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Sunmnary. The increase in respiratory activity in germiniatiing peanutit cotyledons
has been correlated with an actual increase in mitochondria. Using sucrose gradient
celntrifugationi, it was shown that succl-ioxidase activity is associated with a well-defined
band of cell particulates of uniform density, size and ultrastructure. Durinig germination
the population of succinoxidase-containing particles increases, as shown by enzymatic
assay, protein assay and direct particle counts with the phase contrast microscope.

It has recently been shown that the fl-oxidation
of higher fatty acid CoA derivatives to acetvl-CoA
is catalyzed by extramitochondrial enzymes in peaniut
cotyledons (13, 14) and castor bean endosperm (16).
The carboxyl carboniof 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 enidosperm (16)
various organic acids became labeled. The labeling
pattern obtained was consistent with that which
Benedict and Beevers (2) found using buiffer ex-
tracts of castor bean endosperm particulates and
which they interpreted in terms of the glvoxylate
bypass. The results obtained by Rebeiz et al. (13, 14)
and by Yamada and Stumpf (16) with soluble s-.s-
tems could indicate merely that the elnzymes of the
fl-oxidation pathwav and some enzymes of the gly-
oxylate pathway (malate synthetase, malic dehydro-
genase, and PEP carboxykinase) are easily leached
froml mitochonidria to which thev are attached in
vivo. OCn the other hand these results could indicate
that the greatest part of the enzyme activities in
questioln are not associated with nmitochon(drial struc-
tures in vivo.

In anl effort to elucidate the enzymiiatic content
of the various particulate fractions obtained from
fat-storing tissues of germinating seeds, we have
eml)loyedl the technique of centrifugation in a stu-
crose (lenisitv gra(lienit and have en(leavore(d to isolate
hollogeniotis mlitochond(lrial l)ellets. T'liese isolates

l This research was supported in part by grants GM-
07532 anld 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.

- We are indebted to Mr. John Lott for this electron
micrograph.

were assayed for succinoxidase activity and moni-
tored by means of electron microscopy for structural
homogelneity. 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 anid increases steadily during the first 9.5 days
of germination. During this period there is also an
increase in protein associated with the succinoxidase
containiing fraction as well as an increase in number
of particles.

Materials and Methods

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

Preparationi of the Crtdce .M1itoclonirial Pellet.
Peantlt cotyledons were germiinated at 22 to 230 in
mlloist perlite-vermiculite as described previously (13).
Twenty-five g of cotyledoni tissue were blended for
15 seconds in 100 ml of ice-cold 0.4 M sucrose, 0.2 M
Tris-HCl, 0.001 AI EDTA buffer at pH 7.5. To
reduce damlage to the isolated particles. the 110 v
blenider was operated at 60 v. The brei was strainied
through 2 layers of cheesecloth and the filtrate cen-
triftuged at 600 X g for 10 miiniutes to sediment debris.
The supernatant fractioni was centrifuged at 10.000
X g for 30 milnutes. A crude mitocholndrial pellet
was obtained which was either assayed directly or
fturther purified by sucrose gradient centrifugation.
No stuccinoxidase 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.
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,Separatioi of ti/ic Crutde .'litoclzoildr:'al Pellet oil
Sulcrose Deinsity, Gradients. A 39 ml cointiinuous
liniear gra(lieilt ranoging fromii 0(). to 1.9 Mi suicrose
waslrl)eparedl in 5)0 1lll tul)es. T'he cru(le miiitoclhoin-
lrical pellet ol)taine(l fromii 25 g of cotvledoniarv tissue
was restispl)e(le(l ill 1D). l of 0.96 \M tlcrose and(i
laveredl oni the suirface of the gra(lielnt. 'I'he miiaterial
\\w,as centriftuged for 3.5 hoturs in a Servall H 13-4
swinging bucket rotor at I 5,00() X g. 'T'he succim-
oxidase band reached the equilibriutmn position in
al)out 3 hotujrs. After cenitriftugationi the gradlienit
was sel)arate(l inito 3 ml fractions b1y i eanis of a

gradient sectioninffg device simiiilar to the olne (lescribe(l
bv Anderson (1). 'T'he whole gratlieint fractioniation
procedure -was carriedl ouit at approximately 0'.

S'l inoCrioxiduse Ac ti7vitv. Sctlcinoxidase was as-
saved with an 0., electro(le ( Gilson 1Medical Flec-
troniics, Middleton, Wisconsin, 'Model K Oxvgraph)
olperated at -0.6 v. Suispensions of miiitocholldria
or 1 ml aliquiots of the gradient fractions were assave(l
in 2 mil of reaction milixtuire containing 40 Mmioles of
phloslphate buffer pH 17.3, 5 Knioles M\gC]., 1.) Mmole
MnSIS , 0.2 /umole TPP4, 1.0 p.imole ADP, 0.01
Mmiiiole cytochromie c. 0.15 Mnmole DPN anid varyillng
concentrationis of isucrose depending- on the ColIcell-
tration in the enzyme suspension. This cofactor
imiixture was tised routinelv for ('. cathode assays
of various primary (lehy(drogenases as well as for
ssuccinoxidase. The results ohtained wvith the primiary
delhvdirogenases are not reporte(l in this pal)er. In
the stuccinioxi(lase assay, only AD)P an(l prestimably
I-) has any effect on the oxidationl rate. Succinate-
dependent o. ultake was stimiiulatedI about 30 % 1b
either ADP or DNI) anid was proportional to enzyimie
concenitrationi.

