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The part of organic acids in the germination of seeds

R. W, SCHRAMM

The germination of seeds is a very complex process, so far not understood in
all its details, and which is affected by a great many physical and chemical factors.
A seed is not a typical plant organism since it is deprived of chlorophyll and con-
sequently the ability to photosynthetize, which forces it to rely entirely on the accu-
mulated storage materials in the early part of its development.

Seeds in the dormant state contain, apart from the basic storage materials,
also a certain amount of organic acids, most of them bound into salts (Sotdatien-
kow and Mazurowa 1956a) or to sugars through glucoside links (Harborn
and Korner 1963; Sotdatienkow et al. 1965). The problem of organic acid me-
tabolism in seeds is discussed in the article by Fowden and Moses in the XIIth
volume of the Encyclopaedia of Plant Physiology (Fowden and Moses 1960).

It can be assumed that if certain acids can in natural conditions participate and
play a part in the germination process then these will be acids: a) occuring univer-
sally in all seeds and b) present in the seeds from the moment ‘they have reached
their ability to germinate.

In all mature seeds only two acids occur always, namely citric acid and malic
acid. In recent years many seeds, mainly from the Leguminosae, have been found
to contain large amounts of acids which are not che products of any known meta-
bolic pathways. These acids, with their structures not yet known exactly, differ
from the aldonic and uronic acids and are empirical isomers of simple sugars, pre-
sumably arising as p.oducts of primary oxidation of the sugars (Soldatienkow
and Mazurowa 1956b). In the following parts of this paper these acids will be re-
fered to as sugar acids (although this definition contain all types of oxidised mono-
sacharides wi.h carboxylic groups). It is not unlikely that they represent a common
constituent of all seeds. Apart from those mentioned above much lower quantities
can be found, and this only in some species of plants, of aliphatic acids such as
oxalic, tartaric, aconitic (in cereals), malonic (in Leguminosae), volatile acids, with
acetic in the first place (mainly in oily seeds), lactic acid, various keto-acids and
others. Several seeds contain also large quantities of cyclic and aromatic acids such
as quinic, benzoic, cinamic, and phenolic acids as for example salicylic, caffeic,
hydroxycynnamic, chlorogenic etc.



40 R. W. Schramm

Some of these acids are products of basic and intensive metabolic processes, name-
ly: citric, malic, keto-acids — ofthe tricarboxylic acid cycle (TCAC), lactic acid — of
glycolysis (EMP). Quinic acid represents the substrate for the synthesis of several
cyclic compounds. On the other hand aromatic and phenolic acids, which are pro-
ducts of lateral metabolic pathways, play in the germination process itself the role
of distinct and common inhibitors. They occur much more frequently and in grea-
ter quantities in the fruits (fruit wall) then in the seeds themselves (Varga 1957:
Koéves and Varga 1959; Van Sumere 1960; Mayer and Poljakoff-Mayber
1963). Also oxalic acid, whose role in plant metabolism is still unclear, has proved
to be a germination inhibitor of some seeds (Gal 1938; Blagowieszczenskij
and Kologriwowa 1945; Miyamoto 1957). Tartaric acid, which is chemically
similar to malic acid and presumably is able to replace it in some reactions (G o-
métka 1959; Krampitz and Lynen 1964) is actually metabolized by plant tissues,
though rather weakly (Pantelejew and Kluszewa 1966). Small quantities of
lactic acid, keto-acids as well as the volatile acids appear to be products of changes
taking place in the seeds during dormancy. Air dry seeds demonstrate such mini-
mal metabolism that practically it has been assumed to be equal to zero, hovever
in the very difficult diffusion conditions in the seed this minimal metabolism during
the dormant state can after a period of time lead to the accumulation of small yet
analytically discernible quantities of certain compounds. On the other hand citric
acid and malic acid which are constituents of TCAC, as well as sugar acids and
occasionally in some species also other acids as aconitic, or oxalic, can be found
in mature seeds in quite large quantities in comparison with others, which could
be considered as normal metabolic products, sometimes exceeding several percent
of dry weight (Munch-Petersen 1944). These quantities are all the more striking
if we consider that cells of seeds are devoid of vacuoles in which normally
the major part of organic acids are to be found (Bennet-Clarck and
Bexon 1943).

