o m such data, a tentative case can be made
out for regarding the swollen-cristate state as indicative of damage. With
mitochondria fixed in situ, however, one must allow for two possibilities: either
the cristae were already dilated in vivo or the organelles were in a state of
susceptibility to damage, manifested by swelling during fixation. The latter is
probable in cases where permanganate fixation of the same material has shown
narrow cristae (unless one postulates that permanganate causes a contraction!).
The precariousness of this speculation is emphasized by the data of Hackenbrock (1966) who manipulated isolated rat liver mitochondria to assume
FIG. 1 Mitochondria in cells of sycamore (Acerpseudoplatanus) grown in suspension
culture and fixed in potassium permanganate. (Photograph by C. J. Smith, Swansea).
FIG. 2 Mitochondria from cells as in Fig. 1, fixed in glutaraldehyde and osmium
tetroxide and stained with uranyl acetate in potassium permanganate followed by
lead citrate. The cristae are dilated, the matrix dark with light central spaces (L);
P, proplastid. (Photograph by C. J. Smith, Swansea).
FIG. 3 Mitochondria from etiolated mung bean (Phaseolus aureus) hypocotyl, fixed
in glutaraldehyde and osmium textroxide and stained with lead citrate. The cristae
are narrow and the matrix light.
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reversibly either state; the swollen-cristate, dark-matrix form appeared during
conditions allowing active phosphorylation. A similar appearance of mito
chondria can perhaps be caused by different circumstances.
Osmium fixation preserves more details in the mitochondrial matrix than
permanganate; the latter usually produces a uniform, electron-transparent
matrix comparable with the cytoplasmic background. With osmium fixation,
mitochondria may show light areas containing filaments and clumps staining
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well with uranyl acetate (Fig. 4); such material was identified as D N A in
animal mitochondria by Nass and Nass (1963) and in swiss chard (Beta
vulgaris) leaf mitochondria the removal of the filaments by deoxyribonuclease
has been demonstrated (Kislev et al., 1965). Under carefully controlled
conditions, Yotsuyanagi and Guerrier (1965) were able to discern D N A masses
in mitochondria of young onion root cells with permanganate fixation; the
material behaved identically with nuclear chromatin in all staining treatments
and was removed by deoxyribonuclease. The light areas with D N A filaments
are most conspicuous in mitochondria of young cells. Ribosome-like
granules can be seen in mitochondria (Fig. 7) and the removal of these with
ribonuclease in swiss chard leaf mitochondria has been achieved (Kislev
et al., 1965). Very electron-dense granules, ca 20-40 τημ in diameter, are
sometimes present in the matrix and are associated with the cristae (Fig. 6)
probably representing deposits of insoluble phosphate (Greenawalt et al,
1964). D a r k central bodies of unknown nature have been seen in mitochon
dria of bean (Phaseolus vulgaris) leaves (Weintraub et al., 1966) and in young
mung bean leaf (Phaseolus aureus) mitochondria (Fig. 7). Lance-Nougarede
(1966) discovered crystalline protein inclusions in epidermal cell mitochondria
of lentil (Lens culinaris) leaf.
The matrix, when electron-dense, sometimes has a granular appearance;
Weintraub et al. (1966) interpret the granularity as representing electrontransparent particles 130-140 A in diameter, embedded in a densely-staining
ground substance.
Close associations between mitochondria and other organelles are fre
quently seen in electron micrographs; mitochondria may be enclosed in deep
nuclear pockets (Mota, 1964; Opik, 1965a; Wettstein and Zech, 1962) or
within plastid cavities (Vesk et al., 1965). Such relationships would account
for reports based on light microscope observations on living cells of mito
chondrial fusion with nuclei or chloroplasts and production of mitochondria
from these organelles. There is no really convincing evidence of fusion of
mitochondria and nuclei; M o t a (1964) interprets his micrographs as indicating
such fusion in Chlorophytum capense aerial roots but, in the present writer's
opinion, the pictures certainly indicate close adpression but fail to prove

FIG. 4-6 Mitochondria from bsan (Phaseolus vulgaris) cotyledon storage paren
chyma, fixed in glutaraldehyde and osmium tetroxide.
FIG. 4 Meristematic ripening cotyledon, stained with uranyl acetate and lead
citrate. DNA filaments are prominent and the cristae are diffuse. P, plastid.
FIG. 5 Mature cotyledon, 24 hr germinated, stained with lead citrate. Cristae are
better defined and the matrix is light.
FIG. 6 Senescent cotyledon, 5 days germinated, stained as Fig. 5. Cristae are
swollen and the matrix is dark and contains phosphate granules. V , vacuole.
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fusion. Plastids, however, can bear protrusions with a mitochondrion-like
structure (Fig. 8); see also Vesk et al. (1965). The electron microscope gives
only a static picture but, if such projections were to break off, they would be
indistinguishable from mitochondria in fine structure and these projections
may well represent the pieces of plastid envelope seen by Wildman et al.
(1962) to produce mitochondrion-like particles in living cells.
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I V . PROPERTIES OF ISOLATED M I T O C H O N D R I A
A. ISOLATION METHODS

It is beyond the scope of this review to go into detailed considerations of
isolation procedure. It has, however, become increasingly clear how p r o 
foundly the properties of the isolated particles depend on this and in recent
years notable improvements in method have been m a d e ; hence a brief section
will be given to the topic.
The isolation of highly active mitochondria from higher plant tissues has
not proved easy largely because of damage caused by vacuolar contents. F o r
many animal tissues, it suffices to adjust the osmotic potential of the medium,
most commonly with sucrose, and perhaps to add a buffer and E D T A
(ethylene diamine tetracetate). With a number of plant tissues, this procedure
yields some success but with others such simple media produce practically
no activity. While the precise optimal conditions vary from tissue to tissue,
the cumulative experience of many workers has shown the beneficial effect of
the following:
0 . Media of high p H , up to 8-2, in the case of acid tissues (Lieberman, 1958).
b. The presence of E D T A in the medium; this probably acts by chelating
vacuolar ions and is particularly necessary in the case of highly vacuolate
material (Lieberman and Biale, 1955; Lund et al, 1958).
c. The presence of reductants such as cysteine or ascorbic acid or citrate or
succinate which ensure that the mitochondria are kept in a reduced state
(Pierpoint, 1959).
d. The addition of high molecular weight c o m p o u n d s ; e.g. PVP (polyvinyl
pyrrolidone) has been very successful with apple tissue where it acts by
binding polyphenols (Hulme et al, 1964); BSA (bovine serum albumin)
protects by binding fatty acids and basic proteins (Hanson et al, 1965).
Great care to avoid mechanical damage is also necessary.
Two media which have been used with considerable success are those
developed by Pierpoint (1959, 1960) and Wiskich and Bonner (1963).
Pierpoint's medium was developed for green leaves which have given more
trouble t h a n non-green material; it consists of sucrose, 0·4Μ; Tris (trisFIG. 7 Mitochondria in young etiolated mung bean (Phaseolus aureus) leaf; fixed
in glutaraldehyde and osmium tetroxide and stained with lead citrate and uranyl
acetate. Note the dark central body in the elongate mitochondrion (arrow) and
intramitochondrial ribosome-like granules. P, plastid.
FIG. 8 Plastid Ρ with mitochondrion-like attachment in germinating bean (P.
vulgaris) cotyledon; M, probable mitochondrion, S, starch grain.
Ε
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hydroxymethylaminomethane) buffer, 0·2Μ; Κ Η 2 Ρ 0 4 , 0·01Μ; E D T A , 0·005Μ
and sodium citrate (or succinate), O02M, all at a p H of 7-8-7-9. This medium,
with some modifications, has since been used for several green tissues, e.g.
tomato (Lycopersicon esculentum) stem (Wu and Scheffer, 1960) and bean
(Phaseolus and View) leaf (Weintraub et al, 1966). The medium of Wiskich
and Bonner contains mannitol, 0-37M; sucrose, 0-25M; cysteine, 0-004M;
E D T A , 0-005M at a p H of 7-2-7-5; originally developed for sweet p o t a t o root
(Ipomoea batatas), this medium has proved the basis for satisfactory isolation
of mitochondria from white potato (Solanum tuberosum) tuber (Verleur and
Uritani, 1965) and numerous other tissues (Parsons et al, 1965).
H o n d a et al, (1966) have evolved a very complex medium simultaneously
suitable for the preservation of mitochondria, nuclei and plastids. This
contains sucrose, Tris buffer, E D T A , magnesium acetate, manganese acetate,
BSA, dextran, Ficoll (a sucrose polymer of mol. wt 400,000) and a reductant
(either glutathione, cysteine, ascorbic acid or mercaptoethanol) at a p H of
7-8. A total osmolarity of 0-08 was found best for leaves of spinach, t o m a t o
and tobacco on morphological criteria. T o prevent mechanical damage, the
cells are broken by a single slicing with an array of closely set sharp blades.
With this treatment, extracted mitochondria retain not only rod shapes
but their capacity for movement and pleomorphic changes. So far, data on
the metabolic activity of mitochondria isolated in this medium are not
available.
The values of centrifugal force used to sediment plant mitochondria have
varied from 1700 g to over 20,000 g , most experimenters working with 10,000
to 20,000 g . There is now evidence that the higher forces really are too high,
bringing down submitochondrial particles. Smillie (1956) found that practic
ally all the succinoxidase of pea leaves was sedimented in two fractions obtain
ed at 2700 g for 30 min and 6700 g for 15 min. A similar optimum g-value was
found for pea stem mitochondria by Mosolova and Sissakian (1961); Kasinsky
et al (1966) use 6400 g for 20 min t o obtain a pure preparation from mung
bean hypocotyl. On the other hand, H a n s o n et al (1959) produced very pure
mitochondria (as judged by electron microscopic examination of the pellets)
from maize (Zea mays) root with 10,000 (or 12,000) g for 10 min. The
optimum force must depend on the tissue in hand and the viscosity of the
medium but the comment of Mosolova and Sissakian (1961) that
. . the
majority of studies on plant mitochondria have been carried out not with pure
mitochondria but with mitochondria-enriched fractions" appears justified in
many cases. This probably accounts for a large proportion of the variation
in reported values of chemical composition and enzymatic activities although
these parameters are, of course, affected also by the degree of intactness of the
particles. It is encouraging to see the electron microscopic examination of
pellets becoming a routinely applied check on purity and intactness. Very

