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ABSTRACT

During germination the chestnut (Castanea sativa L.) var ecotype 33
accumulates a large amount of asparagine in the cotyledons. This com-
pound also accumulates in the growing axis:shoots and roots. In the
cotyledons, y-aminobutyrate (GABA) represents a major amino com-
pound during germination and early seedling growth. In young seedlings,
35 days old, arginine predominates over the other soluble amino acids,
particularly in roots. Five enzymic activities involved in arginine and
GABA have been measured in the storage organ of the seed: arginase
and ornithine carbamyltransferase decrease during germination indicating
the slowing down of the urea cycle. In contrast, ornithine aminotrans-
ferase increases. Glutamate decarboxylase is particularly active about 21
days after imbibition and GABA aminotransferase activity decreases
during germination. These two activities are in good agreement with the
likely transport of GABA from cotyledons to growing axis. Asparagine,
arginine, and GABA are the three amino compounds obviously involved
in the mobilization of nitrogen reserves in the germinating chestnut seeds
Castanea sativa.

The significance of a high level of GABA' in chestnut seeds
(Castanea sativa L.) (10) is not yet understood. Several reports
of its accumulation, under stress, in higher plants have been
made (5, 24, 26). It was proposed as a temporary storage product
(5, 21).
Much work has been published on transport and metabolism

of nitrogen compounds in germinating seeds (15-18). The coty-
ledon can be regarded as a reserve organ which is utilized during
germination to support the growth of the axis tissue. Seed ger-
mination is accompanied by marked changes in the reserve
constituents: the free amino acids and those released by the
breakdown of reserve proteins may be used as an energy source
or are transported to the growing axis where they are metabolized
or accumulate (16).
The present paper reports on changes in free amino acids pool

in the cotyledons and the growing axis of germinating chestnut
at three stages of development. Enzymic activities implied in the
metabolism of arginine, ornithine, and GABA are studied as a
start toward the elucidation of their role in the regulation of
nitrogen nutrition.

' Abbreviations: GABA: y-aminobutyric acid; OAT: ornithine amino
transferase; a keto glu: a-ketoglutaric acid; OCT: ornithine carbamyl
transferase; Cit: citrulline.

MATERIALS AND METHODS

Plant Materials. Chestnut seeds (Castanea sativa ecotype 33)
were collected in October 1983 and preserved at +4°C (Station
de Recherche d'arboriculture fruitiere 'La Grande Ferrade' 33140
Pont de la Maye. Institut National de la Recherche Agrono-
mique). They were sown in moist perlite at +20C. Variability
in seed germination and seedling growth was large, therefore the
age of seedling was defined in terms of apparent developmental
stages of growth corresponding approximately to age after imbi-
bition: stage 1 (10 chestnuts): 7 d after imbibition, embryo (root)
out of the seed 1 cm; stage 2 (10 chestnuts): about 21 d after
imbibition, seedling 10 to 15 cm, shoots and roots well spread:
shoot with 2 leaflets; stage 3 (10 chestnuts): about 35 d after
imbibition, seedlings 20 to 22 cm, shoot with 2 leaves spread
and 4 leaflets.

Seed coats were discarded, plant parts divided as cotyledons,
roots, shoots, and then preserved by freezing (-20°C) before use.

Free Amino Acids, Amides (Asn, Gln) Extraction and Deter-
mination. Extraction was performed by crushing plant material
twice in 10 mM HCI in the ratio 20% w/v. Amino acids deter-
mination was performed as described previously (9). Total amino
acids content was expressed as ,umol/g fresh tissue. Data are the
results of duplicate analysis. Amino acids composition was ex-
pressed as molar percentage of total. Because of its interference
in the ninhydrin reaction, ammonia was determined as NH4Cl
but exact determination of ammonia was not estimated since it
may originate from hydrolysis of glutamine or asparagine which
occurs during the analytical procedure.
Enzyme Assays. All enzymes activities were assayed at 30C.

The unit of enzymic activity is the nanokatal: degradation of 1
nanomol of substrate/s.g of plant tissue under the stated assay
conditions. Each enzymic activity was measured by change of
amino acids concentration after 1 h activity: for each measure 2
mixtures were prepared: one inactivated by TCA before addition
of plant extract, the other after 1 h reaction with enzyme (plant
extract).

Plant extraction was performed by crushing an aliquot ofplant
tissue from 10 chestnut cotyledons (5-10 g) in 100 mM Hepes
buffer (25% w/v) adjusted to optimal pH ofeach enzyme activity.