Both citric and malic acids accumulate in large quantities in the seeds during
their growth. In immature seeds praticulacly large quantities of malic acid are to
be found ai the expense of which the content of citric acid increases during the
maturaiion of the seed (Tombesi et al. 1955; Sotdatienkow 1962, Evenari
1965). This presumable takes place as a result of some irr gularities in the functio-
ning of TCAC, which interfere with the normal oxidation of acids, possibly in the
case of citric acid in an analogous way as the accumulation caused by somez moulds
(Lewis and Weinhouse 1951; Ramakrishnan 1954; Ramakrishnan st al.
1955) or in the potato tubers (Laties 1964). The possibility that a part of the citric
acid is formed from quinic acid also cannot be excluded (Carles 1957). Also the
acids which are the products of the primary oxidation of sugars (sugar acids) are
present in the seeds already at the time the seeds arc reaching maturity (Sol-
datienkow and Mazurowa 1956a; Schramm 1961), however at present there
is not much information concerning their biosynthesis and the time of their ap-
perance in the seeds.

It can therefore be assumed that citric and malic acids and possibly also the
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sugar acids play a universal and most important role in the process of seeds
germination. This role may depend on the two basic functions:
1) supply of a direct easily u‘ilizable substrate for metabolic reactions, and
2) conditioning of the metabolic reactions taking place and directing them.

11

The studies conducted so far on the organic acids in seeds concerned the enzy-:
mes associated with their turnover rather than with the acids themselves, their
distribution and quantitative fluctua.ions (Fowden and Moses 1960). The bulk
of the organic acids in seeds is localized in the storage tissues (cotyledons, endosperm).
however their percentage concentration in the embryonal tissues can be often much
higher (Schramm et al. 1967). During the process of seed germination the content
of organic acids increases with the result that the slightly basic medium of the em-
bryo during dormancy turns acidic on germination (Pack 1921). Cumulative studies
indicate a continuing increase of the acids content in the embryonal axis and a de-
cline in the cotyledons (Meiss 1952; Schramm et al. 1967).

It is still not known where within the cell are the organic acids accumulating. It is
possible that the accumulation, at least with respect to a substancial part of ihe
acids, takes place in the mitochondria, which in the seeds are well developed (Opik
1965), similarily as is the case in animal tissues, where in the mitochondria about
709, of the citrate for the whole cell is bound (Schneider et al. 1956). Isolated
mitochondria of animal tissues are capable of a very strong and rapid accumula-
tion of citrate, and also, though less strongly, of malate in contrast to other acids
participating in TCAC. The concentration of citrate in the mitochondria of rat
liver can be 15 times as strong as in the medium (Amoore 1958; Gamble 1965).
The role of this accumulation is quite unexplained, and most likely it is not direc.ly
associated with the oxydation processes. In any case these acids while in the miio-
chondria undergo only a very slight metabolism (Plaut and Plaut 1952; Gamble
1965). The situation in the germinating seeds appears to be very much the same
(Opik 1965).

Most information is available about citric acid and slightly less about malic
acid while the studies on the turnover and role of the sugar acids are only beginning.
This is associated with the methods of quantitative determination, which for the
sugar acids are still lacking.

The relative quantitative propotions of these acids vary from one plant species
to another. Seeds of the Leguminosae, in which the content of the acids reaches
several (Taufel and Pohloudek-Fabini 1955a, Sotdatienkow and Mazurowa
1956a) and sometimes even more than a dozen percent of dry weight (Pierce and
Appleman 1943), are notable in that they contain the greatest concentration
of acids. Also the Leguminosae demonsirate a definite abundance of ci‘ric acid,
more than 10 times as much as the seeds of cereals and several times as much as
the seeds of oily plants (Munch-Petersen 1944, Sotdatienkow and Mazuro-
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wa 1954, 1956a, Taufel and Pohloudek-Fabini 1955a). Gobis (1951) believes
that the high content of citric acid is associated with the synthesis of proteins in the
secds. On the other hand the content of malic acid dees not vary so much between
the species (see Table 1).

Table 1

Content of citric and malic acid in mature seeds of various plant species in mg/100 g of dry weight.
(Data taken from Soldatienkow and Mazurowa 1954; Tiufel and Pohloudek-Fabini
1955a; Schramm et al. 1967).

Seed | Species ,1 Citric acid | Malic acid
i Barley 70 —
Starchy | Oats 62
(cereals) Rye 69 -
Wheat 12—78 14—59
Rape 198 -
Oily Sunflower 66—160 _ 180
(oleaginous) ! Flax 90—207 40
| Hemp 90 60
Horsebean 408—659 | 47—132
Protein Pea 290—803 67
{Leguminosac) . Bean 1220 | 270

Within the seed itself the distribution of acids is also not uniform. It is generally
assumed that citric acid accumulates primarily in the embryo (Carles 1960), how-
ever this is not always the case. In cereals the embryo contain several times higher
concentration of citric acid than the endosperm in relation to the dry weight (Tiufel
and Krusen 1952). Conversely in horsebean the content of citric acid in dry seeds
is in embryo almost half as large as in the cotyledons, while the content of malic
acid is twice as high (Schramm et al. 1967).

