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Summary. The increase in respiratory activity in germinating peanut cotvledons

has been correlated with an actual increase in mitochondria.

Using sucrose gradient

centrifugation, it was shown that suiccinoxidase activity is associated with a well-defined
band of cell particulates of uniform density, size and ultrastructure. During germination
the population of succinoxidase-containing particles increases, as shown hy enzymatic
assay, protein assay and direct particle counts with the phase contrast microscope.

It has recently been shown that the B-oxidation
of higher fatty acid CoA derivatives to acetyl-CoA
is catalyzed by extramitochondrial enzymes in peanut
cotyledons (13, 14) and castor bean endosperm (16).
The carboxyl carbon of acetyl-CoA is released as
CO, in the presence of mitochondrial supernatant
preparations obtained from either tissue; in both
cases maximal rates of CO, production are obtained
only in the presence of added glvoxylate.

When radioactive acetyl-CoA was incubated with
a soluble system from castor bean endosperm (16)
various organic acids became labeled. The labeling
pattern obtained was consistent with that which
Benedict and Beevers (2) found using buffer ex-
tracts of castor bean endosperm particulates and
which they interpreted in terms of the glyoxylate
bypass. The results obtained by Rebeiz et al. (13, 14)
and by Yamada and Stumpf (16) with soluble sys-
tems could indicate merely that the enzymes of the
B-oxidation pathway and some enzymes of the gly-
oxylate pathway (malate synthetase, malic dehydro-
genase, and PEP carboxykinase) are easily leached
from mitochondria to which theyv are attached in
vivo. On the other hand these results could indicate
that the greatest part of the enzyme activities in
question are not associated with mitochondrial struc-
tures in vivo.

In an effort to elucidate the enzymatic content
of the various particulate fractions obtained from
fat-storing tissues of germinating seeds, we have
employed the technique of centrifugation in a su-
crose density gradient and have endeavored to isolate
homogenous mitochondrial pellets. These isolates

1 This research was supported in part by grants GM-
07532 and ES-0054-01 from the United States Public
Health Service. The electron microscopy was made
possible by the National Science Foundation grant G-
21796 and by the personal interest of Professor T. E.
Weier.

2 We are indebted to Mr. John Lott for this electron
micrograph.
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were assayed for succinoxidase activity and moni-
tored by means of electron microscopy for structural
homogeneity. Our results show that succinoxidase
activity is associated with well-defined particles of
characteristic mitochondrial structure. Succinoxidase
activity is almost totally absent in the unimbibed
seed and increases steadily during the first 9.5 days
of germination. During this period there is also an
increase in protein associated with the succinoxidase
containing fraction as well as an increase in number
of particles.

Materials and Methods

Materials. Reagents and materials were obtained
as follows: TPP and cytochrome ¢ from the Cali-
fornia Corporation for Biochemical Research; ADP
from Sigma Chemical Company: DPN from Boehr-
inger and Sons. Virginia jumbo peanuts were ob-
tained from the Suffolk Peanut Company, Suffolk,
Virginia.

Preparation of the Crude Mitochondrial Pellet.
Peanut cotyledons were germinated at 22 to 23° in
moist perlite-vermiculite as described previously (13).
Twenty-five g of cotyledon tissue were blended for
15 seconds in 100 ml of ice-cold 0.4 M sucrose, 0.2 M
Tris-HCI, 0.001 M EDTA buffer at pH 7.5. To
reduce damage to the isolated particles, the 110 v
blender was operated at 60 v. The brei was strained
through 2 layers of cheesecloth and the filtrate cen-
trifuged at 600 X ¢ for 10 minutes to sediment debris.
The supernatant fraction was centrifuged at 10,000
X g for 30 minutes. A crude mitochondrial pellet
was obtained which was either assayed directly or
further purified by sucrose gradient centrifugation.
No succinoxidase activity was found in the mito-
chondrial supernatant, which was therefore routinely
discarded. Unimbibed peanut cotyledons were diffi-
cult to blend directly. Consequently, they were first
shredded in a simple food mill obtained at the local
hardware store, and the resulting coarse meal was
then blended as described.



S04 PLANT PHYSIOLOGY

Separation of the Crude Mitochondrial Pellet on
Swucrose Density Gradients. A 39 ml continuous
linear gradient ranging from 0.96 to 1.9 M sucrose
was prepared in 50 ml tubes. The crude mitochon-
drial pellet obtained from 23 g of cotyledonary tissue
was resuspended in 1.0 ml of 096 M sucrose and
layered on the surface of the gradient. ‘T'he material
was centrifuged for 3.5 hours in a Servall HB-4
swinging bucket rotor at 13,000 X g. The succin-
oxidase band reached the equilibrium position in
about 3 hours. After centrifugation the gradient
was separated into 3 ml fractions by means of a
gradient sectioning device similar to the one described
by Anderson (1). The whole gradient fractionation
procedure was carried out at approximately 0°.