TABLE I

Tissue
Bean (Vicia faba) root
Beet {Beta vulgaris) petiole
Castor bean (Ricinus
communis) endosperm
Mung (Phaseolus aureus)
hypocotyl
Pea (Pisum sativum) leaf,
etiolated
Pea (Pisum sativum) leaf,
green
Pea (Pisum sativum) seedling,
etiolated
Pea (Pisum sativum) seedling,
etiolated
Potato (Solatium tuberosum)
tuber
Tobacco (Nicotiana tabacum)
leaf
Wheat (Triticum vulgare)
root

Protein
37-39
29

% of dry weight
Lipid
RNA

DNA

μg/mg protein
RNA
DNA
130*
11-13*

ca 39

4-8-9-6*
3-2-4-8*

Smillie, 1956c

1-9-3-7*

42*
0-8

40-43*
35-40

30

37

40

39*

22

0-5-1 0

+

Stafford, 1951

0-7-0-9

Mosolova and
Sissakian, 1961
Levitt, 1954a

+
102*

37-39

Reference
Brown et al., 1953
Martin and Morton,
1956b
Akazawa and
Beevers, 1957a
Suyama and Bonner,
1966
Smillie, 1956b

11-15*

11*
5-8-70*

McClendon, 1952
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Chemical composition of higher plant mitochondria. The values marked with an asterisk* have been calculated
from the authors' original data, assuming that all the nitrogen referred to was protein nitrogen, that the nitrogen
content of protein was 6-25% and that the phosphorus content of nucleic acids was 10%. For the potato
tuber mitochondria, Levitt (1954) by an indirect calculation obtained a total nucleic acid content of
ca 20 % of the protein.

Martin and Morton,
1956c
59

60

TABLE II

Cytochromes present in plant mitochondria, with molar ratios where available. Molar ratios for beef heart and
yeast mitochondria given for comparison. Species marked with an asterisk* belong to the Araceae.
Tissue

Cytochrome
a + az
b

c

Comments

Reference

1

2

3 of b type, 2 of c type

Bryant et al., 1963

Mung (Phaseolus aureus) hypocotyl

+

+

+

b type predominant; 2
(or 3?) of b type

Kasinsky et al, 1966

Wheat (Triticum) root

1

5

3

2 of b type, 2 of c type

Lundegardh, 1960

Arum maculatum* spadix

+

+

Ο
ι

07 present

Bendall and Hill, 1956

Symplocarpus foetidus* flowers

+

+

+

bi present

Chance and Hackett, 1959

Beef heart

3

1

1-5

Green and Fleischer, 1963

Yeast

1

1

1-5

Lundegardh, 1960

OPIK

1

H.

Mung (Phaseolus aureus) hypocotyl
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pure preparations can be achieved with density gradient centrifugation but
this method has been hardly used as yet with plant mitochondria.
The large-scale preparation of mitochondria has for a long time been the
prerogative of animal physiologists. N o botanical laboratory can match the
record of D . E. Green's group of having produced 200 kg of mitochondria
by 1962 (Green, 1962). Only in recent years have plant physiologists begun
to extract mitochondria from kilogram quantities of material (Kasinsky et al,
1966; Suyama and Bonner, 1966). The availability of really pure and intact
mitochondria in reasonable quantities should enable more rapid progress
in the study of their properties and the clearing u p of contradictory observa
tions from earlier work. M u n g bean hypocotyl seems to be a likely candidate
for the place assumed by rat liver and beef heart for work on animal mito
chondria.
There is one additional complication inherent t o higher plant material in
that tissues of one single cell type are practically impossible to obtain. Thus
all mitochondrial preparations from natural plant organs will contain a
mixed population of mitochondria from several cell types. This could cause
complications; mammalian mitochondria are known to possess tissue-specific
properties. The only way of overcoming this problem would be to use tissue
or cell cultures as source of mitochondria.
B. CHEMICAL COMPOSITION
Some analytical data on higher plant mitochondria are summarized in
Table I. The lipid is mainly phospholipid (Levitt, 1954a; Martin and Morton,
1956b, c). The water content of castor bean (Ricinus communis) endosperm
mitochondria in 0·5Μ sucrose was estimated at 69-75 % (Akazawa and Beevers,
1957a) but this varies with the osmolarity of the medium. The composi
tion is basically similar t o that of animal mitochondria. The amount of
mitochondrial material that has been obtained per unit weight of tissue varies
very widely; e.g. a survey of nine papers gave 0-03-4-8 mg mitochondrial
nitrogen per g fresh weight but this value is so dependent on isolation
methods that the figures give little clue about the actual proportion of mito
chondria in the tissues. Martin and M o r t o n (1956) obtained ca 8-5 times as
much mitochondrial material per unit weight of tissue from young, rapidly
growing wheat (Triticum vulgare) roots than from mature, fairly inactive
silver beet (Beta vulgaris) petiole by identical isolation procedures and Lund
et al. (1958) state that mitochondria contain the major proportion of cyto
plasmic protein in maize root.
The nucleic acids found in mitochondria have been under suspicion of
being contaminants, the D N A arising from nuclear fragments and the R N A
from "microsomes". It is clear that earlier preparations were in fact contami
nated with nucleic acid from other cellular sites and the higher values of
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TABLE III
E x a m p l e s o f p l a n t m i t o c h o n d r i a l p r e p a r a t i o n s w i t h c o m p l e t e K r e b s cycle activity. T h e " o x i d a t i o n " criterion is b a s e d o n e n h a n c e m e n t o f
oxygen u p t a k e ; " s p a r k e r " requirement for p y r u v a t e is given positive b o t h in cases o f absolute r e q u i r e m e n t a n d o f stimulation. " A c i d
i n t e r c o n v e r s i o n s " refers t o c h r o m a t o g r a p h i c identification o f o t h e r cycle acids synthesized f r o m (labelled) acids supplied. A l l
t h e leaf tissues were g r e e n ; all t h e seedlings a n d seedling p a r t s , etiolated. B l a n k spaces i m p l y a b s e n c e o f test, n o t a negative
result.
Criteria for activity
Tissue

"Sparker"
for
pyruvate

Malonate
inhibition

Acid
Interconversions

Pyruvate

Other
acids

+
+
+
+
+
+
+

+
+
+
+
+

+

+
+

+
+

+
+

+

+
+

+

+
+

+

+
+
+
+

+
+
+
+
+

+

+
+
+
+

+
+
+

+

Reference

H u l m e et a l , 1 9 6 4
Hackett a n d Simon, 1954
A v r o n a n d Biale, 1957
B e a u d r e a u a n d R e m m e r t , 1955
Beevers a n d Walker, 1956
Laties, 1953
B r u m m o n d a n d Burris, 1953
M i l l e r d et al, 1 9 5 1
Davies, 1953
Smillie, 1956a
Switzer a n d Smith, 1957
Zelitch a n d Barber, 1960
Pierpoint, 1960
W u a n d Scheffer, 1960
Lieberman a n d Biale, 1956