Citric acid can be found throughout the living world in all tissues in which inten-
sive biochemical and physiological processes take place (Tdufel and Behnke
1956, Srere 1965). As regards its role in the seeds, some investigators have suggested
that it could in certain conditions perform the function of a reserve substance that
is used when the plant reaches a level of trophic deficit, for example during etio-
lation (Dupéron 1958a), however most of the observations seem to contradict
this.

In germinating seeds the level of citric acid undergoes a clear alteration, however
in this respect the results of various investigators are contradictory. For example
in the Laguminosae some observe a drop in the level of citric acid (Gobis 1951;
Téaufel and Pohloudek-Fabini 1954, 1955a; Czesnokow et al. 1955; Sol-
datienkow and Mazurowa 1956a; Dupéron 1958a), while others observe its
increase (Munch-Petersen 1944; Buruiana et al. 1959; Schramm 1961). A
detailed analysis of the various parts of the seed and of the young seedling
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indicate that the total amount of the citric acid in the seed and seedling de-
creases progressively during the 15 days of germination in light to a level equal
to 1/3 of the original content. In darkness there is also a drop in its level howe-
ver it is much less regular and much smaller. This los is caused entirely as
a result of the lowering of citric acid in the cotyledons (Schramm et al. 1967).
In the embryo only in the first day of germination there is a drop in the level of citric
acid to about a half of a original value. During the further course of develop-
ment of the seedling the content of citric acid in the root returns to the original
value in the embryo and is mainatined at this level without further changes. On
the other hand in the epicotyl it increas.s very substancially uncil the shoot breaks
away after which it drops again when the leaves start co appear (Alquier-Bouffard
and Carles 1963), stabilizing at a level several times higher than that which was
originally in the embiyo (Schramm et al, 1967).

Comparison with the dry weight of the cotyledons demonstrates that the drop
in the level of citric acid is more or less proportional to the lowering of the mass
of the whole organ. In horsebean germinating in light the content of citric
acid in the cotyledons decreases very slowly and regularly from about 4 mg/g of
dry weight during the first 5 days to about a half of hat value in the 15th day,
which is still a high concentration (above 2 mg/g of dry weight). In darkness there
are almost no changes in the content of citric acid in the cotyledons and towards
the end of germination (I15th day) there is an increase in its content (Schramm
et al. 1967). Only after complete utilization of the storage compounds in the coty-
ledons does a clear drop in the content of citric acid begin (Buschbeck 1964).

These data seem to indicate that a direct utilization of citric acid may take place
only in the first day of germination when there is a strong drop in its content
both in the cotyledons and in the embryo. On the other hand the further lowering
of the citric acid content in the cotyledons, which is at all times proportional to the
decrease in the mass of the whole organ, appears not to play any direct and signifi-
cant role in the process of germination (Buschbeck 1964; Schramm et al
1967).

In the seeds as well as in all other plant tissues rich in organic acids, the majority
of acids appear to be spatialy separeted from the sites of respiratory processes and
only a small part of them can enter the metabolic pool (Vickery and Zelitch
1960; Laties 1961; Mc Lennan et al. 1963). This appears possible even in the
case of accumulation of the acids in the mitochondria (Gamble 1965). It cannot
be excluded however that certain quantities of citric acid are utilized in germinating
seeds for the extramitochondrial synthesis of fatty acids essential for th: forma-
tion of the lipid layer on the plasmatic membranes in the intensively forming new
cells and mitochondria (Hackett 1963), analogous to the same proces. taking place
in the animal tissues (Formica 1962; Kallen and Lowenstein 1962;
Srere and Bhaduri 1962; Spencer and Lowenstein 1962; Spencer et al. 1964;
Bhaduri and Srere 1963; Kornacker and Lowenstein 1965) particularily
in the first period of seed germination when the decline in citrate level cannot be
explained in terms of oxidation in TCAC (Schramm et al. 1967).
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The situation with malic acid is somewhat different. This acid is present in the
Leguminosae in higher concentiations in the embryo than in the cotyledons
(Schramm et al. 1967). Overall studies indicate a general increase in the level of
malic acid in germinating seeds (Czesnokow et al. 1955; Soldatienkow and
Mazurowa 1956a). More detailed observations indicate that this process is limited
to the embryo only. In the developing axis of the seedling the amount of malic
acid increases very rapidly, both in the shoot and in the root. The level reaches
a stable value, several times higher than that of citric acid, when the seedling de-
velops new green organs. On the other hand the amount of malic acid in the
cotyledons after an initial increase in the first few days of germination, stronger in
darkness than in light, declines in the 15th day similarily as citric acid, to 1/3 of
its original value. However, converting these results to a per dry weight basis, the
concentration of malic acid in the cotyledons does not undergo any changes
(Schramm et al. 1967).