Substrates were solubilized in 100mM Hepes buffer; pH values
were adjusted according to optimal pH of each enzymic reaction
with NaOH or HCI. For 1 ml substrate, concentrations were as
follows:

Arginase: (EC 3.5.3.1.) pH = 9.4; Arg: 20 ,umol, MnCl2 1
jAmol.
OAT: (EC 2.6.1.13) pH = 8; Orn 20 ,mol, a-ketoglutarate: 10

Amol, pyridoxal-P: 0.1,umol.
OCT: (EC 2.1.3.3.) pH = 7.14; Orn: 20 /Amol, carbamyl-P: 10
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Table I. Free Amino Acids
Total amino acid determination was performed by ninhydrin colored

reaction on duplicate analysis.
Free Amino Acids Expressed as

Stage Norleucine
Cotyledons Embryo

Amollg ofplant
1 56.9 26.6

Shoot Root

2 50 36.8 26
3 36.2 53.8 56.1

,umol.
Glutamate decarboxylase: (EC 4.1.1.15) pH =5; Glu: 20 gmol,

pyridoxal-P: 0.1 ,umol.
GABA aminotransferase: (EC 2.6.1.19) pH = 8.2; GABA: 20

gmol, keto glutarate: 10 ,umol, pyridoxal-P: 0.1 mol.
Final reaction mixtures were: substrate: 1 ml; plant extract: 1

ml; TCA (20% w/v): 1 ml (added after 1 h reaction).
Amino acids determination was performed with an animo acid

analyzer (Technicon NC 2P).
Arginase activity was calculated from the quantity of formed

ornithine. OCT activity was measured by the quantity of formed
citrulline. Glutamate decarboxylase activity was measured by the
increase in GABA. To avoid possible interference with other
transaminases, OAT was measured by decrease in ornithine
concentration and GABA aminotransferase by decrease in
GABA concentration.

RESULTS AND DISCUSSION

Free Amino Nitrogen. In germinating chestnut cotyledons
(Table I) the pool of free amino nitrogen decreases from stage
one to stage three. In the growing axis it varies in the reverse
order: in roots and shoots it is highest in the third stage. Since
these chestnuts were germinated without an exogenous source of
nitrogen, the seed reserve proteins and free amino acids were the
only source of nitrogen for the growing axis: the changes in the
free nitrogen distribution show the gain by the axis reflecting the
loss by the cotyledons.

Asparagine, Arginine, and GABA. Table II shows the high
accumulation of asparagine from stage one to stage three in the
cotyledons: 4, 24, then 30% of the total. It has been suggested
(4) that amino acids in early stage of germination rapidly provide
2-keto acids with a release of ammonia accompanied by a
biosynthesis of high nitrogen compounds particularly amides,
stored and transported to growing axis. In the young chestnut
seedling a preponderant part is also reserved to asparagine: 30,
32, 30% in roots and a higher level in shoots 46% in stage two,
44% in stage three. The data on asparagine imply a major role
as storage and transport compound in chestnut as in pea plant
(12) and soybean seed (19).

These results show that asparagine is a key element in the
chestnut seed metabolism both during germination and matu-
ration (9) as reported for lupin (1) and for cotton seed (1 1).
An important role of arginine in the metabolism of the seedling

has been claimed (2). The level of arginine is high in chestnut
cotyledons in stage one: 10%. It decreases gradually to stage three
in the cotyledon whereas it increases in the growing tissues to
reach 24% in shoots and 35% in roots in stage three. This
compound may be metabolized with release of ammonia in early
stage of germination by arginase (25) and urease (unpublished
results) present in chestnuts cotyledons. During seed germination

Table II. Stages ofGermination Are Defined in Terms ofApparent Development ofGrowth Corresponding
Approximately to Age after Imbibition 7, 21, 35 Days after Imbibition

Amino acids are determined with Technicon NC 2P as described previously (9). Ammonia includes that
from hydrolysis of amides during the analytical procedure. It is expressed as NH4CI because of its interference
in the ninhydrin colored reaction which is used to determine total amino acids.

Stage I Stage 2 Stage 3

Cotyledons Embryo Cotyledons Shoot Root Cotyledons Shoot Root

Cysteic acid 0.6 0.25 0.08 0.36 0.44 0.13 0.38 0.3
ASP 3.38 4.33 3.27 2.84 3.26 3.25 4.58 2.9
THR 0.76 0.6 2.3 0.72 0.79 2.43 1.7 0.84
SER 2.33 1.76 4.83 2.59 1.32 6.25 1.85 0.88
ASN 4.17 30.4 24.1 46.5 32 30.1 44.4 30
GLU 11.6 3.8 0.91 3.2 2 2.84 3 2.39
GLN 2.95 1.14 1.21 1.21 1.55 0.49 0.39 0.74
GLY 1.9 0.43 1.79 0.48 0.32 1.81 0.28 0.44
ALA 8.4 1.6 6.37 1.98 1.35 6.18 1.15 0.91
VAL 4.29 0.54 3.04 0.47 0.72 2.26 0.37 0.47
Unknown expressed 0.14 0.27 0.13 0.05 0.07 0.10 0.20 0.30

