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SEZIO NE III
(Botanica, zoologia, fisiologia e patologia)

Fisiologia vegetale. — The effect o f oxygen on the development 
o f enzyme activities in germinating seeds of Cucurbita maxima (*}. 
Nota <**> di F ranco R ollo, R oberta Colombo, P iera L ado e 
F ranca R asi-C aldogno, presentata dal Corrisp. E. M arre .

RIASSUNTO. ■— I semi di Cucurbita m axim a , liberati dai tegum enti esterni, sono ancora 
avvolti da una sottile m em brana (costituita da residui della nucella e dell’endosperma) che 
nelle prim e 24 ore di germ inazione lim ita fortem ente lo sviluppo del seme e cioè l ’assunzione 
di acqua, lo sviluppo della respirazione, l’aum ento di attiv ità enzimatiche solubili (glucosio- 
6-P-deidrogenasi, N A D P-dipendente isocitrato-deidrogenasi) e la com parsa della isocitrato 
liasi. F ra  i possibili meccanismi dell’effetto inibente esercitato dalla m em brana, i dati ottenuti 
indicano che la limitazione della diffusione dell’ossigeno nel seme è il principale fattore im pli­
cato nel rallentam ento dello sviluppo metabolico.

Successivi esperimenti in cui i semi sono stati fatti germ inare senza pellicola m a in d i­
verse concentrazioni di 0 2 (dal 3%  al 21% ), hanno ulteriorm ente dim ostrato che gli aum enti 
delle tre a ttiv ità  enzim atiche solubili (glucosio-6-P deidrogenasi, isocitrato-deidrogenasi, 
isocitrato liasi) come quelli di cinque a ttiv ità  enzim atiche mitocondriali (citocromo c ossidasi, 
fum arasi, succinico—deidrogenasi, m alato—deidrogenasi, g lutam m ato—ossalacetato transam inasi) 
sono stim olati da un aum ento di concentrazione di 0 2 .

Questi risultati portano alla conclusione che sia l’evoluzione del quadro enzimatico 
tipico della germ inazione (isocitrato liasi in particolare), sia lo sviluppo del sistema mitocon- 
driale sono sotto il controllo della concentrazione di O2. Si prospettano alcune ipotesi sui 
passaggi m etabolici che potrebbero mediare l ’effetto dell’ossigeno.

Introduction

In  m ature seeds the level of alm ost all enzymes is very low, owing to 
the inactivation of cytoplasm ic as well as m itochondrial enzymes during the 
last phase of m aturation  [2, 14, 16].

Seed germ ination is therefore constantly  characterized by a rap id  increase 
of a num ber of enzym e activities [3, 16]. Obviously, this alm ost general rise 
of catalytic activities depends on the availability  of some generally im portan t 
environm ental factors such as water, oxygen, tem perature and in several 
instances, light.

T he m ode of action of these factors and  of their in terp lay  in controlling 
the developm ent of the enzyme p a tte rn  characteristic of germ ination is still 
far from  being satisfactorily understood. A  serious difficulty in this connection 
arises from  the close interconnection between the available level of every 
one of these factors and  the capacity  of utilising the other ones. For instance,

(*) Centro di studio del C .N .R . per la  Biologia Cellulare e Molecolare delle piante -  Isti­
tuto di Scienze Botaniche dell’U niversità di Milano.

(**) Pervenuta all’Accadem ia il 12 luglio 1972.

11. — RENDICONTI 1972, Voi. LUI, fase. 1-2.



Lincei -  Rend. Se. fis. mat. e nat. -  Vol. L U I -  Ferie 1972 [2]166

w ater availability, by controlling enzyme activation and synthesis, limits 
the developm ent of oxidative m etabolism, while the lim itation of oxygen deeply 
depresses the capacity  of the seed to take up w ater from the m edium .