Malic acid is generally much more reactive than citric acid. It is the first to appear
in plants (Sotdatienkow 1962), it is most readily oxidised (Poljakoff-Mayber
and Evenari 1958), it undergoes changes under the influence of light (Vickery
1956; Poljakoff-Mayber and Evenari 1958; Truelove 1962), it turns relati-
vely easily into the acids other than those of TCAC (Spencer and Lowen-
stein 1962; Truelove 1962), and it forms the basic carbon skeleton for a whole
series of organic compounds synthetized in the plant (Kursanow 1954, 1957a, b).
Both malic and citric acid are associated in the plant with the metabolism of the
two most important cations namely calcium and potassium (Rasmussen and
Smith 1961; Palmer et al. 1963) and they can form particularily with the potas-
sium ion a buffer system (Wilkinson 1958; Richmond et al. 1964).

It is known that in green tissues of plants citric acid and malic acid are in
a staie of certain equilibrium, which is primarily regulated by light. In light citric
acid is converted to malic and in darkness the opposite is true, that is malic acid is
converted to citric. This latter process takes place much more easily and quickly
(Czesnokow et al. 1955, 1960; Vickery 1959; Sotdatienkow 1962; Truelove
1962). The conversion of malic acid to citric is possible in plants along two pathways.
In TCAC oxaloacetic acid is condensed with an active acetylate fragment and with
a water molecule which is catalysed by the ,,condensing enzyme” (citrate syntethase)
(Hiatt 1962). Malic acid can also be condensed with glycolic aldehyde arising from
hexoses (Sotdatienkow 1962). The turnover of citric and malic acids is associated
with the influence of light on the enzymes directing them. In particular the enzymes
directly associated with the turnover of malic acid are sensitive to light (Vicke-
ry 1956).

At the moment the sufficient number of studies is lacking in order to be
able to conclude how these processes operate in the seeds, it is however known
that light plays a very important tole in the germination process (Borthwick et
al. 1954; Tkuma and Thimann 1960, 1963; Mayer and Poljakoff-Mayber
1963; Rollin 1964).

The ratio of malic and citric acid content changes during the germination process
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very strongly. It is low in oily and protein seeds during dormancy and high in the
starchy seeds. During germination it grows very strongly in the oil and protein
seeds and declines in the starchy seeds (Radecke 1965). A detailed analysis conduc-
ted on the seeds of horsebean indicates that large changes take place primarily in
the root and in the shoot, and are associated very clearly with appearance of
green organs and the onset of the photosynthetic process (Schramm et al. 1967).
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Fig. 1. Ratio malic: citric acid in the germinating seeds and young seedlings of horsebean (Vicia
faba L. minor) both in the darkness and in light. (Culture on distilled water).
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On the other hand in the cotyledons greater fluctuations take place only in
early period and in the darkness towards the end of their functioning (Fig. 1).

Changes taking place in the content of citric and malic acids are also dependent
on temperature. An increase in temperature favours the decomposition of citric
acid while a lowering of temperature leads to utilization of malic acid and to accu-
mulation of citric one (Schramm 1961; Buschbeck 1964).

At the moment we do not know very much about the changes taking place in
sugar acids during germination, which is the result of generally inadequate number
of studies on these compounds, and in particular a lack of a satisfactory method
of their quantitative determination. Pathways of their metabolism are directly asso-
ciated with the carbohydrate turnover and particular with the pentosphospahte path-
way (Sotdatienkow and Wajnsztein 1966), and with the di- and tricarboxylic
acids (Sotdatienkow and Bykow 1964). In ceriain conditions the acids can be
utilized by the plants as a substrate of metabolic processes (Schramm 1961; Sol-
datienkow and Bykow 1964). Large quantities of these acids can be found parti-
cularily in the seeds of the Leguminosae, where they can constitute more than
509, of the total content of organic acids (Schramm 1961). Almost the same con-
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centration, and in absolute values much more of these acids can be found in the lea-
ves (Sotdatienkow and Mazurowa 1956a). In the axis of a seedling (shoot and
root) big changes in their content take place, similarily as in the case of citric and
malic acids, with a tendency to stabilize at a high level on the appearance of the
leaves. In the cotyledons the content of these acids remain more or less at the same
level until the shoot breaks away, after which they increase several times over when
the leaves appear, however they never approach half the content in green organs
and in the roots (Schramm 1961). These acids appear to represent a transitory
product with an unknown but reversible turnover that does not pass through glyco-
lysis or TCAC, between the carbohydrates and malic acid (Bielozjerowa and
Sotdatienkow 1963).