Succinoxidase Activity.  Succinoxidase was as-
saved with an O, electrode (Gilson Medical FElec-
tronics, Middleton, Wisconsin, Model K Oxygraph)
operated at —0.6 v. Suspensions of mitochondria
or 1 ml aliquots of the gradient fractions were assaved
in 2 ml of reaction mixture containing 40 pmoles of
phosphate buffer pH 7.3, 3 pmoles MgCl,. 1.0 umole
MnSO,, 0.2 pmole TPP, 1.0 umole ADP, 0.01
umole cytochrome ¢, 0.15 pmole DPN and varying
concentrations of sucrose depending on the concen-
tration in the enzyme suspension. ‘T'his cofactor
mixture was used routinely for (), cathode assays
of various primary dehydrogenases as well as for
succinoxidase.  The results obtained with the primary
dehydrogenases are not reported in this paper. In
the succinoxidase assay, only ADP and presumably
P; has any effect on the oxidation rate. Succinate-
dependent O, uptake was stimulated about 30 9, by
either ADP or DNP and was proportional to enzvme
concentration.

The density gradient fractions were kept at 0°
and assayed as soon as possible. Storage periods
were not longer than 4 hours and the preparations
were stable over this period.

Protein Assay. One-tenth to two-tenths ml ali-
quots of enzyme suspensions to he assayed for protein
were allowed to stand overnight at room temperature
after addition of 045 ml of 1.0 x NaOH. The
samples were then diluted to 1.0 ml with deionized
water and assayed by the method of Lowry et al
(8) but with the NaOH omitted from the reagents
described in their procedure.

Particle Count. Particles in the fractions ob-
tained by density gradient centrifugation were counted
with a phase contrast microscope at a magnification
of 1250X. An aliquot of the suspension was placed
in a Howard mold counting chamber. The number
of mitochondria per ul of suspension was obtained by
focusing through the layer of suspension and record-
ing all particles observed within a 79 u? quadrat.
The thickness of the suspension was indicated by the
micrometer on the focusing knob. Thirty quadrats
in 3 separate fields were counted in this manner.
The particles in these suspensions appeared to be
spherical and quite uniform in size.

Electron Microscopy. One ml of the gradient
fraction containing the succinoxidase particles was
treated with gluteraldehyde at a final concentration
of 69 for 1 hour at 0°. The sucrose concentration
was then adjusted to 0.5 M by the addition of 0.1 m
phosphate buffer pH 7.0 and the sample was sedi-
mented for 30 minutes at 10,000 X g¢. The pellet
was washed several times in buffer, post-fixed for
2 hours in Dalton's osmium fixative (49 K.,Cr.O..
349 NaCl and 29 OsOy: 1:1:2) at 0° and
washed again in buffer. The pellet was dehvdrated
in an acetone-propylene oxide series, infiltrated and
embedded in a (6:4) Maraglas:Cardolite mixture and
hardened in a vacuum oven at 70°. The embedded
material was sectioned with a Servall MT-2 Porter-
Blum ultramicrotome and the sections post-stained on
the grids with uranyl acetate and lead citrate. 'The
sections were viewed with a Hitachi HU-11 electron
microscope.

Results

Initial studies with suspensions of unwashed mito-
chondrial pellets obtained from germinating peanut
cotyledons showed that the level of succinoxidase
activity increased progressively during germination.
Figure 1 shows that as germination proceeds from
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F1a. 1. Increase in succinoxidase activity in crude
mitochondrial pellets (isolated by differential centrifuga-
tion between 500 X ¢ and 10,000 X ¢) from germinating
peanut cotyledons.

zero to 9.5 days, the enzymatic activity recovered in
the pellet from 1 g fresh weight of cotyledon tissue
increased approximately 20-fold. Imbibition is com-
plete within 1 day when the cotyledons have taken
up an amount of water roughly equivalent to the
weight of the unimbibed seed. When crude mito-
chondrial pellets were subjected to density gradient
purification the succinoxidase activity was confined
to a single band (fig 2). In agreement with the
observations on crude mitochondrial suspensions (fig
1), the activity of succinoxidase in this band was
found to increase with age (fig 2). A major pro-
tein band was shown to correspond with the succin-
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F1c. 2. Distribution of protein and succinoxidase
activity after sucrose density gradient centrifugation of
mitochondria from germinating peanut cotyledons. From
top to hottom; unimbibed seed, 1 day, 2.5 days, 4.5 days,
and 9.5 days of germination.

oxidase-containing particles, and this band also in-
creased with germination time.