On the other hand, a series of external factors obviously influence the 
appearance and the physiology of internal stimula, such as substrate and 
horm one level, deeply involved in the regulation of both the overall protein 
synthesis and the control of the activity  of specific genes. The resolution of 
this in tricate netw ork of interactions requires a detailed investigation of the 
mode of action of each single factor.

In  the present study  we report some prelim inary observations on the  role 
of oxygen on the developm ent of some soluble and m itochondrial enzyme 
activities in germ inating seeds o f squash (Cucurbita maxim a).

Materials and Methods

P lant material'. Squash seeds (Cucurbita m ax im a ) were decoated and, 
when specified in the single experim ents, deprived of the inner m em brane 
after one hour of im bibition at 30° C. Then the seeds were germ inated in Petri 
dishes on wet filter paper, in the dark  at 30° C and in atm osphere containing 
21 %, 12 % or 3 % of oxygen, for the tim e indicated in the single experim ents. 
In  the experim ents where the m itochondrial enzyme activities were assayed, 
the seeds were preincubated at o° C for 22 hours on wet filter paper.

Preparation o f extracts and mitochondrial fraction fo r  the determination 
of enzyme activities', cotyledons from  five seedlings (ca. 750 mg.) were hom o­
genized in a m ortar w ith 8 ml of io ^ M  potassium  phosphate buffer (pH 7.6), 
containing To~2 M M gG k.

T he supernatan t of 27,000 Xg was used for the determ ination of enzyme 
activities. G lucose-6-P  dehydrogenase, N A D P-dependent isocitrate-dehy­
drogenase activities were m easured spectrophotom etrically fi 2, 18], isocitrate- 
lyase Activity was m easured according to the m ethod of D ixon and Kornberg, 
as described previously [15].

For the preparation  of the m itochondrial fraction the cotyledons from 
sixteen seedlings (ca. 2 g.) were gently homogenized in 22 ml o f a grinding 
m edium  containing o .56M m annitol, 62.5 mM  potassium  phosphate buffer 
(pH 7.8), 0.16 % bovine seroalbumine, 1.25 mM  EDTA. A fter centrifugation 
for 15 m inutes at 500Xg, the sedim ent was washed and discarded. T he two 
com bined supernatan ts were centrifuged at 15,000 X g, for 20 m inutes; the 
sedim ent, resuspended in 0.49 M m annitol in 10 m M  potassium  phosphate 
buffer (pH 7.2), was centrifuged at 4,000 X g, for 20 m inutes, then the m ito­
chondrial pellet, resuspended in 8 ml of the sam e m edium , was used for 
enzyme activ ity  m easurem ents.

Succinic dehydrogenase activity  was m easured by the m ethod of 
H iatt [11]. Cytochrom e oxidasè activity  was determ ined as described by 
Sm ith [21] by m easuring in 60 mM  potassium  phosphate buffer, (pH 7.2), 
the oxidation ra te  of cytochrom e s (i mg./3 ml), reduced by sodium  dithionite.
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M alatedehydrogenase activity  was determ ined by the m ethod of Ochoa [17]. 
G lutam ate-oxalacetate transam inase activ ity  was m easured as described by 
Schwartz [20]. F um arase activ ity  was determ ined according to R acker [19], 
em ploying 45 m M  Tris buffer (pH 8) instead of phosphate buffer.

Measurement o f the respiration-, oxygen uptake was m easured a t3 0 °  C 
according to the usual techniques with a W arburg m icrorespirom eter [22].

E x p e r i m e n t s  a n d  r e s u l t s

Squash seeds, deprived of the seed coat, are still closely enveloped in 
a th in  transparen t m em brane (inner m em brane) constituted by a few layers 
of different kinds of tissues (rem ains of the nucellus and the endosperm ) which 
under norm al conditions break down after one or two days of germ ination.

The m ain apparen t physiological m eaning of this structure is the protection 
of the young seed from  physical and  biological injuries; in fact the seeds p u t 
in the soil after the rem oval of the inner m em brane fail to germ inate and 
undergo rap id  rotting.

