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Tlhe enzime complemenit ot Ipllilt cells (loes inot
reiniain conlstanit: enzymic an(l p)hysiological activities
chan-ge wvith cell grow\-th aid maturation. During
the germiniiiationi of see(ls thlere is a ilmajor (levelop-
mielit of mitocholldr(lria in stora1ge aid emhivllonic tis-
sue ( 1, 2, 12, 14, 17 ). In the storaoge tissues (coty-
ledlons or en(dosp)erm ) of plaInts, ther-e is ahIbout a two
to threefold ilicrease in miitochonldrial nlitrogeni con-
tenlt andin respiratory actixity (duriiig the early stage
of germination w\hich sul)se(luently (leclilles wN-hell tlle
storage materials are (lepleted.

In a previous studlv ( 4 ) the author founi(l that the
RNA conteint of the peanlut cotyledon (louble(l (lurinlg
the fir-st stage of geriniialation, folloxved 1w a sharp
(lecline; the plattern resemhled those for mitochonldrial
activities in storage tissues (2, 12. 14'). Silnce the
peanut cotyledon is Inot a groxNv ilng p)ortioln ot the
plaint and( its cells clo lnot d(lergo)nlltosis, thils tissue
Nxvas chioseln to studlv the relation hetween the levels
of nucleic aci(l, the activity and strutctur-e of iniito-
chondria, and( the activities of various nmitochon(ld-ial
and nonmiitoclholndrial ez-mnes (lurinig germination.
This paper is a repol-t of ou1r findings.

Materials & Methods

Plan t Mlatcr ial. \irginia .6-R p)eanlit (A rac/his
hypogaea L.) seedI (thaiiks are (duie to Dr. \V. K.
Bailey for the seecld) x-ere lightly duste(d xx ithi 2,3-
(licIlloro-1,4-inaph)litlhoclquiinone, a f-ung<,icide. alnd gerlmli-
nate(l in a (lark, hlitimid catmosphere at 300 iiM vermic-
ulite. The cotyledonis of (lry see( and seedflilgs
x ere removed alind xvashed prior to analysis. Dry
xx eights wvere (leteriniiie(l 1v dlrvino- the tissue in an
oven at 1100 for ahout six hours.

Tissiuc Anialysis. 'Tihe niucleic acids xx ere deter-
minied b1 a mletlho(d (5 previously fotuni(d satisfactorv
for peantit cotyledons.

For proteinldetermination. the tissue vxas 10111h -
enized in 0.5 Ar sucrose and( the cellular debl-)is \xsS
removed at 1(500 X qj for 10 miiiinutes. .\li(lucots of
the crude homogenate anld (leblris-free homogenate
were precipitatetl in 10 ''C- trichloroacetic acid and the
protein (leteriniiie(l 1v tile metho(d Olf I,ox-rv- et al.
(16).
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l'itochohidrial Respiratiomi. Mlitochondria xxere
isolated fromii saml)les of 20 peanut cotyledons;an(l
their oxidlatix-e ai(l phosphor lative caplacities deter-
minedl xx-ith the technliques aindI vessel additives foundz
satisfactory for corni scutella (12).

The phosphorylation coupled to oxidlationx as
determiiine(d 1y the disappearaince of Pi fromii the yes-
sels (luring the period of mleasuiredI O. consumption
generally 30 mm . One x essel of each treatment

wxas remove(l xvhen the stop cocks were closed. xx itlh
respiration anl final Pi heing (leterminie(l from tx (o
additional v-essels. The mletlho(d of Fiske tind( Suh-
harroxw- (9) Nxxas used to (letermiinie Pj.

EnzYme A-Jssa vs. Ribonuclease actixvitx Axas de-
termiine(l on hiomlogeinates of peanut cotyledons.
grounl(l in 0.5 \r suicrose anld( cleared of celluilar- debri.s.
The cleare(d lholmiogeniates xNere filtere(d thl-oughl gla;ss
x-ool and 1 mI alliquots Nxxere incuhbated in the pres-
ence of 0.25 m suicr-ose, 5 X 10 \ISg0, X
10-8m KCI, and 1 mg ml of yeast RNA (pH 6.5
prexviously foun(d satisfactory for corni scutella
ribonuclease (7). Final volume xxas mla(le to 2 ml.
incubated for 30 mlinutes at 28' and tlle disappear-
ance of acid insoluble RNA (leter-inie(l as described
(7).