H. OPIK

A p p l e (Pyrus malus) f r u i t
spadix
Arum maculatum
A v o c a d o (Persea americana)
fruit
B e a n {Phaseolus vulgaris) h y p o c o t y l
C a s t o r b e a n (Ricinus communis) e n d o s p e r m
C a u l i f l o w e r (Brassica oleracea) b u d
Lupinus albus c o t y l e d o n
M u n g (Phaseolus aureus) h y p o c o t y l
P e a (Pisum sativum) s e e d l i n g
P e a (Pisum sativum) l e a f
S o y b e a n (Glycine max) h y p o c o t y l
S p i n a c h (Spinacia oleracea) l e a f
T o b a c c o (Nicotiana
tabacum) l e a f
T o m a t o (Lycopersicon
esculentum) s t e m
S w e e t p o t a t o (Ipomoea batatas) r o o t

Oxidation of
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Table I are suspect but there is now n o doubt that small amounts of nucleic
acid are integral parts of the organelles. The R N A content of beef heart
mitochondria is 7Ό /^g/mg protein (Green et al, 1966) and the D N A content
of animal and micro-organism mitochondria is 0-3-2-2 /*g/mg protein (Tewari
et al, 1966). The mitochondrial D N A from higher plants has a specific
gravity distinct from the nuclear and the total amount in a mung bean
hypocotyl mitochondrion from a recent estimate is ca 5·10~ 10 μ% (Suyama
and Bonner, 1966). R N A from cauliflower (Brassica oleraced) buds has been
isolated in the form of ribosome-like particles and resolved into 18S and 28S
components, the former with a base composition different from the cyto
plasmic R N A (Pollard et al, 1966). Further evidence for the presence of
R N A in plant mitochondria stems from observations that ribonuclease has
a deleterious effect on their activity (Hanson et al, 1965). Electron micro
scopic evidence for mitochondrial nucleic acids has already been presented.
The cytochromes of higher plant mitochondria are of the same basic types
as in yeast and animals but the proportion of b types is high (Table II), A
special cytochrome, Z?7, has been found only in the floral parts of some
aroids (Bendall and Hill, 1956; Chance and Hackett, 1959).
Other components present in plant mitochondria are coenzymes, especially
nicotinamide nucleotides, ascorbic acid (Buvat, 1963), ions and carbohydrates
(Levitt, 1954).
C. METABOLIC ACTIVITIES
1. The Krebs Cycle
By 1948, animal mitochondria had been established as the carriers of the
Krebs cycle for complete oxidation of pyruvate. F o r plant mitochondria, the
issue was in doubt for some years; particulates were at first found to be
inactive or capable of oxidizing only a limited number of acids or the enzyme
activities appeared to be located in a nonparticulate phase (Brummond and
Burris, 1954). Subsequent improvements in isolation and assay technique,
however, have produced plant mitochondrial preparations which fulfil to a
reasonable degree the criteria for complete Krebs cycle activity, viz. oxidation
of the cycle acids, the requirement of a "sparker" acid for pyruvate oxidation,
conversion of added acids t o other members of the cycle and malonate
inhibition of oxidation (Table III). In many more examples at least some of
the steps have been identified and the variety of tissues investigated is sufficient
to allow the generalization that higher plant mitochondria carry out the
complete Krebs cycle.
Mitochondria from higher plants will also readily oxidize N A D H and
at a lower rate, N A D P H (Table IV). This holds even for intact, tightly
coupled preparations (Ikuma and Bonner, 1967) in contrast to animal mito
chondria which will oxidize the reduced coenzymes only when damaged.
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TABLE IV
Examples

of identification of oxido-reduction enzymes in p l a n t m i t o c h o n d r i a l p r e p a r a t i o n s . " D " indicates t h a t t h e c y t o c h r o m e
oxidase activity w a s increased b y digitonin; brackets indicate l o w activity. B l a n k spaces imply a b s e n c e o f test,
n o t a negative result. Species m a r k e d with a n asterisk* belong t o t h e A r a c e a e .
Oxidases

Reductases

Tissue

Reference
NADH

Cytochrome
SuccinateNADHNADPHc
cytochrome c cytochrome c cytochrome c

Diaphorase

+ ,(+)
+

,D

+
+

,D
,D

+

+
-f+
+
+

+
+
+

(+ )

+

+

+
+

+

+
+

+

+

+

+

+

+

+

+

+

Webster, 1952
S i m o n , 1958b
H u l m e etal., 1 9 6 5
S i m o n , 1957
O p i k , 1965b
C u n n i n g h a m , 1964
I k u m a a n d Bonner, 1967
Smillie, 1956b
G e r o n i m o a n d Beevers, 1964
R a g l a n d a n d H a c k e t t , 1961
C h e r r y , 1963
Verleur a n d Uritani, 1965
M a r t i n a n d M o r t o n , 1956b
Zelitch a n d Barber, 1960
Hackett, 1956
Pierpoint, 1960
M a r t i n a n d M o r t o n , 1956c
H a t c h a n d Millerd, 1957

H. OPIK

54 species, d i c o t y l e d o n s
12 s p e c i e s , h i g h e r p l a n t s
A p p l e (Pyrus malus) f r u i t
Arum maculatum*
spadix
B e a n (Phaseolus vulgaris) c o t y l e d o n
M a i z e (Zea mays) r o o t
M u n g (Phaseolus aureus) h y p o c o t y l
P e a (Pisum sativum) leaf, e t i o l a t e d
P e a (Pisum sativum) leaf, g r e e n
P e a (Pisum sativum) s t e m , e t i o l a t e d
P e a n u t (Arachis hypogaea)
cotyledon
P o t a t o (Solarium tuberosum) t u b e r
S i l v e r b e e t (Beta vulgaris) p e t i o l e
S p i n a c h (Spinacia oleracea) l e a f
Symplocarpus foetidus*
flower
T o b a c c o (Nicotiana tabacum) l e a f
W h e a t (Triticum vulgare) r o o t
Zantedeschia
aethiopica*
flower

NADPH
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Oxidase

Cytochrome oxidase activity has been demonstrated in mitochondria from
many higher plant species (Table IV); the enzyme resembles yeast and animal
cytochrome oxidase in substrate affinity (Webster, 1952). Succinic-cytochrome
c reductase and NADH-cytochrome c reductase have been found active in
plant mitochondria (Table IV); the N A D P H reductase has been demonstrated
in fewer cases and the activity is higher in the microsome fraction (Martin
and Morton, 1956).
3 . Oxidative Phosphorylation
and Coupling
Earlier plant mitochondrial preparations had low P/O values (ratio of
atoms phosphate esterified to atoms of oxygen taken up). Millerd et al (1951)
obtained P / O values of ca 1 with all acids for mung bean hypocotyl mito
chondria; in other instances no phosphorylation at all could be demonstrated.
Later, however, Freebairn and Remmert (1957) obtained P/O values of 2-3
for various acids with cabbage particles and Zelitch and Barber (1960)
reported values of 2-3 for α-ketoglutarate and 2-7 for pyruvate with spinach
(Spinacia oleraced) leaf mitochondria; other examples of similar values can
be found in the literature.
Recent investigations have also produced fairly tightly coupled plant mito
chondria with a previously unattained level of respiratory control defined as
the ratio of oxidation rates in the presence and absence of A D P or the ratio
of oxidation in State I I I to oxidation in State IV in the terminology of Chance
and Williams (1955). Numerical examples of plant mitochondrial respiratory
control ratios a r e : sweet potato 1*4-1-9 with succinate, 8-2-10-4 with malate
(Wiskich and Bonner, 1963); mung bean hypocotyl u p to 5-3 (Ikuma and
Bonner, 1967); avocado fruit (Persea gratissima) 1-58-4-75, increasing with
maturity (Lance et al, 1965). The mitochondria in the above examples were
all isolated in complex media and with low-force mechanical disruption.
Blending or grinding in a pestle and mortar suffice to diminish respiratory
control in avocado fruit (Lance et al., 1965).
These respiratory control ratios are still lower than those of animal mito
chondria which average around 20 and may reach u p to 65 (Honda et al.,
1966). It remains to be seen whether this reflects a true difference between the
plant and animal particles or whether there will yet be improvements in the
plant values.
4 . Values of the Qo2 (N)
The value of the Qo2 (N), i.e. the rate of oxidation per unit weight of mito
chondrial (protein) nitrogen, is considered to be a measure of the efficacy
(or the "goodness") of the preparation. This value depends on the intrinsic
*
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activity of the mitochondria, the degree of contamination with inactive
material, the assay conditions (such as substrate concentration, coenzyme
supply) and the extent of damage sustained during isolation. It is therefore
not surprising that Freebairn and Remmert (1956) obtained a range of Qo2
(N) values of 9-1020 (at 30°C) with a total of 11 tissues! As with Krebs
cycle activity and oxidative phosphorylation, one can trace in the literature
a steady "pushing upwards" of plant mitochondrial Qo2 (N) values. In most
cases, succinate is the substrate giving the fastest rates. A m o n g the highest
values reported to date are: pea root with succinate at 22-23°, 2280 (Strickland,
1960); maize scutellum with α-ketoglutarate at 29°, 2810 (Hanson et al,
1965); tomato fruit with pyruvate + malate at 30°, 2854 (Dickinson and
Hanson, 1965); Arum maculatum spadix with succinate at 25°, 5250 (Simon
and Chapman, 1961). These are within the range reported for animal material,
especially when one considers that the temperatures used for plant mitochon
drial assays are lower than the 37° generally employed for animal particles.
It is seen that well-preserved plant mitochondria carry out the Krebs
cycle, electron transport and oxidative phosphorylation at high rates. While
it is premature to state categorically that all low values of oxidation, P/O
and respiratory control obtained with mitochondria from young, healthy
tissues result from extraction damage, this is certainly the case in many
instances.
5. The β-oxidation of Fatty
Acids
The enzymes for this reaction series are firmly bound to mitochondria in
mammalian tissues. Kmetec and Newcomb (1956) found that the mito
chondria from cotyledons of germinating peanut (Arachis hypogaea) oxidize
palmitate and Stumpf and Barber (1956) further reported that whole mito
chondria were needed for the activity. Rebeitz and Castelfranco (1964),
however, claimed that the palmitate-oxidizing system from the same tissue
was located mainly in the supernatant from a 10,000-g centrifugation and in
germinating castor bean seeds also most of the β-oxidation activity appears
in the 10,000-g supernatant (Yamada and Stumpf, 1965). Thus the location
of β-oxidation enzymes in higher plant cells is not known with certainty.
6 . Other Metabolic
Activities
In Table V are listed, in the upper section, various enzyme activities that
have been reported in higher plant mitochondria and in the bottom section,
some more complex reactions. With the exception of ATP-ase, each enzyme
has been reported only from a few preparations and the possibilities of adsorp
tion from other fractions must be kept in mind. Whether hexokinase, for
instance, sediments as a mitochondrial enzyme or remains soluble depends
entirely on the method of preparation (Saltman, 1953). The possession of
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hexokinase would give the mitochondria control over glycolysis and the P P P
(pentose phosphate pathway) and if the other glycolytic enzymes are truly
native to the particles, the mitochondria could themselves carry out some
glycolysis but this point has not apparently been critically investigated with
plant mitochondria. The presence of transminases and glutamic dehydro
genase in mitochondria is probably significant for the Krebs cycle is the pathTABLE V