The denisity gradienit fractions were kept at 0'
and assayed as sooin as possil)le. Storage perio(ls
weere not long,er than 4 houirs aln(d the preparations
were stable over this l)erio(d.

P[rotcin Ass(a v. One-tenth to two-tenths ml ali-
quots of enzymile stisl)ensionis to he assaye(l for protein
were alloweed to stand( overnight at room temlperature
after additioln of 0.45 1ml1 of 1.0 N NaOH. The
samples were then diluted to 1.0 nil with deionize(l
water an(d assayed by the imietho(d of Lowry et al.
(8) but withi the NaH omitte(d fromii the reagents
described in their l)rocedtire.

Particle CooniiI. Particles in the fractionis o0-
taimied )by (lenisity gradient cenitrifugationl were cotiulted
with a phase colitrast microscope at a milagnificationl
of 1250X. Ani aliqluot of the suspension was l)lace(l
in a HIoward mol(d countinig chamiber. The numbier
of mitochond(lria per M1l of suslpension was obtainied 1by
foctusing throtigh the layer of suspension and record-
ing all particles observed within- a 79 /A quadrat.
The thickness of the susl)ension was indicated by the
micromlleter onI the focusinig knol). Thirty quadrats
in 3 separate fields were counlted in this manner.
The lparticles in these stuspensions apl)eare(l to be
spherical and quite uniforimi in size.

PHTYSIOIOGY

Electron Microscopy. Onie ml. of the gra(lient
fraction conitaininig the succinoxidase particles was
treated wvith gluteraldehyde at a fiiial conicenitration
of 6 % for 1 hotir at 0). The sticrose concenitration
was theni adjusted to 0.5 MI 1w the ad(lition of 0.1 si
p)hoslphate buffer pH 7.0 and the sample was se(li-
imenite(l for 30 imiinutes at 10,000 X Y. 'I'he psellet
wvas washed several timiies in buffer, post-fixed for
2 houirs in Daltoni's osmitim fixative (4 % K.,Cr.(),.
3.4 % NaCl anid 2 % OsO; 1:1:2) at 0° anld(
washed again in buffer. The pellet w-as (lehvlrate(l
in ani acetone-propylene oxi(le series, in filtrated and
embeddedfl in a (6 :4) MIaraglas :Cardolite mixttire and
har(lenie(d in a vactium oven at 70'. 'T'he embedded
material was sectionied with a Servall 1MT-2 Plorter-
Bltiumi ultramiiicrotomiie and(I the sectiolns post-stained on
the gri(ds with uranlv acetate and lea(l citrate. 'I'he
sectionis vere vie\wel with a Ihitachi 11U -11 electroni
microscol)e.

Results

Iniitial studies with suspeInsions of unwashed mito-
chond(lrial l)ellets obtained froml germiinlatinig peantit
coty ledolis showed that the level of succinioxi(lase
activity inicrease(d progressively duirinig germiiniationi.
F'igtire 1 shows that as geriniiationi proceeds from
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FI0. 1.IIncrease ill succinoxidase activity in crude
mitochonidrial pellets (isolated by differential cenitrifuga-
tioni betweenl 500 X y anid 10,000 X y) from germinating
peanut cotyledons.

zero to 9.5 dlays, the enzymniatic activity recovered in
the pellet from 1 g fresh weight of cotyledon tisstie
in creased approximatelv 20-foldl. Imnhibition is COnll-
plete withi-n 1 dacy xvheni the cotyledons have takeii
tIl) an amiouilt of water roughly equivalenlt to the
w'eight of the unimbibed see(l. \\lheni crudle m11ito-
chonidrial psellets were subjecte(d to density gradielit
purification the succinoxidase activity was confinedl
to a single band (fig 2). In agreement with the
observations on crude mlitochoindrial suspensionis (fig
1 ), the activity of succinloxidase in this band was
founid to increase with age (fig 2). Aimajor pro-
tein band was shown to correspoind with the sticcill-
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TUBE NUMBER

FIG. 2. Distribution of proteini aind succinoxidase
activity after sucrose density gradient centrifugation of
m11itochoIndria fronm germinating PeanUt COtYledons. From
top to bottom; unimbibed seed, 1 day, 2.5 (lays, 4.5 days,
anlI 9.5 (lays of germiiination.
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oxidase-containing- particles, anid this b)and also in-
creased with germination time.

The crude mitochondrial pellet contains other
proteinacious particles both lighter and(I heavier than
the succinioxi(lase-conitaininig band( (fig 2). The
lighter particullates accouint for nmost of the protein
ill the unimibibed cotyledonis, but durinlg imbibition
the protein in this fraction falls to a relatively con-
stant value. A particulate fraction which is miore
dense thani the succinioxidase-cointainiing particles in-
creases ral)idly fromii zero to 4.5 days but (lecreases
slightly thereafter.