Succinic delehv(lrogenase activity xvas deterlinied
on aceto-ne l)oxwder extracts of isolated mitochonlria
I)v the maetlho(d of Hiatt ( 13M)\litochondria xvere
isolated usling the same teclhniq(utes as for the mi-
tochondrial respiration stud(l aildl (2 suspension
of 0.06 m Tris huffer (pH 7.6 ) of the lpoxvder xvas
use(d as a sour-ce of enzyme. The rate of re(ductioni
of 2,6(-diclollroplheniolindoplhelioI ( 13 ) xvas folloxved
at 600 nm dutrinig the first 2 minul1tes of the reactioni.
One unlit of enz-me activity is defilned as that amouint
of enzyme \vhich catalyzes a( decrease in op)tical den-
sitv of 0.01 per inulte uind(ler the con(lition.s of the
assay.

C'vtochronme oxi(lase activitx- xav.s also dleteriliiiie(d
oIn the acetone powx er extracts lIx the miietlhod( of
Cooperstein an(l Lazarox- (8 ). \n laliquot of the
extract xvas mixed in a solutioni containing 1.5 x
10- mr cytochrome c (chemically re(luce(l ) an(l
0.03 -m potcassilu1m1 phlolosplhl-ate pH 7.4; the rate oif cvto-
clhromiie c re(luctioin xvas followxe(l at 550 mi,u. The
activ-ities given are the iliti'al rates ohtained (Ilirilln,
the interval hetxveen 15 to 45 secondls after initiatilng
the reaction: duiring this interv-al a linear decreaSe
in optical densitv witlh tini e xx'as ob)taine(l.
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Debris-free homogenates were prepared and the
following enzymes assayed by the method of Rag-
land and Hackett (20): DPNH oxidase, DPNH
cytochrome c reductase, succinic cytochrome c reduc-
tase, and glucose-6-P dehydrogenase. The tissue
was homogenized in 0.42 Ai mannitol, 5 x 10-3 al
KCl, 5 X 10-3 M MgSO4, and 2 X 10-2 Ai Tris buf-
fer pH 7.5 and filtered through cheesecloth. The
homogenate was cleared of cellular debris at 1500 X
g for 10 minutes and used directly as a source of
enzyme. DPNH oxidase and glucose-6-P dehydro-
genase were followed by the change in absorbency at
340 m, and the cytochrome c reductase at 550 m.

The debris-free homogenate was also assayed for
cytochrome oxidase activity by the method of Cooper-
stein and Lazarow (8).

Isocitritase activity was determined on homoge-
nates of peanut cotyledons prepared in 0.1 Ai potassi-
um phosphate pH 7.6 (15). The homogenates were

DAYS OF GERMINATION

filtered through cheesecloth and the cellular debris
removed at 1500 X g for 10 minutes. The subse-
quent debris-free homogenate was assayed for iso-
citritase activity by the method of Rao an(d Rama-
krishnan (21). Glyoxy-late was determined by the
2,4-dinitrophenylhydrazine reaction accordling to
Smith and Gunsalus (22).

Electron Microscopy. Sedimented miiitochondria
from peanut cotyledons were fixed by the miiethod of
Lund et al. (17). MIgCl2 6H.,O (0.5%S) was
added to the 1.5 % osmium tetroxide in veronal buf-
fer (pH 7.6). Fixation was carried out for 2 hours
at room tenmperature followed by dehyclration in an
ethanol series and twvo changes of absolute ethanol
at room temperature. Specimens were infiltrated
overnight in butyl and methyl imiethacrylate (4 :1)
containing 0.5 % dichlorobenzoyl peroxi(le and were
subsequently polynmerized at 45°. Sections (400-
600 A) were counterstained with 2 % KAnO, for 15
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FIG. 1 (top left). Depletion of dry weight and storage protein in the peanut cotyledon during germination.
Total and cytoplasmic protein was obtained by analysis of the total homogenate and the debris-free (nuclei-free)
homogenate, respectively.