Enzyme activities found in plant mitochondrial preparations.
Activity
1. Single enzymes
Adenosine triphosphatase
Adenylate kinase
Alcohol dehydrogenase
Aldolase
Ascorbic acid oxidase
Formic dehydrogenase
Glucose-6-phosphate dehydrogenase
Glutamic dehydrogenase
Glutathione reductase
Hexokinase
Lactic dehydrogenase
Malic enzyme
Nicotinamide nucleotide
transhydrogenase
Oxaloacetic carboxylase
Ribonuclease Β
Transaminases
2. Complex activities
Conversion of pentose to heptose
Conversion of malonate to C O 2
Conversion of malonate to Krebs cycle
acids
Incorporation of amino acids into
protein
Uptake of Ca, Mg and P O 4 ions

Reference
Numerous instances
Davies, 1956
Davies, 1956
Davies, 1956
Young and Conn, 1956
Davies, 1956
Giorgio et al., 1959
Davies, 1956
Young and Conn, 1956
Bonner and Millerd, 1953
Saltman, 1953
Davies, 1956
Davies, 1956
Davies, 1956
Davies, 1956
Hanson et al., 1965
Smith, 1962

Giorgio et al, 1959
Giovanelli and Stumpf, 1957
Young and Shannon, 1959
Webster, 1954
Das and Roy, 1961
Hodges and Hanson, 1965.

way of ultimate oxidation of amino acids and the source of carbon skeletons
for amino acid synthesis. Mitochondrial protein synthesis and ion uptake
are dependent on an energy supply either from concurrent substrate oxidation
or from added A T P ; the species of proteins synthesized by plant mitochondria
have not been identified. The particles listed in Table V as carrying out some
of the P P P reactions were isolated from etiolated pea stem by Giorgio et al
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(1959) at 2900 g for 10 min. Ragland and Hackett (1961) failed to substantiate
these findings, however, obtaining particles with typical mitochondrial
activity in this fraction and the P P P enzymes are generally considered to be
soluble.
7 . The Question of Lysosomes and Mitochondrial
Heterogeneity
In the 1950s, workers on animal mitochondria became aware of the
heterogeneity of many of their mitochondrial preparations (De Duve et ah,
1955). Subfractionation of crude preparations led to the isolation of the
lysosomes as a distinct class of particles containing hydrolytic enzymes and
recognizable in the electron microscope as single-membrane bound, approxi
mately circular profiles with electron-dense contents. The presence of lyso
somes in plant tissues is more sparsely documented; since the subject is
covered by D r . P . B. G a h a n in Chapter 13, it will not be further considered
here. It is, however, worth while paying attention to the findings of Avers
(1961) that, in grass root epidermal cells, the number of particles staining
with Janus green equalled that staining with the N a d i reagent for cytochrome
oxidase but the numbers staining with tetrazolium salts for several Krebs
cycle dehydrogenases were consistently less. This could mean heterogeneity
among the cytochrome oxidase-containing particles, i.e. mitochondria.
8. The Precise Intramitochondrial
Location of Enzymes
The fractionation of mammalian mitochondria into subunits carrying
specific enzyme activities has been achieved t o a high degree of precision
largely by the school of D . E. Green using beef heart particles. It is proposed
that the inner membrane bears the electron transport chain, i.e. all the
apparatus for electron transfer from N A D H or succinate to oxygen, the
remaining Krebs cycle dehydrogenases being on the outer membrane (Bachm a n n et al., 1966). The inner membrane is thought to consist of elementary
particles, mol. wt 2 χ 10 6 and further resolvable into four lipoprotein
complexes: I, NADH-coenzyme Q reductase; II, succinate-coenzyme Q
reductase; III, coenzyme Q-cytochrome c-reductase and IV, cytochrome
oxidase (Green and Fleischer, 1963). The relationship of these complexes
to the visible subunits is n o t quite clear, there being some discrepancies
between the size seen in electron microscopy and the analytically estimated
particle weights. The outer membrane is resolved into a particulate " K
fraction" forming an integral part of the membrane and a more easily solubilized " S fraction". The Κ fraction carries the higher molecular weight
enzymes (the pyruvic, α-ketoglutaric and β-hydroxybutyric dehydrogenases),
while the S fraction includes the lower molecular weight enzymes (isocitric
and malic dehydrogenase, fumarase, aconitase, condensing enzyme and the
fatty acid oxidizing enzymes (Bachmann et al.9 1966; Allmann et al, 1966;
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Green et al, 1966)). If the above structure is correct for beef heart
mitochondria, in all probability it applies to higher plant mitochondria as
well.
The enzymes relegated to the S fraction of the outer membrane have previously been regarded as soluble in the matrix (Green et al, 1966; Davies,
1956). Their easy loss from mitochondria has been put down to leakage but
this can equally well be interpreted as solubilization from the membrane.
Breakage and loss of outer membranes is often visible in mitochondrial
pellets. Mitochondria from different sources vary in the strength with which
the outer membrane enzymes are held (Bachmann et al., 1966); this might
explain the contradictory reports on the location of fatty acid oxidases in
plant mitochondria. The often-noted excess of succinoxidase activity over
the oxidation rates of other Krebs cycle acids could result not only from the
resistance of this system but from the excess of cristae (bearing the succinoxidase) over outer membrane which bears the dehydrogenases for the other
acids.
What, then, is left for the matrix? Electron micrographs show the mitochondrial nucleic acids residing here; the matrix therefore is a likely location
for the mitochondrial protein synthesizing system. A specific site has not
been suggested for the mitochondrial transaminases and glycolytic enzymes
and the matrix presumably contains also low molecular weight compounds
such as amino acids and ions in solution. There is evidence for a large amount
of soluble protein in the matrix of liver mitochondria (Green, 1962) and it has
been proposed that the matrix exists as a colloidal gel since it does contract
in vitro when given the appropriate treatments (Burgos et al, 1964; Klein
and Neff, 1960).
V.