On the contrary, when the seeds are germ inated under controlled sterile 
conditions on wet paper in Petri dishes, the rem oval of the inner m em brane 
results, as shown in T able I, in a m arked speeding up of the early  germ ination 
pattern  in the cotyledons, including w ater uptake, the developm ent of respi­
ration, thé increase of the activities of the soluble glucose 6P—dehydrogenase 
and N A D P-dependent isocitrate-dehydrogenase and the appearance of the 
isocitrate-lyase which is the key enzyme of the lipid to sugar interconversion 
in fa tty  seed.

T a b l e  I.
Variations o f fresh weight, Qo2 and enzyme activities ■ in cotyledons from  squash 
seeds germinated under different conditions o f oxygen availability, for 24. hours 
_____________________  at 30° C, in the dark.

Conditions óf germination

0//o
Increase 
in fresh 
weight

Q02
(fjtl/h/seed)

Isocitrate-
lyase

Glucose 
6PD H  •

Isocitrate
DH

(I) (2) - (mpmoles/min/seed) *

Inner membrane present, 21 % O2 32.2 4O 83.5. 24,9 951 242
Inner membrane removed, 21 % O2 48 — 171 ,147 260 295
Inner membrane removed, 3 % O2 29 — 89 22,8 141 230
Inner mem brane present, 98%  O2 33-8 39 117 101 193 234

Oxygen uptake was m easured in, 21%  oxygen, (1) with inner m em brane present, 
(2) after the rem oval of the inner m em brane.

*. mp, moles substrate consum ed/m in/seed.

In  regard  to the m echanism s of this inhibitory effect of the inner m em ­
brane, the following possibilities have been considered: i) the presence of 
inhibiting substances in this tissue; O) the prevention of the loss by diffusion 
of inhibitors present in the seed; Hi) the reduction of w ater uptake, due to the 
poor perm eability  of the m em brane; iv) the reduction of the ra te  of oxygen 
diffusion to the seed.



Lincei -  Rend. Se. fis. mat. e nat. -  Vol. L U I — Ferie 1972 [4]168

Possibilities i) and it) appear unlikely in view of the observation th a t 
sim ilar rises of both respiration and enzyme activities are induced by either 
rem oving the m em brane or by cutting it around the seed and divaricating the 
cotyledons in such a way to expose their inner surface to air. T he th ird  possi­
bility is difficult to elim inate and it is quite probable th a t the m ore rapid  
hydration  following the rem oval of the m em brane plays some role in increasing 
the rise of the m etabolic activities in cotyledons (for such an effect in castor 
bean endosperm  cf. [22]).

T he fourth  possibility is supported by qualitative m easurem ents by m eans 
of an oxygen electrode, which clearly indicate a very low perm eability  of the 
m em brane to oxygen, thus confirming the sim ilar results obtained by Brown 
on the inner m em brane of a closely related species (Cucurbita pepo) [6], 
M ore ver, the experim ents in T able I indicate th a t a lim itation of oxygen 
diffusion is the m ain factor involved in the effect of the inner m em brane in 
re tard ing  the developm ent of the metabolic activity  in the cotyledons.

Fig. I .  -  Tim e course of respiration of cotyle­
dons from squash seeds germ inated for.24 hours 
at 30° C in the dark  : • —•  seeds germ inated
after the removal of the inner, membrane; 
O— O seeds germ inated with the inner mem ­
brane; X seeds germ inated with the inner 
m em brane, which was rem oved before the 
m easurem ent of the respiration.

In  fact the data  of Table I show th a t a significant speeding up of the 
capacity  of oxygen uptake and of the developm ent of enzym e activities is 
obtained when the seeds are germ inated w hithout rem oving the m em brane, 
under a condition of high O2 partia l pressure (98 % O2). It is interesting th a t 
the % increase of fresh weight (corresponding to w ater uptake) rem ained 
unchanged com pared to the controls germ inated with the m em brane and 
in 21 % oxygen. On the other hand  in the seeds germ inated under the m em ­
brane-rem oved condition, lowering O2 partia l pressure to 3 % strongly inhibited 
both enzyme developm ent, and w ater uptake. The conclusion appears the­
refore legitim ate th a t at least a large fraction of the retard ing  effect of the 
inner qiem brane on the developm ent of the enzyme activities is due to its 
capacity  to lim it the ra te  of oxygen uptake.