FIG. 2. (top right). Changes in nucleic acid (RNA & DNA) content in the peanut cotyledon during germination.
FIG. 3 (bottomi left). Changes in ribonuclease activity in cotyledons of germinating peanuts. Activity (,ug RNA

hydrolyzed/hr) per cotyledon and specific activity (,ug RNA hydrolyzed/hr/mg protein) are plotted.
FIG. 4 (bottom right). Oxygen consumption and phosphate esterification by mitochondria from cotyledons of

germinating peanuts with the substrates indicated. Ten IA moles of pyruvate was added to the vessels containing 20
A moles of succinate to spark succinate oxidation (see ref 12). No pyruvate was added to the vessels containing 40
, moles of at-ketoglutarate. Qo, (N) defined as the A liters of 0, consumed per hour per mg mitochondrial nitrogen.
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iiiiiiutes and xxwere obserx ed xwith a Phillips EM-1 00
electroni mlicroscope.: All ol)servations xv-ere ilia(le
at a magnification of 18.000N.

Al(llata were obtained frolmi txwo or mlol-e experi-
mienits.

Results
Depiction of Storage .Ma(Iteroials: During germiii-

nation of pealtut seeci andl developmient of the seedl-
ling pl)ant the dry x-eighlt of the cotyledlon (lecreases
60 % or about 220 nmg per cotyledon (fig 1. This
large loss of material is attributed to the (lisappear-
ance of storage reserves; one of these reserves is
protein. The (lepletion of protein from the peanut
cotyledon is shoxn in figure 1. The protein contenit
slighltly (lecrease(l the first 5 days of germiiination,
folloxwed by a rapid dlecrease in contenit betwN-een 6 to
9 (lavs. By 10 (lays of germinliatioin about 70 g of
the protein was dlep)letedl xx-ith little loss thereafter.
The (lepletion of total and cvtop)lasmic protein (le-
bris-free) roughly plarallele(l eaclh other.

(aClu yes iii ANuclecic Jci'ds. Figure 2 slhows that
as peanut seedl germiiinate, tlle RNA contenit increases
thlreefold by the eiglithi day folloxved by a rapid (le-
clinie in content thereafter. The DNA contelnt (lotu-
bledl by the tenth (lcay and tlheni declined. These (lata
agree xxith previous experiments (4 with various
varieties of peanut see(l. Hoxxever, in the previous
experiments, the point of germ-linationi xvhen the high-
est level of RNA was reaclhed varied fromii 2 to 6
days (lepend(ling on the variety an-l the maturity of
the see(l. Therefore, the chianges in nucleic aci(ds for
the pealnut seedls use(l in these experiments are pire-
sente(l for comlparison xwith clhangeos in enzvnlic ac-
tivities.

To ascertain xwlhether a lnitclease imav be inv,olved
in the l)attern of RNA mietabolismi, the activity of
ril)onuclease in the peanuit cotvledon xv-as assayed.
Botlh the specific activitv (,u- RNA hyld-olyzed hr /
mg proteini) anl(l activity per cotyledon remained con-
stanlt until about eight (lays of germ-inlationl (fig 3).
At this stage of germination ribonuiclease actixvity in-
creased several fold, suggestilng thlat this enzyme is
involved in the in vivo degra(lation of RNA after 9
d(avs of germination.

Hiitochotudrial A ctivtv'. Oxygen consumption
by mitochondria fromii coty]e(lons of germiniatinig pea-
nuts x-ith succinate ani(l a-ketoglutarate as substr-ates
is slhovn in figure 4. Succinate xvas the most effec-
tiv-e substrate; initochondrial respiration On suc-
cin,ate sharply increase(d with germiiination reacling
the peak of activity with a Qo. (N ) of 900 on the
eightlh day andl (leclin iing thereafter. Respiration on
a-ketoglutar-ate, the less effective substrate. increased
to a Qo., ( N ) of 300 on the telntlh day folloxxed by
a (lecline actixvity Phosphiorylation by isolate(l

::Trade namiies are given as 1)art of the exact experi-mienital coinditionis anid inot as ei(lorseileoit of the products
m-cr those of other monufacturers.

mitochondria for both succilnate and a-ketoglutarate
increase(l froml zero for mitochondria froml restinig
seed to the higlhest values obtained( at 5 to 10 days
after planitinig (fig 4). After 10 (lays, phosphoryla-
tion for both substrates dlecreasedl to zero or nearly,
to zero. This pattern of phosphorylation is somexwhat
similar to that for resp)iration alnd is reminiscent of
the pattern of RNA change (fig 2 ) xith the peak
activity or conmtent occurrinig at about eight (lay s.