MITOCHONDRIAL ACTIVITIES IN THE
A. RESPIRATORY

CELL

FUNCTIONS

1. Quantitative Role of Mitochondria
in Respiration;
the Krebs Cycle
There are two aspects to evaluating the quantitative role of mitochondria
in respiration: firstly, to what extent does the substrate breakdown pass via
the Krebs cycle and secondly, how much of the electron transport proceeds
through the cytochromes. Theoretically, it would be feasible, for instance,
for the major part of substrate breakdown t o occur extramitochondrially
via the P P P while the reduced coenzyme was fed into the mitochondria for
terminal oxidation.
Functioning of the Krebs cycle has been amply documented in many plant
tissues (Millerd, 1960); the assessment of its quantitative role in vivo is,
however, more difficult. The oxidation rates of Krebs cycle acids by isolated
mitochondria and the respiration rates of intact tissues have been compared
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TABLE VI

Oxidation rates of plant mitochondria expressed as per cent of the oxygen uptake of the intact tissue. Values marked
with an asterisk* have been derived by calculation from the authors' original data; D indicates that digitonin
was used in the cytochrome oxidase assays. Stage β of Arum spadix is prior to its rise in respiration rate,
stage δ is at the peak.
Oxidation of
Tissue
α-ketoglutarate

73
16

55
15
60*

NADH

82, D
12, D

Reference

Simon, 1958a
Simon, 1958a
Millerd et al., 1953

21*

Millerd et al9 1953

8*

Millerd et al., 1953

40
32
10

Cyto
chrome

236, D
20-33*
40

40
20

Opik, 1965b
Lund et al.9 1958
Price and Thimann, 1954
Hackett, 1956

H. OPIK

Arum spadix, stage β
Arum spadix, stage δ
Avocado (Persea americana) fruit,
preclimacteric minimum
Avocado (Persea americana) fruit,
preclimacteric rise
Avocado (Persea americana) fruit),
climacteric maximum
Bean (Phaseolus vulgaris) cotyledon
Maize (Zea mays) root
Pea (Pisum sativum) internode
Symplocarpus foetidus flower