On the basis of the data presented it can be assumed that organic acids present
in the seeds play an important role from the very beginning of metabolism in the
embryo and the seedling axis, but do not participate or participate only to a slight
degree in the metabolism of the cotyledons which during germination play a signi-
ficant and very active role, difficult to replace especxa]ly in Leguminosae (Czos-
nowski and Michejda 1964).

It can be supposed however that the presence of relatively large and constant
concentrations of acids in the cotyledons can play during germination a regulatory
role with respect to the metabolic processes taking place.

11

Shortly after the commencement of imbibition, after a short period of mechanical
water uptake (Czosnowski 1962), there begin in the seed and rapidly reach a great
intensity various metabolic processes associated both with the liberation of energy
and with the formation of initial products essential for the necessary syntheses,
particularily of proteins, that is in the first place a hydrolysis of macromolecular
storage compounds, then glycolysis, the pentosephosphate pathway, the tricar-
boxylic acid cycle (TCAC), the glyoxylic acid cycle (GAC), and the £ -oxidation of
the fatty acids. At the same time there is a rapid increase in the number of mitochon-
dria (Hackett 1963) which occur in a fully developed form already in the mature
seeds (Opik 1965).

Unfortunately we know very liitle so far about the activity of various processes
in germinating seeds and about their mutual interdependence, as well as about the
localization and activity of these processes in various parts of the seed. The respi-
ratory mechanism of the various parts of the seed is not the same (Stiles
1960). As a result of the large mass of storage tissues (cotyledons, endosperm)
in proportion to the embryo the cumulative picture of the respiratory metabolism
of the whole germinating seed is dominated by the metabolism of the cotyledons
in the first place (Stalfelt 1926). However, the detailed studies of several authors
conducted primarily on the seeds of cereals indicate that as a proportion of the
mass of an organ the respiration of an embryo is several dozen times higher
than of the endosperm (Stiles 1960). The situation is similar in the Leguminosae.
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Relatively speaking the best known respiratory function is the glycolysis (EMP),
the activity of which in germinating seeds is beyond discussion (Stumpf 1952,
1960; Hatch and Turner 1958; Millerd 1960; Beevers 1961; Mayer and
Mapson 1962). TCAC is generally accepted as the main pathway of metabolism
in germinating seeds (Turner and Quartley 1956; Truelove 1962), however
the conditions prevailing in the seeds do not favour aerobic reactions. Paralell
with TCAC oxidative phosphorylation takes place (Conn and Young 1957;
Laties 1957; Switzer and Smith 1957). More delailed studies indicate that of the
carbohydrates metabolized in the germinating seeds at the most 509, are oxidized
through TCAC (Beevers and Gibbs 1954; Gibbs and Beevers 1955; Mapson
and Moustafa 1956; Pritchard 1961; Vifiuela et al. 1964) and the activation
of TCAC does not take place until after a certain time (Evenari 1965) necessary
for the swelling and attainement of full activity by mitochondria. Citric acid is
particularily difficul’ to oxidize (Poljakoff-Mayber and Evenari 1958). Oota
and collaborators (1954, 1956) were unable to find the isocitrate dehydrogenase
in the cotyledons of germinating Vigna sesquipedalis seeds, however they did
find 1the malic and «-ketoglutaric dehydrogenases. On the contrary, the isociiric
dehydrogenase was active in the radicule, the hypocotyl and in particular in the
plumule. From these r:sults the authors have concluded that there is a lack of TCAC
activity in the cotyledons and point out the very great differences in the oxidation
mechanism between the cotyledons and the embryonal axis. The glyoxylic acid
cycle (GAC) is not observable in ths germinating seeds of cereals and the Le-
guminosae (Carpenter and Beevers 1959), however it is a normal metabolic
pathway in oily seeds together with the B-oxidation of fatty acids (Carpenter
and Beevers 1959; Zelitch 1964). Data on the pentosephosphate pathway in the
seeds are very scanty (Mayer and Poljakoff-Mayber 1963). This pathway plays
a generally significant role in plants as a supplier of large quantities of reduced
NADP (NADPH,) for the reducing syntheses (Axelrod and Beevers 1956;
Lowenstein 1961; Hackett 1963) however it does not supply energy directly,
since its enzymatic system is not associated with the mitochondria (Forti et al.
1959), and the reoxydation of NADPH, generally runs through the system of ascor-
bic acid oxidasz and the phenolic oxidases (Lowenstein 1961; Hackett 1963).
In germinating seeds it can be active besides EMP both in the embryo (Gibbs
1959) and in the cotyledons (Wray and Brown 1966).