Fromi fi-tir-e 4 the P 0 ratios call be calculated.
Mitochondria froml resting seed hadl a 1) O ratio of
zero. On the second(lda thle P' 0 ratios vere 0.53
w ith succinate anid( 1.85 for a-ketoglutarate xwhich
xvere the higlhest values obtainiedl (luring germ i nation.
After the second (lay of germination the P 0 ratios
lecline(d t) zero or near zero by the fifteentlh dav.

Electron .lIicros(copy of the 11itochojildrial I'cllet.
The electron micrographs shoxwn in figure 5 rexeal
that the mlaterial in tlle mitochondrial pellet is lhetero-
geneous. containing broken fragments of plrotein
bodies and xvesictilar matter somiie of xw hich is prob-
ably of the endoplasmic reticultuii. There are fex
typical mitochondria in tlle )ellet isolated from thle
cotyledons of resting see(d ( fig sA The malny
vesicular elemlenits conitaini fexx- inclusionis, are slighlt-
lv larger than normal miiitochond(lria and apl)pear to
be joinecd together. The mitochondrial pellet fromii
2- al(d 5-(lay old cotyledons (ffig EB & 5C. respec-
tivelvy) contain imoore typical mitochioil(li-ia and( fexxer
vesicular elemiients. A large niumtibel- of typical mi-
toclholndl-ia can be seeni in the electroln micrograph of
the l)ellet fromi 8 -day old cotyled-ons (fig SD1).
These mitochondria are about 0.6 ju in dianmeter and
cont,ain a (ldense initerinal strticttire. It is of signifi-
cance that tllese mitochondria also have the -reatest
respiratory activity (fig 4 ). After 8 (hays of germi-
niatioin, the mitochondria apl)lear to sxx-ell, shox a (lis-
organizati,on of initerlnal strtictu-e and show at g-reater
legree of mitochondrial (lisinitegrationi (fig SE &
SF ); this inicrease in dlisorganlizationhparallels the
(Iliminiiutioin in respiratory rate.

Enz-v:Ynic ActivitY of .4cetonle Powzcders of llito-
c-hondidi. It xx-as ot initerest to (ieter-inie Nx hetlier
or not certain mit-ichondrial eiz-mes showxed a de-
velopmentahl pattern of activity (hIilrinlg germiniation
similar- to the respiratorv actixvitx of isolate(d imiito-
choil(ria. Figur-e 6 shoxx-s that succinic (lehydro-
genase ani(l cvtochrome oxi(lase actixvities of extr-acts
froimi acetolle pxv(der of isolate(d miiitochoiidria (lo iiot
fit the mitoclhoin(ldrial respiratory patterln (fig 4).
Succiniic dehvdrogellase increased ox-er eiglhtfold in
actixitx- fromil 0 to 15 (ldas of germination. Cv-to-
chroniie oxidase also shoxxed a major increase in ac-
tixitv froml 0 to 13 days folloxwed 1y a rapid loss in
activitx- oI the fifteenth day.

Eoida-se i -1Actiz'itv of HIfonmognatcs. Cytochrome
oxidase and( DPNH oxidase actix-ity shoxwed only
slight changes xx-ith germination (fig 7 ) xhile DPNIH
ani(h succinic-cytochrome re(luctase shoxxedl a (dex-eol)-
mental pattern of activity (quite similha- to that foi-
mit;,lchomdria. In both cases the reductase activxitx-
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Fi(,. 6. Activities of two imitochonidrial enzvmies from
the cotyledons of germinatimg p)eanuts; extracts of ace-
tone powders of onice-washe(d iitochon(Iria were assayed
for succinic dehydrogenase and(l cvtochromiie oxidase ac-
tivity. A Unit of activity is (lefined as the amounit of
enlzymile wlhich catalyzes a (lecrease in optical (lensity of
0.01 per minlute und(ler the conditionis of the assay.
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FIG. 7. Chianges in activities per cotyledlon of vani

ous enizymiles of germiniatilg peanuts. Homogenates
wvere assayed for the enzxymes iindicated anid a unlit of ac-

tivity exl)ressed as a chainge ini optical density of 0.01 per

minute.