T he data  of fig. 1 confirm this conclusion and show th a t indeed the rem oval 
of the inner m em brane from  seeds incubated under conditions appropriate
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for germ ination (unlim ited w ater availability, tem perature of 30° C) induces 
an im m ediate rise of oxygen uptake and strongly enhances the ra te of develop­
m ent of respiration. As shown by the figure, in the seeds with the m em brane 
intact, the Qo2 after 24 hours of germ ination has little m ore than  doubled 
in respect to the initial value. T he rem oval of the m em brane at this m om ent 
induces an im m ediate increase of the respiration (ca. 120 .%)," indicating th a t 
oxygen availability  ra ther than  enzyme developm ent is lim iting oxygen uptake. 
On the other hand, in the seeds deprived of the inner m em brane since the 
beginning of the germ ination, the capacity  of taking up oxygen has developed 
at a m uch faster rate, reaching at 24th hour a value ca. 7 times higher than  the 
initial rate, ca. 4 times th an  th a t o f the seeds germ inated for the sam e tim e 
with the m em brane and tested for O2 uptake with the m em brane, and 2 times 
higher when tested w ithout the m em brane.

Fig. 2. -  Effect of oxygen concentration on the increase in fresh weight ( • — # ), on the 
developm ent of oxygen uptake (O— O) and enzyme activities [isocitrate-lyase —J^)f
isocitrate-dehydrogenase (A—A), glucose 6P-dehydrogenase (Q —□ )] in cotyledons from 
squash seeds germ inated for 24 hours at 30° C, in the dark. The values of enzyme activities 

are expressed as mpmoles substrate consum ed/m inute/seed.

In  the further experim ents the study  of the effects of 0 2 availability  on 
the developm ent of the resp iratory  activ ity  of germ inating seeds was approa­
ched by determ ining the ra te  of the increase of some soluble and some m ito­
chondrial enzym e activities during the early  phase of germ ination of Cucurbita 
maxima  seeds, pu t to germ inate after having removed the inner m em brane. 
T he oxygen concentrations tested ranged from  21 % to 3 %. The lowest 
concentration had been shown in previous experim ents to repress the Qo2
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of the seeds w ithout m em brane to a value sim ilar to th a t of the seeds germ i­
nated  with the m em brane in an atm osphere of 2 1 %  ()L>. The data  of fig. 2 
show th a t the ra te  of the developm ent of all three soluble enzyme activities 
tested (glucose 6P  dehydrogenase, N A D P-dependent isocitrate dehydrogenase 
and isocitrate lyase) is increased by the increase of 0 2 concentration in the 
atm osphere; however, the increases of glucose 6P dehydrogenase and isoci-

hou rs

Fig. 3. -  Increase of m itochondrial 
enzyme activities (mqjnoles substrate 
consum ed/m inute/seed) in cotyledons 
from squash seeds germ inated a t 30° C 
in the dark  in 3 %  (O—O) ' or 21%  
(A—-A) oxygen, after a 22 hours in­
cubation at o°C .

A : glutam ate-oxalacetate transaminase; 
B : fumarase;
C : malate dehydrogenase;
D : cytochrome oxidase;
E : succinic dehydrogenase. .
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trä te  dehydrogenase are m odest when com pared to the contem poraneous, 
very m arked increase of the ra te  of respiration, which suggests th a t these 
enzymes are not apparen tly  lim iting the latter phenom enon.

In  contrast, the effect of O2 on the increase of activity  of isocitrate lyase 
is very m arked, a finding of considerable interest in wiev of the well known 
role of, this enzyme in controlling the ra te  of the lipid to carbohydrate conver­
sion, one of the m ajor m etabolic processes characteristic of germ ination.