The internal control of the respiratory mechanism in plant tissues is achieved
through an interaction of several factors directly or indirectly associated with the
concentration of oxygen (Pasteur effect, ratio ADP : ATP, ratio NAD : NADH;;
Turner 1960; Beevers 1961; Hackett 1963). The action of all these factors
reflects itself primarily on the glycolytic process (EMP).

It is reasonable to suppose, that in the conditions of poor oxygen supply and
necessity to activate the most efficient energy systems, which exist in germina-
ting seeds, the plant organism will employ supplementary regulatory factors which
will tend to divert .he respiratory mechanisms towards the most efficient pathway.
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It is not unlikely that one of such factors is the activity of the non metabolic
pool of organic acids in the seeds.

Y

It seems to be beyond doubt that the germination ability of seeds of a whole
series of plant species is associated with the presence in them of a certain amount
of citric acid (Taufel and Pohloudek-Fabini 1954, 1955b; Tiufel und Behnke
1956; Pyriki and Kunstmann 1956; Sabala 1962). In coniferous trees it has
been found that soaking of seeds for 4 days in a 0.01 % solution of citric acid distinc-
tly increases their germination ability in comparison with seeds soaked in pure
water (Cotrufo 1962, 1963). However this phenomenon is not a rule for all sceds,
since the same treatement in relation to other species may not have any effect or it
may even have an inhibitive effect (Gal 1938; Evenari 1949). Moreover, it has
not been established yet to what extent the inhibitive activity of organic acids on
the germination of seeds is causcd by the specific activity of the anion and to what
by the increase in the hydrogen ion concentracion (decrease in pH (Evenari 1949).
The synergistic effect of pH on the activity of many promoters as well as inhibitors
on the course of germination is very clear. For example almost all the TCAC acids
were found to be promoters of germination of the seeds of tobacco at a pH of about
4,8, acting together with gibberellins. On the other hand over a wide range of pH
values only malic acid proved to be a strong activator and for a somewhat narro-
wer range also tartaric acid (Takahashi et al. 1962).

The great requirement for energy in a germinating seed should theoietically from
the very first moment lead to the activation of the most efficient mechanisms, that
is the TCAC coupled with the oxidative phosphorylation, this however is asso-
ciated with a large demand for oxygen. Before the rupturing of the seed coat by the
swelling seed there exist inside conditions of complete or at least very strong anae-
robiosis (Frietinger 1927), while at the same time there is a gradual increase in CO,
release (Stiles and Leach 1932) which cane originate either from alcoholic fer-
mentation or from the oxidation of sugars through the pentosephosphate pathway.
Only after the seed coat is rupiured there is a rapid increase in the respiration inten-
sivy as a result of a major change in the method of supplying the seed with oxygen
{Stalfelt 1926; Stiles and Leach 1932; James and James 1940). Under pro-
longed conditions of complete anaerobiosis, for example when the oxygen supply
is replaced by nitrogen, germination does not take place at all (Ikuma and Thi-
mann 1964), however for a certain period of time the process of glycolysis
can proceed though at a low intensity (Wager 1961). Under normal
conditions of germination with oxygen supply, the compact structure of the
cotyledons and endosperm presents considerable difficulties in the rapid diffusion
of oxygen to sites of anabolism of the storage substances, which predisposes
the anaerobic path of respiration — glycolysis to a more privilaged activity, the
result of which is the accumulation of lactic acid and ethanol in the germina-
ting seeds (Stoklasa 1926; Schneider 1941; Phillips 1947; Barker and el Saifi
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1952; Wager 1961; Simonet al. 1963; Cossins 1964). This activity can be further
intensified by the simultaneous appearance of glyoxylic acid in the germinating
seeds which arises either from fatty acids throuhg GAC (Carpenter and Beevers
1959; Cotrufo 1962) or as a result of nitrogen metabolism (turnover of ureides
and some amino acids; (Krupka and Towers 1958a, b; Fowden and Moses
1960) or finally from green tissues (also from greening cotyledons) under the in-
fluence of light and activity of the glyoxylic acid oxidase (Kuczmak and Tolbert
1962). This acid joins with oxalacetic acid produced either by the TCAC or through
direct carboxylation of pyruvic acid under the influence of pyruvic acid carboxy-
lase (Tchen and Vennesland 1955; Tchen et al. 1955) or from the process of
citrate decomposition in the reaction of ATP with C,A (ATP citrate lyase;
Srere and Lipmann 1953; Srere 1959). The joint product of these two
acids is the +y-hydroxy-z-ketoglutaric acid (Payes and Laties 1963), which
inhibits TCAC checking the oxydation of the citrate (Ruffo et al. 1962). A very
similar acid, v-methylene-x-ketoglutaric acid has been found in considerable quan-
tities by Fowden and Webb in the germinating seeds of Arachis hypogaea (Fowden
and Webb 1955; Webb and Fowden 1955) however it appeass that its synfhesis
is along a different path. Also this acid can presumably play the role of TCAC
inhibition at the stage of oxidative decarboxylation of the «-ketoglutaric acid, in
the same way as another acid, very close to both the ketoacids refered to abo-
ve, y-methyl-y-hydroxy-z-ketoglutaric acid, has been found to inhibit. This latter
acid has also been isolated from plants (Montgomery and Webb 1954).