w as zero in restinig see(l and rapidlyx inlcr-eat-seld inI ac-
tivity wsith germination to its peak at 7 to 8 days of
germination. Subse(luenit germination resulted in a

clecline in re(luctase activity. See(l p)ssess a fairly
active glucose-6-1) (lehydirogenase. I)urinlg germi-
nation the enzyme activity rapidly increases to a

Maximum at 4 to /7 (ays and ,uhsequently followve(d
by a sharp drop Nx ith age.

The specific activities (activity mg proteii ) of
the five above-mentioned enzymes (It-iriig germ1i-
nation of peainut see(l show the same pattern of'
chlaliges as hleni the activity per cotvledon w as
l)lottedl. One exception is that the oxolase ,L)eai
to increase in activity similal- to the pattern for suc-

ciniC (leh(lrogenase a111(l cvtochrome oxi(llase of ace-
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1EnI(;. 8. Changes in isocitritase activity fromil coty-
ledonis of geriminatinig pseanuts. Activity per cotydledon
and(i specific activity are l)lottedl.

tonie lowdlers of iitochloni(la-it (fig 6).
The germination of fat-contaminig see(l. suchl as

those of peainut. is accompl)niedl l a (lecrealse in the

conitent of fat and ani inicrease ill cal-bolydrate ( 19 ).
Kornherg anid Beevers (155 have shiow -n that the
conversion of fat to carbohldrate mliay occur by\ the

glyoxylate cycle. Olne of the enz7mes of this cy-cle
is isocitritase and IBeevers (3 ) an(l Marcus aan(l

Veslasco ( 18 ) have show n that this enzyme has a

dlevelopImental p)attern of activ itv in germini1iiatinlg
pulmpkin seedl and(I peaniiut see(l, similar to other
enzymes reporte(d in this paper. Tlherefore, it was

lesiralble to assay the activity of isocitritase in the
cotyledons of germinating peaiuits. Figure 8 shows
the change in activity of this enzi-me (lurilig gerimli-
nation. Both the activity per cotyledon and slpecific
activity slioNNw ai increase frolim 0 to 5 (dlas followed
hb a (lecline with subsequent germination. Ai with

FIG. 5. Electron micrographs of once-wvashed mitochondria isolated from peaniut cotyledonis. 'Micrograp)lhs of the

nmitochoin(drial pellet fromil cotyledois after 0, 2, 5, 8, 12, and 16 (lays of germination are siown in A, PB, C, I), E, aiudI F,

respectively. The magnificationi in all microgralpis is 18,000 X-. Ml-mitocIo1)ndria, A--vesicular elemen11ts, F-fragm)enit
of protein body, MIF-mitochonidrial fragmenit.
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glucose-6-P dehydlrogenase (fig 7), the resting seed
contained a fairly active isocitritase and the peak
activity was reached earlier than with the respiratory
activity of isolated mitochondria (fig 4). However,
Beevers (3), and Marcus and Veslasco (18) have
previously shown that resting pumpkin and peanut
seeds contain little or no isocitritase activity.

Discussion
The data presented here unequivocally showes that

as peanut seed germinate and deplete their storage
materials, there is an increase in enzvme and mi-

tochondrial activity to about eight days followed by
a reduction in activity thereafter. This pattern of
enzymic change closely resembles the levels of RNA
during germination. From these results one cannot

directly relate contents of RNA in the cotyle(lon to

enzyme formation or activation. But from present

knowledge of the role of RNA in protein synthesis,
it seems likely that RNA could be involved in the ob-
served pattern of enzyme formation or activation.
These studies do not show if a specific type of RNA
(template) is formed, nor whether it is localizedl in
a particular subcellular organelle.