Succinate
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to see whether, at least potentially, the mitochondrial activity would suffice to
mediate the respiration; some examples are given in Table VI. The writer
is not aware of any case where mitochondrial oxidation of a Krebs cycle acid
has equalled or exceeded the respiration rate of the corresponding plant tissue
although the Arum spadix activity (Table VI) could be considered sufficient,
allowing for isolation losses. Mostly the mitochondrial activities amount to
less than half the respiration rate.
Price and Thimann (1954) argued that it would suffice for the mitochondrial
oxidation rate with any one acid to equal one-sixth of the respiration rate
for with six oxidative steps in the complete oxidation of hexose, any one
Krebs cycle step would in vivo be proceeding at one-sixth of the total oxidation rate. On this surmise, many of the observed mitochondrial rates become
adequate. F o r the argument to hold, however, the oxidation rates with
several acids should be additive whereas in fact they are n o t ; with two substrates applied simultaneously, the rate equals the higher of the rates with the
single substrates (Wu and Tsou, 1955; Opik, 1965b). The maximum Krebs
cycle activity attainable with isolated mitochondria is thus lower than the
respiration rate.
However, in view of the possibilities of extraction loss, failure to obtain
sufficient Krebs cycle activity in vitro by no means precludes the mitochondria
from having enough activity in vivo. Extraction methods producing really
intact mitochondria are not necessarily suited for quantitative extraction
and quantitative comparisons between respiration rate and the activity of
mitochondria isolated in complex media do not appear to have been undertaken. On the other hand, the possession of enough activity in an isolated
mitochondrial fraction does not prove that all this activity is realized in vivo
at any particular instant. Feeding of radioactive substrates indicates that
the Krebs cycle is blocked in freshly cut potato slices, yet the isolated mitochondria can oxidize Krebs cycle acids (Laties, 1964).
One must accordingly turn to in vivo experiments with intact tissue. The
chief tool in this investigation has been the employment of malonate as a
specific Krebs cycle inhibitor. A high degree of inhibition is obtained in some
instances; the respiration of spinach leaf is inhibited 9 0 % (Millerd, 1960);
that of Arum spadix, u p to 8 0 % (Simon, 1958a) and of rose petals, u p to
7 0 % (Spiegelman et al., 1958). These figures represent the minimum fraction
of respiration running through the cycle under normal circumstances for the
application of an inhibitor of one pathway would be expected to drive respiration into any alternative pathway that may exist. Butt and Beevers (1961)
have actually shown that the application of inhibitors of glycolysis stimulates
the P P P in maize roots. Taking further into account the slowness of malonate
penetration and its competitive nature so that its effect depends on the
(unknown) concentration of succinate at the reaction sites, such values point
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to the Krebs cycle as the major if not exclusive pathway of substrate oxidation
in these cases.
In other cases the malonate sensitivity of plant respiration has been found
to be low. Sometimes perhaps the inhibitor has failed to reach the reaction
sites. Moreover, malonate can be metabolized by plant tissues, passing via
malonyl coenzyme A into the Krebs cycle (Shannon et al, 1959; Y o u n g and
Shannon, 1959). Nevertheless it would be rash t o explain away all failures
to obtain malonate inhibition of respiration on such grounds for there is
good independent evidence for the operation of the alternative respiratory
pathway, the PPP, from studies with labelled substrate. A quantitative
measure of the participation of the P P P can be deduced by measuring the
C-6/C-1 ratio, i.e.
C 1 4Q 2 produced from C-6 labelled glucose
C 1 4C>2 produced from C-l labelled glucose
under otherwise identical conditions. In the P P P , carbon atom 1 is released
first as C O 2 in the very first steps of the cycle whereas in the glycolytic pathway
followed by the Krebs cycle, carbon atoms 1 and 6 are released simultaneously
and last. If there were no complicating factors, the C-6/C-1 ratio would be
1-0 for glycolysis and 0 for the P P P . In practice, recycling of the pentoses to
hexoses soon effects the release of carbon atom 6 by the P P P also; thus the
ratio can only give the minimum participation of the P P P . Out of 12 tissues
tested by Beevers and Gibbs (1954), only one (maize root tip) gave a ratio
of ca 1, the remainder ranging from 0-75 in sunflower (Helianthus
annum)
leaf and stem to 0-36 in carrot (Daucus carotd) petiole. These figures suggest
that well over half the respiration can proceed via the PPP, especially in
older tissues. Cooperation between the P P P and the Krebs cycle is possible,
however, with the trioses formed in the P P P joining the glycolytic sequence
and entering the Krebs cycle as pyruvate.
In conclusion, the mitochondrial Krebs cycle is a major respiratory path
way and in some tissues mediates at least 90 % of the respiration. In tissues
with an active PPP, however, the exact proportion of respiration passing
through the Krebs cycle cannot be estimated on data available at present.
2. Terminal Oxidation;
Cytochrome
Oxidase
Quantitative comparisons between the cytochrome oxidase activity of
isolated mitochondria and the oxygen uptake of the intact tissue are open to
the same criticisms as comparisons of Krebs cycle activity and respiration
rate. A n additional problem is encountered in that the large substrate
molecule, cytochrome c, has difficulty in reaching the reaction sites. Penetra
tion can be facilitated by agents loosening the lipoprotein membrane struc-
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t u r e ; brief digitonin treatment was found by Simon (1958b) to be the most
effective procedure with mitochondria from a range of plant tissues, increasing
the activity by 2-8 to 52-fold. The differences in the magnitude of enhance
ment reflect, presumably, the different extents to which the individual prepa
rations had already been affected by extraction, the treatment having the
greatest effect on relatively intact particles.
Values of the cytochrome oxidase activity of plant mitochondria range from
a few per cent to over 100% of the oxygen uptake of the intact tissues, some
times exceeding the rate of oxidation of Krebs cycle acids by the same
preparation and sometimes falling short of it (Table VI). With digitonin
treatment, the cytochrome oxidase activity of germinating bean (Phaseolus
vulgaris) cotyledons exceeds the respiration rate considerably and for Arum
spadix at the younger developmental stage it is almost sufficient. Even
digitonin-treated mitochondria probably give underestimates of activity for
the treatment is itself deleterious, activity falling rapidly with increased
treatment time (Simon, 1958b).
In whole homogenates of wheat, barley (Hordeum vulgare) and pea
seedlings, cytochrome oxidase activity has been found to be in excess of
that required to account for the respiration rate (Fritz and Beevers,
1955).
A large volume of work has been conducted with terminal oxidase inhibitors
in vivo. Higher plant tissues tend to show considerable resistance towards
cyanide, azide and carbon monoxide to the extent that a concept of a "ground
respiration" resistant to inhibitors of cytochrome oxidase has arisen. In
wheat roots, for example, the cyanide-insensitive respiration equals 25-50 %
of the total (Lundegardh, 1960). Often the sensitivity of plant organs
decreases as the tissues age and the inhibitors may even become stimulatory
at low concentrations in older tissues. This occurred in 10 species of angiosperm and gymnosperm leaves investigated by McDonald and D e Kock
(1958); in maize, for instance, the respiration of young leaves was 9 0 %
inhibited by 2 χ 10~4M cyanide, while that of old leaves was stimulated by
47 %. During senescence, sensitivity redeveloped in some cases. The respira
tion of freshly cut potato discs is sensitive to cyanide and carbon monoxide
but on washing, as the respiration rate rises, the sensitivity falls (Thimann
etaU 1954).
The insensitivity of plant tissues towards inhibitors of cytochrome oxidase,
together with the low cytochrome oxidase activities of many mitochondrial
preparations, led to propositions that a large part of plant oxygen uptake
proceeds through soluble terminal oxidases, viz. ascorbic acid oxidase and
polyphenol oxidase which are highly active in many plant extracts. M o r e
critical work has established cytochrome oxidase as the chief terminal oxidase
in many tissues. Etiolated pea internode contains enough ascorbic acid
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oxidase to mediate 40 times the actual respiration rate yet inhibitor data,
and the high oxygen affinity of the tissue (half saturation of respiration rate
with less than 3 % oxygen), indicate that not over 1 0 % of the respiration
normally proceeds through ascorbic acid oxidase (Eichenberger and Thimann,
1957). The intense respiration of aroid floral parts is notorious for high cya
nide resistance; Ι Ο - 3 Μ cyanide and 9 5 % carbon monoxide stimulate respira
tion in the flowers of the aroids Philodendron and Peltandra yet the oxygen
affinity of the floral respiration is again too high for any known enzyme
except cytochrome oxidase, half-saturation being reached at 0-002 atm of
oxygen (Yocum and Hackett, 1957). Mitochondria isolated from aroid
flowers do possess cytochrome oxidase activity (Tables IV and VI). The bi
cytochrome of the aroid flowers may act as a terminal oxidase in the presence
of cyanide, being autoxidizable, and other 6-type cytochromes of plants also
possess some degree of autoxidizability and offer possible cyanide-insensitive
shunts.
Direct evidence for the participation of cytochromes in plant respiration
has been obtained from spectrophotometric examination of living material
(Lundegardh, 1960).
Conclusive evidence for the participation of soluble oxidases in plant
respiration is, on the other hand, scant. Inhibition by low concentrations
of dieca (sodium diethyldithiocarbamate) has been taken as indicative of
ascorbic acid oxidase activity (James, 1953) but dieca inhibits cytochrome
oxidase at higher concentrations and can be oxidized in living tissues to a
potent inhibitor of succinic dehydrogenase (Keilin and Hartree, 1940). If
soluble oxidases are active, their most probable role lies in the oxidation of
the N A D P H produced in the P P P . The rate of oxidation of externally added
N A D P H by isolated mitochondria is low; in grasshopper spermatids, the
oxidation and reduction of intra- and extra-mitochondrial nicotinamide
nucleotides proceed quite separately (Chance and Theorell, 1959). Marre
(1961) considers that there is no evidence for the oxidation of extramitochondrial N A D P H through the cytochrome chain and Ragland and Hackett
(1965) come to a similar conclusion from tracer studies. N o t all the N A D P H
from the P P P is oxidized by oxygen; it acts as a donor of hydrogen in reduc
tive reactions.
Space does not permit a more detailed weighing of the evidence here but
the current consensus of opinion regards cytochrome oxidase as the most
important terminal oxidase in plant tissues. The insensitivity to inhibitors
like cyanide can possibly be accounted for by the functioning of soluble
oxidases and/or autoxidizable ft-type cytochromes as alternative pathways in
the presence of the inhibitor. The stimulations of respiration by low inhibitor
concentrations have been attributed to the inhibitors complexing with dele
terious heavy metal ions which have accumulated in the tissues.
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3 . Developmental
Changes in Mitochondrial
Activity and
Structure
The respiration rate of meristems is high per unit fresh weight but this
results from the high proportion of protoplasm, as opposed to vacuolar and
cell wall material, in this region. Per cell, the rate increases during cell
expansion and differentiation; a peak may be reached around the stage of
completion of expansion with a slight decline thereafter (Brown and Broadbent, 1951). In successive maize root segments u p to 3-5 cm from the apex,
the rate per unit fresh weight also reaches a peak in the elongation region
(Lund et al, 1958). The changes in maize root respiration are paralleled by
increases in the Qo2 (N) and P/O values of the isolated mitochondria. In the
developing Arum spadix, too, the activity of isolated mitochondria as Qo2 (N)
and as Qo2 (fresh weight) goes u p in parallel to the respiration rate (Simon,
1958a). In both tissues, there is an increase in the quantity of mitochondrial
material in the pellets; Clowes and Juniper (1964) observed by electron
microscopy an increase in the number of mitochondria per cell during the
differentiation of maize root cap cells. The changes in the Qo2 (N), however,
imply a differentiation of the mitochondria to acquire greater oxidative
efficiency and this also is borne out by electron microscopy; an increase in
cristae was observed in the maize root a n d Arum mitochondria. Generally,
the mitochondria of meristematic cells contain few cristae and differentiation
is accompanied by increases in the density of cristae. Since the cristae carry
the oxidative enzymes, it is understandable that a greater proportion of
cristae per mitochondrion gives an increased Qo2 (N); in the Arum spadix,
there is an almost direct proportionality between the average number of
cristae per mitochondrial cross-section and the Qo2 (N) (Simon and Chapman,
1961). Meristematic tissues have been noted to have respiratory quotients
exceeding unity, implying an excess of fermentation and providing further
evidence for a low mitochondrial oxidation rate in these tissues. Combined
evaluation of the observations on fine structure and the metabolic investigations of whole tissue and subcellular fractions leads t o the conclusion that
growth and differentiation from a meristem are associated with an increase
in mitochondrial respiration.
The germination phase in the life cycle of a higher plant is characterized
by rapid and steep increases in respiratory activity. The behaviour of mitochondria during germination has been studied mainly in seed storage tissues
which are available in quantity in the ungerminated seeds. Mitochondria
can be seen in the cells of dry, dormant seeds but efforts at isolation from dry
tissue yield preparations with very little, if any, activity—most probably
because of the difficulty of homogenizing such hard, brittle material. On
hydration, activity becomes manifest; as the water content of sugar pine
(Pinus lambertiand) endosperm rose from 3 to 57 % in six hours of imbibition,
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the Qo2 (Ν) of the isolated mitochondria went u p from 37 to 246 (Stanley,
1957). After hydration is completed, however, further striking increases occur
in mitochondrial activity, e.g. in peanut cotyledons ( g o 2 (N), Cherry, 1963;
Qo2 (N) and per gram, Breidenbach et al, 1966), in soybean (Glycine max)
cotyledons ( g o 2 {N)9 Howell, 1961) and in castor bean endosperm (Qo2 (AO
and per organ, Akazawa and Beevers, 1957b). In these instances, the a m o u n t
of mitochondrial material extractable per organ or per unit weight also
increased and, where fine structure was examined concurrently, the mito
chondria were found to have acquired more cristae as the Qo2 (N) rose. Thus
increases in respiration rate occurring during germination can be mediated
largely by increased mitochondrial activity. In germinating bean (Phaseolus
vulgaris) cotyledons, however, the extractable mitochondrial activity rose
only very slightly and fell again quickly long before respiration had reached
its peak; it could not be decided whether this reflected mitochondrial efficiency
in vivo or reaction to isolation (opik, 1965b). All these mitochondrial activa
tions take place in non-growing organs where there is neither cell division nor
expansion; the function of the high respiration rates must be to energize the
mobilization and translocation of reserve nutrients.
During germination, the mitochondrial oxidation rates of different sub
strates do not change in parallel; in peanut cotyledons, the succinate oxida
tion rate reaches a sharp peak at 8 days while α-ketoglutarate oxidation rises
much more gradually and is at a maximum at 10-11 days (Cherry, 1963). It
is not known whether this derives from a true difference in the enzyme
proportions or whether we are once more being frustrated by differential
effects of extraction. When the amount of cristae per mitochondrion rises,
the rate of succinate oxidation, being dependent on enzymes located on the
cristae only, could well increase more than the oxidation rates of other
acids which depend on dehydrogenases on the outer membrane. Alternatively,
since storage tissues contain more than one type of cell, if mitochondria from
different cells should vary quantitatively in their ability to oxidize divers
substrates, a change in the proportions of different types of mitochondria
could effect the observed result.
The storage tissues of seeds are short-lived and a study of their behaviour
during germination leads without a break into a study of senescence. As the
tissues lose their reserves and deteriorate, the respiration rate falls and so
does the activity of isolated mitochondria. In several cases, a decline in the
P/O ratio has been found to precede a fall in the Qo2 (N) (Cherry, 1963;
Hanson et al, 1959; Young et al, 1960). The last-mentioned authors sug
gested that a fall in mitochondrial A T P production could be a primary cause
of senescence. The supernatant fraction from these ageing organs has a de
leterious effect on their mitochondria and on mitochondria from other tissues.
One harmful component in the supernatants has been identified as long-chain
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fatty acids, possibly as protein complexes (E. W. Simon, Manchester, personal
communication); another may be ribonuclease. In a detailed study of maize
scutellum over a 5-day germination period, Hanson et al. (1965) found that
the activity of isolated mitochondria depended very much on the p H of the
medium. The respiration rate of the intact tissue came to a peak at 3 days;
the P/O ratio and the Qo2 (N) of mitochondria isolated at p H 6-8 declined,
respectively, from day 2 and days 3-4 onwards while ribonuclease activity
associated with the mitochondria rose steadily. With extraction at p H 7-6, a
high P/O value persisted to day 4 and the Qo2 (N) continued rising u p t o day
5 whereas the ribonuclease activity of the particles was much lower. It would
seem that the respiratory decline in vivo results from a drop in mitochondrial
activity controlled by agents such as ribonuclease or fatty acids in the cytoplasm and mitochondria freed from these influences during extraction can
show high activity. The structure of mitochondria in 5-day-old maize scutellum was still normal and of the narrow-cristate, light-matrix type. In final
stages of cotyledon senescence, mitochondria do degenerate structurally
(Cherry, 1963; Opik, 1965b).
Fewer data are available on mitochondrial metabolism in other kinds of
senescing plant systems. In pea leaves, respiration rate falls in senescence
and the isolated mitochondria exhibit first a fall in the P/O ratio, then in
Qo2 (N); feeding with labelled acetate confirms that Krebs cycle activity
decreases in vivo and there is a loss of microvilli in the mitochondria (Geronimo
and Beevers, 1964). These results suggest a similarity with the senescence
of seed organs. Soluble fractions from senescent foliage leaves inhibit mitochondrial activity (Hanson et al., 1965).
Structural changes in mitochondria have been observed in various tissues
during ageing, even when data on the metabolic activity have not been
obtained. In Elodea and Chrysanthemum leaves, the maximum development
of mitochondrial cristae coincides with maximum photosynthetic activity
and in senescence, the density of cristae diminishes (Buvat and Lance, 1958).
Figures 4-6 present a developmental sequence of mitochondrial structure in
bean cotyledon tissue. In the meristematic primordium (Fig. 4), mitochondrial cristae are diffuse and the light spaces with D N A filaments are present
in practically all profiles. In the mature cotyledon at the beginning of germination (Fig. 5), the cristae have become better defined; 3 2 % of the profiles
still contain the light spaces. In senescent cells (Fig. 6), the cristae have
become dilated, the matrix has darkened and the light spaces have disappeared
completely. H o w universal such a sequence is, and what it means exactly
in terms of activity, remains to be seen. Swelling of cristae (as seen with
osmium fixation) does seem to occur in a number of ageing tissues.
Cells engaged in active transport acquire highly cristate mitochondria.
This holds for secretory cells of various types (Luttge, 1966); in nectaries,