Under these conditions there appears to be a need in the seeds, besides the regula-
tory system of the respiration process occuring normally in plant tissues, of an addi-
tional factor stimulating TCAC and the oxidative phosphorylation. This role could
be played by the citric and malic acids, which are the only natural components of
TCAC that are at the same time its strong stimulators. One can well imagine that
these acids, even from the pool not being metabolized, exert a certain pressure
on TCAC not permitting a decline in its activity under unfavourable conditions.
Such pressure, causing an intensification of TCAC activity, should lead to a stimu-
lation of the active oxygen absorption which in turn is associated with the increase
of citric acid content in the metabolic pool (Barker 1963).

Citrate acts on a whole series of enzymes involved in turnover of sugars with a
general tendency for the stimulation of of the aerobic phase of the oxidation-reduc-
tion processes and an inhibition of the anaerobic one. In particular the citrate at
physiological concentrations (2 10-4M) strongly inhibits phosphofructokinase
(Garlandet al. 1963; Parmeggiani and Bowman 1963; Passonneauand Low-
ry 1963; Sanval et al. 1963). In TCAC the citrate removes the inhibition of aconi-
tase caused for example by fluoroacetate (Williamson et al. 1964). It specifically
activates the isocitrate dehydrogenase (Sanval et al. 1963) whereby inhibition
results of the citrate lyase, which catalyses the formation of glyoxylic acid. Finally
it also strongly activates fumarase (Massey 1953). The intensificaiion of TCAC
leads to an increase in ATP synthesis, which in its turn inhibits glycolysis both
indirectly through a reduction of ADP essential for the conversion of fructose-1.6-
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-diphosphate into pyruvic acid, and actively acting as an inhibitor of the pho-
sphofructokinase (Lowry and Passonneau 1964a, b) and the glyceraldehydophos-
phate dehydrogenase (Mossberg et al. 1964). Action on the phosphofructokinase
is however not universal since for example in the parsley phosphofructokinase
is not inhibited by ATP but by ADP, and yeasts contain two phosphofructokinases,
one sensitive to ATP inhibition and other not. Both these forms can under certain
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Fig. 2. Changes in the content of malic and citric acids in the cotyledons of germinating seeds and
young seedlings of horsebean (Vicia faba L. minor) both in the darkness and in light. (Culture on
distilled water).

1 0---o0 citric acid; 2 ® ---® malic acid

conditions convert from one to the other (Vifiuela et al. 1964). Citrate in somewhat
higher concentrations (10-2 M) can also act in the synthesis of fatty acids not only
as a direct substrate used in the reaction but also as an activator of the reaciion
stimulating the activity of the acetyl-CoA-carboxylase and the formation of the
malonyl-CoA (Martin and Vagelos 1962).

Malate acts similarily by the stimulation of the oxidative decarboxylation of
pyruvic acid, the formation of the acetyl-CoA and the synthesis of \itric acid
(Stanley and Conn 1957) as a result of which it becomes a direct activator of TCAC
and of the oxidative phoshorylation, playing a direct role in the ATP economy
and the regulation of oxidative processes: oxydation of carbohydrates through
slycolysis and B-oxidation of fatty acids (Hird et al. 1966). Malate, as a result of
the ease with which it passes through the mitochondrial membrane and the activity
of the malate dehydrogenase, also plays an important role as an intracellular re-
gulator of the intra and extramitochondrial Jevel of the reduced nicotinamide
nucleotide (NADH,; Krebs 1966) and interacts with the pentosephosphate path-
way in the production and metabolism of the reduced nucleotides essential for
the reductive syntheses taking place in germinating seeds.