The crude mitochondrial pellet contains other
proteinacious particles both lighter and heavier than
the succinoxidase-containing band (fig 2). The
lighter particulates account for most of the protein
in the unimbibed cotyledons, but during imbibition
the protein in this fraction falls to a relatively con-
stant value. A particulate fraction which is more
dense than the succinoxidase-containing particles in-
creases rapidly from zero to 4.3 days but decreases
slightly thereafter.

The succinoxidase particles appear to become
slightly less dense as germination proceeds, since the
peak of enzyme activity shifts from fraction 6 (av-
erage density. 1.21) at 4.5 days to fraction 5 (average
density, 1.20) at 9.5 days.

The relationship between the changes in protein
and succinoxidase are shown in figure 3. Not only
does the total activity of succinoxidase increase with
germination time, but the specific activity expressed
in units of succinoxidase activity per mg protein,
also increases.
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F1e. 3. Increase in the specific activity of succinoxi-

dase during germination (in the mitochondrial band ob-
tained by sucrose density gradient centrifugation).

The general appearance of the particles in the
succinoxidase band has been monitored by electron
microscopy. Figure 4 shows a typical electron micro-
scope field of a succinoxidase band from +.3-day-old
germinating peanut cotyledons.? Except for some
small vesicles which are probably mitochondrial frag-
ments or tangential sections of whole mitochondria,
the particles are uniform in size (ca. 0.7 u) and of
characteristic mitochondrial appearance. The mito-
chondrial band obtained from unimbibed cotyledon
tissue showed a considerably greater proportion of
recognizable contaminants. However monitoring re-
vealed approximately uniform purity of the mitochon-
drial band at all stages after imbibition. This being
the case, the number of particles observed with the
phase contrast microscope in each of the density
gradient fractions should reflect the number of
mitochondria present. Actual counts show that the
distribution of particles in fractions 4 to 7 closely
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IF16. 5. Particle distribution in the sucrose density
oradient. Particles in fractions 4, 5, 6 and 7 were
counted with a phase contrast microscope as described
under Materials and Methods.

follows the distribution of succinoxidase (fig 3).
Furthermore, the number of particles in the band
increases markedly with the age of the tissue just as
does the total succinoxidase activity.

Discussion

The experimental results clearly indicate that a
synthesis of succinoxidase-containing particles occurs
in germinating peanut cotyledons. The particles are
presumed to be mitochondria, since the succinoxidase
system is traditionally associated with mitochondria.
This activity was not detected in any other cell
fraction. Preparations purified by sucrose density
gradient contain increasing numbers of particles, in-
creasing protein and increasing succinoxidase activity
as germination proceeds.

[t is not known whether the:synthesis of mito-
chondria which we have measured occurs uniformly
throughout the cotyledon. However, preliminary his-
tochemical observations with vital redox indicators
have shown that succinic dehydrogenase activity is
present in hoth the vascular bundles and the storage
parenchyma. 5

Initially the succinoxidase-containing band rep-
resents less than 10 9, of the total protein associated
with the crude mitochondrial pellet, but after 9.5 days
of germination the succinoxidase band contains ap-
proximately 42 9, of the total protein in the crude
pellet.  We feel that the particulates which lack suc-
cinoxidase activity cannot be regarded as mitochon-
dria in a proper hiochemical sense. Eventually we
plan to undertake a detailed study of the nonmito-
chondrial particulates and of the enzymatic activities
associated with them.

Our observations made with purified mitochondrial
preparations agree with most of the results reported
by Cherry (3). Nearly all of the electron transport
and citric acid enzymes which he measured increased

in activity during the portion of the germination
period comparable to ours. In fact, Cherry suggested
that there is an increase in mitochondria during
germination.

Other enzymes usually considered to be mito-
chondrial have been measured in peanut preparations.
Results indicate that they too increase during germ-
ination (3.4, 12). However, as was pointed out for
the B-oxidation pathway, the presumption of a given
enzyme's localization based on experimental findings
with different biological materials is not necessarily
valid.

Jiogenesis of mitochondria has been studied in
several biological systems (3). particularly rapidly-
growing cultures of yeast (6,7, 13) and Neurospora
(9,10, 11).  One difference between cotyledon tissue
and these materials is noteworthy: germinating pea-
nut cotyledons have a very low rate of cell division:
Cherry (4) failed to discover any mitotic figures in
this tissue upon anatomical examination. Therefore,
we hope that a study of mitochondrial biogenesis in
a tissue in which nuclear events are probably minimal
may yield information concerning nucleus-organelle
interactions that could not be obtained in rapidly
dividing cell populations.
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