78

Η. ΟΡΙΚ

the density of cristae has been seen to increase during the period of secretion
and to regress again (Schnepf, 1964). Tapetal cells (Heslop-Harrison, 1963),
phloem companion cells and the filiform apparatus of synergid cells (Jensen,
1965a) are all characterized by numerous and highly cristate mitochondria.
The developmental stages during which some detailed work on mito
chondrial activity has been carried out comprise germination, certain aspects
of senescence, differentiation from the apical meristem and the climacteric
(see e.g. Hulme et al, 1964).
Levitt (1954a, b) conducted analyses on mitochondrial composition from
potato tubers stored at low and high temperatures as part of a study on
frost resistance. Lyons et al. (1964) tackled the problem of hardiness by
measuring physical properties of mitochondria isolated from hardy and nonhardy species, obtaining some suggestion that the mitochondrial membranes
of hardy species possessed greater elasticity. Apart from some such scattered
instances, the field of mitochondrial changes in many aspects of development
is still largely unexplored.
To round off this section, the following generalizations can be made.
a. In meristematic cells, mitochondria are immature with few cristae and
respiration is partly fermentative.
b. Growth and differentiation are accompanied by rises in mitochondrial
oxidative activity resulting from synthesis of mitochondrial enzymes, visible
as increases in cristae; the Krebs cycle and cytochrome oxidase pathways
predominate in the respiration of actively growing tissues.
c. In mature tissues, an appreciable proportion of respiration may proceed
via the P P P and perhaps also through soluble oxidases. This implies some
fall in mitochondrial activity. High metabolic activity in mature tissues is
correlated with highly cristate mitochondria and presumably high mito
chondrial activity.
d. In senescence, mitochondrial activity falls; this appears to be controlled
by chemicals in the ground cytoplasm. A dilation of cristae often accompanies
ageing and in extreme stages of senescence, mitochondrial structure becomes
disorganized.
B. NON-RESPIRATORY FUNCTIONS
The line between respiratory and non-respiratory functions of mitochon
dria cannot be drawn rigidly for the Krebs cycle, besides its role as a route for
oxidation, also supplies intermediates for many biosynthetic pathways. It is
particularly important as a source of carbon skeletons for amino acids; since
transaminases are located in mitochondria, the organelles are probably
centres of amino acid synthesis in the cell. Acids formed in the Krebs cycle
often accumulate in vacuolar sap.
A few observations have been made on the accumulation of ions by mito
chondria in situ. The mitochondrial fraction isolated from potato slices
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after incubation of the tissue in solutions of radioactive calcium and phosphate
had a high specific activity (Long and Levitt, 1952). More circumstantial
evidence comes from the observations of Florell (1957) that in wheat roots
there was a direct correlation between the calcium content of the medium,
the amount of mitochondria in the tissue and the capacity of the roots for
bromide and nitrate absorption. In view of the existing theory of salt respiration, the role of mitochondria in cellular salt uptake wants further attention.
Amino acid incorporation into mitochondrial protein in situ has been
demonstrated in several cases. In soybean hypocotyl segments incubated
4
with a 1C-labelled
amino acid mixture, the specific activity of the mitochondria remained almost constant between the apex and 40 m m back where
the tissue was considered mature; the specific activity of the "microsomes"
(isolated at 75,000 g) fell so that in the mature segments the mitochondria had
the higher specific activity (Chrispeels et al., 1966). On exposure of tobacco
(Nicotiana rustled) leaves to 1 4C 0 2 , even after a 5-min period, the protein of
highest specific radioactivity was found in the mitochondrial fraction
(Parthier, 1963) suggesting a very fast passage of newly assimilated carbon to
mitochondria as well as a high protein synthesis activity. H o w great a proportion of mitochondrial protein is synthesized within the organelles is,
however, not yet clear. Theoretically the amount of D N A in a plant mitochondrion could code for ca 100 polypeptide chains of 15,000 mol. wt.
Labelling experiments in vivo and in vitro have indicated, however, that Krebs
ascites tumour cell mitochondria synthesize only certain of their insoluble
proteins, others, including cytochrome c, being formed in the ground cytoplasm (Haldar et al., 1966). R a t liver mitochondria seem to be capable only
of structural, not enzyme, protein synthesis and protein synthesized on
"microsomes" is transferred to the mitochondria (Kadenbach, 1967). Thus
not all the radioactive protein found in mitochondria subsequent to in vivo
incubation with labelled precursors has necessarily been synthesized there
in the first place. In studies of mitochondrial protein synthesis, bacterial
contamination is a dangerous source of error.
Green (1962) comments that the density of cristae in mitochondria is
inversely proportional to their non-respiratory functions. The low density
of cristae in meristematic cells and their low Qo2 (N) probably reflect not
mere inactivity on the part of the particles but a high activity in protein
(and nucleic acid?) synthesis. It is in these cells that the mitochondria must
keep growing and multiplying most actively to keep pace with cell division.
VI.