The stuccinloxi(lase l)articles appear to become
slightly less deni,e as germiinatioil procee(ls, sinlce the
peak of enzymiie activity shifts from fraction 6 (av-
erage density. 1.21 ) at 4.5 days to fraction 5 (average
(lensity, 1.20) at 9.5 days.

The relationshil) betwveen the chanlges inl protein
alnd suiccinoxi(lase are shown in figure 3. Not only
does the total activity of succinioxidase increase with
germiiniation timie, but the specific activity expresse(l
in unlits of succinoxidIase activity per nmg protein,
also increases.

6 12

FIG. 3. Inicrease in the specific activity of succilloxi-
dase durinig germiniationi (in the mitochondrial band oh-
tained by sucrose density gradient centrifugation).

The general appearance of the particles in the
succinioxidase band has been moniitored bv electroni
microscopy. Figure 4 shows a typical electron micro-
scope field of a succinoxidase band froml 4.5-day-old
germiinatiing peailut cotyledons." Except for soimie
small vesicles which are probably mitochondlrial frag-
meints or tangenitial sections of whole mitochonldcria,
the particles are uniformii in size (ca. 0.7 u) andl of
characteristic mlitochond(lrial appearalnce. The Imlito-
chond(rial band obtained from unimbibed cotvledoon
tissue showe(d a considerably greater proportion of
recognizable contamiiinants. However monitoring re-
vealed approximately uiniform purity of the mitochonl-
drial band at all stages after imbibition. This being
the case, the numiiber of particles observe(d 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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in activity dturing the l)ortion of the germiinlationl
perio(l coml)arable to ouirs. In fact, Cherry suggeste(l
that there is ani increase in imiitochonidria during
germination.

Other enzymes usually considered to he mito-
chondrial have heen meastured in lpeallut preparations.
Restults ind(licate thcat they too inicrease during germ-
iniationi (3, 4, 12). However, as was pointed out for
the fl-oxidation pathwixay, the l)resulml)tion of a given
enzyme's localizationi based on experimental findinlgs
with differenit biological imiaterials is niot necessarily
valid.

Fin(;. 5. Particle (listributioni in the
g-radielnt. Particles in fractionis 4! 5

counlte(d w itb a b)hase contrast microse

iiiler Materials aind( MXfethods.

2 sucrose densitv
6 and 7 were

ope as (lescribedl

follox%x the (listribution of succinoxidase (fig 5).
Fuirthel-rlmore, the number of particles in the band

inicreases nmarkedly Nx\ith the age of the tissue just as

(loes the total succinoxidase actix itv.

Discussion

The exl)erimental results clearly ini(licate that a

synltlhesis of succinoxidase-con,taining particles occturs
in geriminatinig peanut cotyledons. The particles are

prestlulled to be mitoclhondria, since the succinoxidase
sxvstemn is tra(litionallv associated xxwith mitochondria.
'Tbhiis activity \vas not detecte(d in anv other cell
fraction. Preparations purified by sucrose (lensity
gra(lielt colntaini inicreasing nuumbers of l)articles, in-

creasing l)rotein and(I increasilno' succinoxidase activitv
as g,eriniilationl procee(ls.

ft is not knoxn whether the .Fsvinthesis of mllito-
chondria x\\hich xve have mleasture(d occurs uniformlxv
tlhrouighotut the cotyle(loni. Ilo\\ex'er, l)reliminary hiis-
tochemiiical ol)servations \\'ith vital redox in(licators
hav e sho\x\n that sticcinic (leh(lrovdoenase acti\'itv is

preseiit in both the vascular bundles awl(I the storage
parenclhyvia.

Initially the sticcinloxidase-conitainingb band rep-
r.<;elsts less thani 1() % of the total l)rotein associated
\\ith the cr(lde mitochondrial l)ellet, buit after 9.5 (la's

of germiniationi the sticcinioxidase band contains ap-
proximately 42 % of the total l)rotein in the crtu(le
l)el let. \\'e feel that the lparticulates xx\hich lack suc-
cinloxi(lase activity cannot be regar(le(l as mlitoclhoni-
(lria in a proper biochemical sellse. Evenituallv xve

l)lan to undlertake a detailed study of the nonimito-
chondrial particulates and of the enzymiiatic activities
associated with them.

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

B'iogeniesis of miiitochoil(lria hlas been studied in
several biological svstenm (5), particularly rapidly-
growin-g cultulres of yeast (6, 7, ];-) and(l NeCnosporIa
(9, 1(,.11 )n.One (lifferenlce between cotvled(on tissule
a1ii the.ie imiaterials is notevortlh: germiiinatini- pea-
nut cotyledonis have a very low rate of cell dLivision:
Cherry (4) faile(d to discover anly m1itotic figures in
this tissue upoIn aniatomical examination. Therefore.
we hope that a study of mitochondrial biogenlesis in
a tissue in which nuticlear evenits are probably m1inlilmIal
mav yield iniformiiation conicerninig nucleus-organelle
initeractionis that could niot he obtainied in rapidly
dividing cell poptlilations.
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