It cannot be excluded as a possibility that the role of citric acid and possibly
also of malic acid, in germinating seeds, depends, individually for each species, on
the regulation of anaerobic and aerobic phases of seed respiration. In the seeds of
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horsebean the content of both these acids in the cotyledons in relation to dry weight
changes very slightly and this primarily in the period preceeding the breaking away
of the shoot. In seeds germinating in the light the content of both the acids in the
developing axes of seedlings increases strongly until the appearance of the leaves,
after which the amount of citric acid drops (Schramm et al. 1967). In the co-
tyledons there is a slow but regular decline in the level of citric acid in relation to
the dry weight starting already from the third day, while the level of malic acid
becomes stable. In seeds germinating in the darkness citric acid reaches in the coty-
ledons a higher level, its later drop is of short duration and becomes stopped quickly
and towards the end of germination there is a clear increase again (Fig. 2). This
permits the conclusion that the role played by citric in the germinating seeds,
which presumably depends on the regulation of the oxidation-reduction metabolic
processes, becomes replaced in the light by the process and products of photosyn-
thesis (Schramm et al. 1967). The situation is not altered by the fact that chloro-
phyll is formed in the light by the seedling. In the axial organs the process of pho-
tosynthesis is strongly connected with a change in the content of organic acids
(Alquier-Bouffard and Carles 1963; Schramm et al. 1967), on the other hand
this process does not take place in the greening hypogeal cotyledons, which would
appear to indicate that a full, normal photosynthesizing ability and turnover in the
organic acids is associated not only with the presence of chlorophyll but also with
the morphological structure of the leaf (Soldatienkow and Iwanowa 1955;
Schramm et al. 1967). '

SUMMARY

In the process of seed germination an active role is played by organic acids which occur uni-
versally in all seeds from the moment that germination ability is reached. They are citric acid,
malic acid and possibly also the little known acids which are products of the primary oxidation
of simple sugars (sugar acids). Amounts of these acids, particularily of citric acid, is different in
seeds of various species. Citric and malic acids presumably play a direct role in the metabolism
of the embryo and the seedling axis but not in the metabolism of the cotyledons where they are
present in relatively high concentrations. It is on the other hand assumed that in the cotyledons
these acids, particulary citric acid, act as regulators of the oxidation-reduction processes through
the stimulation of the aerobic phase of respiration and the oxidative phosporylation. It is pre-
sumably this activity that makes citric acid essential for the germination process as has been ob-
served by many investigators. As soon as a seedling starts to assimilate the photosyntetic process
takes over the regulatory role played in the germination seeds by citric acid.
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Rola kwaséw organicznych w kielkowaniu nasion

Streszczenie

W procesie kietkowania nasion aktywna role odgrywaja kwasy organiczne wystepujace pow-
szechnie we wszystkich nasionach i znajdujace si¢ w nich od momentu osiagniecia zdolnosci kietko-
wania: kwas cytrynowy, kwas jablkowy i — by¢é moze — niezbadane blizej kwasy, bedace produkta-
mi pierwotnego utleniania cukrow prostych (kwasy cukrowe). 1lo$¢ tych kwasow, szczegdlnie kwasu
cytrynowego, jest bardzo rézna w nasionach roznych gatunkéow. Kwas cytrynowy i jablkowy od-
grywaja prawdopodobnie bezposrednia rolg w metabolizmie zarodka i osi siewki, natomiast nie
uczestnicza aktywnie w metabolizmie liscieni, gdzie wystepuja w stosunkowo duzych iloSciach.
Przyjmuje si¢ natomiast, ze w liscieniach kwasy te, szczegolnie cytrvnowy, dzialaja jako regulatory
procesow oksydoredukcyjnych, stymulujac faze tlenowa oddychania i fosforylacje oksydacyjna.
Prawdopodobnie na tej dziatalnoéci polega obserwowana przez wielu badaczy niezbgdnos¢ kwasu
cytrynowego do procesu kielkowania nasion. Z chwila uruchomienia przez siewke procesu foto-
syntezy przejmuje on rolg petniona pierwotnie w kietkujacych nasionach przez kwas cytrynowy.
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