Akazawa and Beevers (2) and Cherry and Hage-
man (6) showed that there is an increase in mito-
chondrial RNA in the castor bean endosperm and
corn scutellum, respectively, during germination.
This increase in RNA is not only a result of a larger
mitochondlrial pelletbut is also dlue to an increase in
RNA content. Mitochonwria with a high RNA con-

tent may be related to an increased respiratory ac-

tivity. The participation of RNA in oxidative phos-
phorylation is not clear; however, Hanson (10, 11)
showed that treatment of mitochondria with ribonu-
clease destroys activity and causes the formation of
holes in the mitochondrial membrane. The electron
micrographs (fig 5) show an increase in mitochon-
drial structure and organization during the first 8
(lays of germination; subsequent germination results
in mitochondria disintegration and loss of activity.
The mitochondria from the last stage of germination
(fig 5E & 5F) appear similar to those of Hanson
(11) which were treated with ribonuclease. This
agrees with the observation that after 8 davs of
germination the ribonuclease activity increases sever-

alfold (fig 3) and thus the in vivo action of ribo-
nuclease may result in mitochondrial disintegration
and a loss of some activity.

The in vivo degradation of RNA (fig 2) closely
agrees with the enhanced activity of ribonuclease (fig
3). If ribonuclease is actually involved in the (lis-
appearance of RNA from the cotyledon, then one of
the physiological roles of this enzyme may be to dle-
grade functional RNA after the necessary enzyme

complement is obtained. One question that is not
answered here is what triggers the formation of
ribonuclease which apparently degrades RNA and
thus stops other enzyme formation.

MIost of the enzymes of the homngenate, and the

respiratory activity of mitochondria assayed in this
study folloN a general pattern of an increase follow-
ed by a decrease in activity during germination.
This is true for all enzymes or enzyme systems
studied except for DPNH oxidase and cytochrome
oxidase of the homogenate, and succinic dehydro-
genase and cytochrome oxidase of the mitochondrial
pellet. This fact points out that certain enzymes,
even though involved in a metabolic pathway, may
not be affected the same way as other enzymes of the
same pathway. Therefore, it is not surprising that
changes in the activity of the complex oxidase sys-
tems do not exactly parallel the changes in certain
individual enzymes. The respiratory and phos-
phorylative activities of mitochondria not only de-
pend on the presence of essential enzymes but also
on the integrated systems and structure of the mito-
chondria. It appears that during the senescence
period of peanut seedlings the loss of mitochondrial
activity can be attributed to the loss of some enzyme
activities and structural properties.

Summary
A study of the contents of nucleic acid and ac-

tivities of several enzymes and mitochondria of the
peanut cotyledon was made during germination.
The following observations were noted:

I. During the germination of peanut seed over
60 % of the dry weight of the cotyledon and 70 %
of the protein is depleted.

II. RNA content of the cotyledon triples from
0 to 8 days of germination; subsequent germination
results in a rapid loss of RNA. Concomitant with
the in vivo degradation of RNA the ribonuclease ac-
tivity increases several-fold.

III. DNA content of the cotyledlon doubles by
the tenth day followed by a reduction in content
thereafter.

IV. Oxidative and phosphorylative activities of
isolated mitochondria showed an increase during
germination with their peak in activity occurring at
about 8 days; subsequent germination resulted in a

decline in activity. The P/O ratios with succinate
and a-ketoglutarate as substrates declined with seed-
ling age.

V. Electron micrographs showed that the coty-
ledon of resting seed contain few typical mitochon-
dria, but many vesicular membranes. During the
first 8 days of germination the mitochondria appear
to increase in structure and internal organization.
As the germination process proceeds the mitochon-
dria swell and there is a large degree of disintegra-
tion.

VI. DPNH cytochronme c reductase, succinic
cytochrome c reductase, glucose-6-P dehydrogenase,
and isocitritase of homogenates of cotyledonary tis-
sue increased in activity to about the fifth to eighth
day of germination followed by a rapid reduction in
activity thereafter.

VII. DPNH oxidase and cytochrome oxidase of
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homiogenates showed sliglht changes wNith germination,
while succinic dlehyd(rogenase ani(l cvtochromie oxi-
dase of acetone powdler-s of mitocholldria increase(l in
activity \with see(Ilin- age.
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