ORIGIN, G R O W T H AND

INHERITANCE

Mitochondrial origin has been a point of contention almost ever since
the organelles were first discovered. There are three possibilities: de novo
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formation from previously unorganized cytoplasm; formation from pre
existing mitochondria by fission and formation from other cellular organelles.
Each of these propositions has received warm support. Bound u p with the
question of origin is the evaluation of the degree of genetic autonomy of
mitochondria.
A. DE NOVO FORMATION
De novo formation is most difficult to prove or to disprove. It would mean
gradual growth, starting with a sub-mitochondrial body, so that the begin
nings would be invisible in the light microscope while the electron micro
scope gives only a static picture with n o chance of following an organelle
through its growth and, at best, one can hope to recognize stages of develop
ment among a mixed population of organelles of varying size and complexity.
The mitochondria of meristematic cells are certainly of simpler structure than
in mature tissue and can have very little internal structure indeed. Small
membrane-bound organelles have been pointed out as possible "promitochondria" but it cannot be proved that these d o grow into mitochondria
and even if they do, this does not prove that the promitochondria arise de
novo rather than by division of pre-existing ones. There is n o really con
vincing evidence for a sequence of mitochondrial formation de novo. The
de novo formation hypothesis does not assume genetic autonomy of mito
chondria and leaves one with the problem of accounting for the starting point,
the core around which the mitochondrion springs u p .
B. DIVISION
This hypothesis stands on firmer ground for mitochondrial division can
be plainly seen in living cells. M a n y of the observations derive from mature
cells where the mitochondria also keep coalescing and the total mass of
mitochondria does not increase. This kind of division may, therefore, not
be strictly comparable to mitochondrial multiplication in a meristem;
nevertheless it offers support to the theory. Electron micrographs display
mitochondrial profiles with narrow regions which would be compatible with
subsequent division (but see Section III). Division is usually assumed to occur
by fission but might also proceed by a cristal ingrowth forming a complete
plate and fragmentation along this (Manton, 1961). As indirect evidence in
favour of division in higher plant cells may be quoted the fact that some
unicellular algae possess one single mitochondrion which divides at each cell
division (Manton, 1961). The division hypothesis ascribes a high degree of
autonomy to mitochondria as self-reproducing particles. Even if many
mitochondrial proteins are synthesized extramitochondrially, the organelles
are still self-reproducing if no mitochondria can arise without pre-existing
mitochondria.
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C. FORMATION FROM OTHER ORGANELLES
Practically every organelle in the plant cell has been proposed as giving
rise t o mitochondria. A case can be made for chloroplasts, which in the light
microscope can be seen to shed mitochondrion-like particles (Wildman et al,
1962) and in the electron microscope show mitochondrion-like attachments
(Fig. 8). It is still uncertain how these observations should be interpreted.
The chemical nature of the detached organelles cannot be determined. The
light microscopic observations are again confined t o mature cells, in which
mitochondria are n o t multiplying, b u t young ripening bean cotyledon cells,
which may still be dividing, show plastids with mitochondrion-like projections
in electron micrographs (opik, 1968). I n non-chlorophyllous plant cells,
there are still proplastids as possible sources of mitochondria although in
germinating bean cotyledons, protuberances (seen in electron micrographs)
develop only in green plastids and n o t from the etiolated proplastids of darkgrown seedlings (H. Opik, unpublished results). In animal cells, plastid
origin is ruled out. It would be strange indeed if after all the similarities
observed between plant a n d animal mitochondria, the two did n o t possess
the same mode of origin also. If formation of mitochondria from plastids
can occur, it is not likely t o be the sole mode of origin.
The endoplasmic reticulum and the Golgi apparatus have been p u t forward
as generators of mitochondria with little concrete support. The observation
of two organelles in electron micrographs in close contact does n o t mean that
one is giving rise t o the other. Wildman et al. (1962) noted in living cells of
tobacco leaf hairs a n apparent coalescence of mitochondria with a "cytoplasmic network", thought t o be the endoplasmic reticulum, when pressure
was applied, the organelles reappearing on release of pressure. This could
be due t o a change in hydration with consequent change in refractive index
and does n o t furnish much support for the origination of mitochondria from
the endoplasmic reticulum.
F r o m a series of electron micrographs covering the development of the
egg cell of the fern Pteridium aquilinum, Bell a n d Muhlethaler (1962) conclude
that during oogenesis all the mitochondria (and plastids) degenerate t o be
replaced by outbuddings from the nuclear membrane. Autoradiography
combined with electron microscopy further suggests that D N A is synthesized
in the mitochondria as they are being formed (Bell a n d Muhlethaler, 1964).
Pictures capable of interpretation as representing nuclear budding of organelles
have also been obtained from angiosperm tapetal cells (Heslop-Harrison,
1963). A theory that during gametogenesis cellular organelles are scrapped
then reformed from the nucleus and reproduce by division for the rest of the
life cycle is certainly attractive. It would permit simultaneously a considerable
autonomy of the organelles and an ultimate control by the nucleus which

82

Η . ΟΡΙΚ

would supply their genetic material in the first instance. A t the moment,
however, the hypothesis rests on the sole observations cited above. A search
for nuclear formation of organelles during oogenesis in the fern Dryopteris
filix-mas and the liverwort Sphaerocarpus donnelli proved unsuccessful
(Diers, 1964); Jensen (1965b) could find n o sign of the process in cotton
(Gossypium hirsutum) egg-cell formation and Larson (1965) states that in
pollen of Parkinsonia maturata mitochondria multiply by division, although
the evidence is not specified. This subject decidedly calls for further exami
nation.
To sum u p so far: of the hypotheses for mitochondrial origin, division of
pre-existing mitochondria is the best documented with some evidence for
the formation from nuclear membranes at certain stages of the life cycle and
perhaps also from plastids.
A solution of the ultimate origin does not exhaust the queries about mito
chondrial development. If mitochondria reproduce by division, one is left
to ask what force makes them divide and what controls their rate of multipli
cation to keep pace with cell growth and division. It is not known whether
mitochondrial turnover occurs in mature plant cells; the incorporation of
radioactivity into mitochondrial protein of non-growing tissue (Chrispeels
et al, 1966; Parthier, 1963) suggests turnover. If nuclear budding of mito
chondria is accepted, one is left wondering what stimulates the initial degenera
tion, as well as the budding itself.
The mitochondria also present a problem in morphogenesis. On one level
of organization, this is manifested by the arrangement of the cristae as sacs,
microvilli or flat plates; the amoeba Pelomyxa carolinensis produces an
extraordinarily regular pattern of wavy tubules (Pappas and Brandt, 1959).
On a finer level, the construction of the supramolecular complexes which
comprise the mitochondrial subunits and the fitting together of subunits into
successively larger blocks and finally to membranes is also a complicated
process. T o some extent the molecular union can result automatically from
the physicochemical properties of the constituents as is shown by the reforma
tion of complexes by dissociated molecules in vitro. However, the entire
membrane is so intricate that the involvement of structural templates may be
necessary (Green and Hechter, 1965).
Mitochondria are present in both the egg cell and the pollen of higher
plants. The cytoplasm of germinating pollen is very rich in highly cristate
mitochondria (Larsen, 1965) which is probably a reflection of the fast growth
of the pollen tube, whereas the egg cell before fertilization is less active and
its mitochondria are not so highly developed (Jensen, 1965b). It is probable
that mitochondria are carried into the egg by the male nucleus but it is not
absolutely certain. By means of light microscopy of fixed material, Anderson
(1936) was able to ascertain that male nuclei are surrounded by mitochondria
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at all stages u p to nuclear fusion in the egg. N o mitochondrial mutants that
could serve as markers to study transmission are known in higher plants; in
obligately aerobic organisms, any drastic mitochondrial mutations may well
be lethal while small differences would pass unnoticed with present analytical
tools.
VII.

FINAL

COMMENTS

When prepared with appropriate techniques, higher plant mitochondria
compare favourably in activity with mitochondria from mammalian sources.
They mediate a large proportion of plant respiration but some substrate
breakdown certainly passes extramitochondrially via the P P P and soluble
oxidases may mediate some of the terminal oxidation. Mitochondrial oxidative activity is at a peak in young tissues and the proportion of respiration
passing through them seems to decrease as tissues age. There is r o o m for
much further investigation on developmental changes in mitochondrial
activity. The non-respiratory activities of mitochondria have been studied
less than the respiratory reactions and merit more attention.
The basic similarities in the structure and function of mitochondria from
the most diverse sources have been established; it is now time to look for the
variations. We are vaguely aware of differences between mitochondria from
various tissues or from the same tissue at different developmental stages but
uncertain as to wherein the true basis of the difference lies. One preparation
oxidizes malate at a higher rate than citrate, another reacts in the opposite
way; are these true differences in the enzymatic makeup of the mitochondria
or are they acquired during isolation? If such differences are real, they must
be under genetic control (no matter where this control is located) and maybe,
with respect to such quantitative differences, mitochondrial mutants will some
day be recognized.
It is not yet known whether all the mitochondria of a cell are functionally
and genetically equivalent; the data of Avers (1961; see Section IV c 7)
suggest functional heterogeneity. If mitochondria carry their own genome,
it is quite conceivable that a cell contains a genetically mixed mitochondrial
population, any non-deleterious mutation having a chance of being perpetuated. If mitochondrial genetic material is derived from the nucleus in the
course of gametogenesis (nuclear budding), then all the organelles in a cell,
and indeed in an organism, are more likely to be genetically uniform (unless
a different type is inherited from each parent) for any mitochondrial mutations
occurring during the vegetative life of the plant would be eliminated at
gametogenesis.
Metabolically the mitochondria must cooperate very intimately with the
rest of the cell; the cytoplasm supplies the mitochondria with substrate and
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phosphate acceptors while the mitochondria supply the cell with A T P and
metabolic intermediates. Mitochondrial movement must favour exchange of
metabolites. We have some idea as to how the cell regulates the respiratory
activity of its mitochondria although the effect of light on mitochondrial
activity in chlorophyllous cells is still obscure. The greatest deficiencies in
our knowledge of mitochondria as parts of the cellular whole lie in the mode
of mitochondrial reproduction, the way this is geared to the development of
the cell and the extent of genetic autonomy of the mitochondria. In this
connection, location of the sites of mitochondrial protein synthesis is of
great importance. These topics require the study of whole cells, tissues and
organisms. Tools for studying mitochondria in vitro have been perfected to
a reasonable degree; it is now necessary to perfect the methods for studying
them in vivo.
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