T he experim ents of fig. 3, showing the effects of O2 on five enzymes 
obtained from  the m itochondrial fraction, indicate a good correlation between 
the oxygen induced rise of respiration and the developm ent of m itochondrial 
activities.

In  fact, all of the five enzymes investigated (cytochrome oxidase, succinic 
dehydrogenase, m itochondrial m alate dehydrogenase, fum arase, glutam ate- 
oxalacetate transam inase), starting  from  a very low initial yalue, increase 
quite rap id ly  in the seeds germ inated in 21 % O2, while this rise is m uch lower 
in .th e  3 % O2 condition. Furtherm ore, in the seed germ inated in 3 % O2 a 
clear lag of 24 hours, during which no activity  developm ent is observed, 
is evident for all the enzyme activities, with the exception of succinic-dehy­
drogenase.

Conclusions

T he results reported above indicated tha t the inner m em brane of this 
kind of seeds strongly limits seed respiration during the early germ ination 
phase. This inhibition appears clearly dependent on the low perm eability  
of this m em brane to. the diffusion of gases: oxygen and perhaps CO2 in the 
first phase, but possibly, also other gases arising from seed m etabolism  or 
volatile substances, such as ethylene etc.. The inhibition of respiration by
oxygen shortage appears to limit strongly the evolution of the m etabolic
pattern  of germ ination as a whole (including processes such as w ater up take 
and lipid conversion to sugars) and, in particular, the developm ent of the 
resp iratory  system. A m ong the oxidative enzyme activities tested, very clear 
responses to changes of the availability  of O2 are observed for the m itochon­
drial m alate and succinic dehydrogenases and cytochrom e oxidase. The 02 
induced changes in the ra te  of increase of these enzymes are accom panied
by sim ilar changes of other non-oxidative m itochondrial enzymes such as
fum arase and glutam ate-oxalacetate transam inase. I t seems therefore th a t 
the developm ent of the m itochondrial system  as a whole is under the control 
of oxygen concentration.

In  regard to the m echanism  of the oxygen induced acceleration of m ito­
chondrial as well as other enzym e activities, the first question is how m uch 
the activ ity  increases observed depend on “ de novo ” enzyme synthesis and 
how m uch on reactivation of inactive forms already present in the m ature 
seed, as both processes have been shown to occur in germ ination [9, 1, 10]. 
However, in m ost cases, and in particu lar in the one of m itochondial enzymes 
and structures, “ de novo synthesis ” appears to p lay  a predom inant role,
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and reactivation seems very lim ited in extent, and restricted to the very early 
phase (first 24 hours) of germ ination [3-13]. M oreover, this early  enzyme 
reactivation,' insensitive to protein synthesis inhibitors and relatively insensi­
tive to tem perature, appears to depend m ainly on seed im bibition [8]. In  our 
case the  oxygen concentration dependent increases of m itochondrial enzyme 
activities have been observed in seeds previously im bibed with w ater a t o°C  
for 22 hours, so th a t m ost of the reactivation should have already occurred 
before the beginning of the treatm ent with the various O2 concentrations. 
It seems therefore legitim ate to conclude th a t the m ore rap id  increase of m ito­
chondrial activities induced by  the higher O2 concentration depends on the 
capacity  of oxygen to accelerate the synthesis of m itochondrial enzymes and 
structures.

T he problem  of the interm ediate metabolic steps m ediating this effect 
of O2 rem ains open. Several possibilities can be considered such as: t) a direct 
inductive effect; it) an effect m ediated by the state of phosphorylation of the 
high energy phosphate transfer system  (energy charge of A tkinson) [4]; 
Hi) the O2 dependent breakdow n of inhibitors; iv) the O2 dependent synthesis 
of horm onal factors. E xperim ental evidence is lacking, at present, to allow 
a discrim ination between these and other possibilities.
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