as norleu
MET 0.15 0.03 0.35 0.37 0.3 0.3 0.29 0.12
ILE 2 0.21 1.21 0.21 0.48 0.61 0.18 0.12
LEU 1.59 0.23 0.93 0.14 0.36 0.3 0.15 0.06
TYR 0.68 0.07 0.62 0.139 0.23 0.45 0.52 0.13
PHE 1.19 0.21 0.84 0.18 0.55 1.55 0.24 0.18
GABA 25.25 2.28 22.1 2.23 4.46 20.8 0.91 1.27
TRP 0.48 0.47 1.5 0.27 0.01 2.30 0.56 2.31
NH4C1 16.2 43 12.8 29.7 25.6 12.5 13.4 16.5
ORN 0.14 0.47 0.15 0.31 0.32 0.17 0.05 0.17
LYS 0.25 0.24 0.4 0.23 0.58 0.19 0.19 0.35
HIS 0.91 0.41 1.75 0.48 0.74 1.21 1.42 2.8
ARG 10.5 7.26 9.1 5.3 22.6 3.67 23.8 35.6
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FIG. 1. Enzymic activities at three stages of germination in chestnut
cotyledons: 7, 21, and 35 d after imbibition. Standard reaction mixtures
were buffered according to the enzymic activities measured: arginase: pH
= 9.4; OAT: pH = 8; OCT: pH = 7.14; glutamate decarboxylase: pH =

5; Gaba T (aminotransferase): pH = 8.2. Specific activities are expressed
as nanomol of amino acid metabolized during 1 s by 1 g of plant tissue.

Arg w Ornm Glu - GABA

|Seed | 1 urea

2 3u

I ranspoLt

Asn1

[seedlinSl| Nbt3\Lp Citric acid cycle

SCHEME 1

it may be either (I16) directly translocated to the growing axis or
rather degraded in situ. The in situ degradation by arginase has
been shown in broad bean (14), in pumpkins (22), in peas (6, 7)
and in grapevine (20): arginase'increases rapidly in the first d of
germination, decreasing thereafter. In germinating chestnut cot-
yledons arginine, arginase and OCT decrease in the three stages
but it must be pointed out that in our experiment the first stage
is the 7th d after imbibition. It has been shown that arginine was
metabolized to ornithine, glutamate, and GABA (3) which was

then translocated to the axis were it was metabolized to citric
acid cycle acids, in germinating pumpkin cotyledons. Recently
it has been shown in pea seeds (6, 7) that arginine synthetizing
enzymes activity is low during the germination process compared
with the activity in the developing seed: the presence of these
enzymes in germinating seeds might be a "remnant ofan enzymic
machinery used in the developing seed for the synthesis of

arginine (6)." However, arginase and OAT (7) rapidly increased
during the first d ofgermination, then decreased; urease increased
later and for a longer time. OCT might have in pea seedling (8)
an anabolic function in the synthesis of citrulline.
The simultaneous presence of arginase and OCT in germinat-

ing chestnut cotyledons might be considered as a regulation
process to assure availability of arginine. This compound would
be a temporary nitrogen storage compound before its degradation
via the arginase, urease pathway. The data on OAT in germinat-

ing chestnuts implies its utilization by the metabolic route pre-
viously described in germinating pumpkin seeds (3). An increase
of activity of OAT in early stage of germination has been dem-
onstrated in pea seeds (7) and also observed in cotyledons of
pumpkins seedling (23).

In chestnut seeds, GABA has been shown to represent an
important part of the free amino nitrogen, particularly in Cas-
tanea sativa (10). During the germination it remains at a high
level.

There are several reports of an increase of this compound in
plants under some stress such as anoxia (24), abrupt transfer to
lower temperature or mechanical manipulation (26), in response
to viral attack (5) and to light change (21). In the latter two
observations GABA has been proposed as a temporary storage
product. In cultured rice cells it increases in response to ammo-
nium and glutamine nutrition (13). In mature chestnut seeds,
GABA accumulation varies according to the species (10). It is
likely a temporary storage product and perhaps an energy trans-
port form, since asparagine is the nitrogen transport form, from
cotyledons to growing axis. Scheme 1 shows the metabolic route
that is proposed in germinating chestnut seed of C. sativa.

This metabolic pathway may be of general occurrence in
germinating seeds. It will be of particular interest to confirm this
metabolic route in various seeds by use of radioactive molecules
in vivo.

Acknowledgments-The authors thank Mr. Salesse and Melle Chevre (Institut
National de la Recherche Agronomique) for the samples of Castanea sativa ecotype
33.

LITERATURE CITED

1. ATKINS GA, JS PATE, PJ SHARKEY 1975 Asparagine metabolism: key to the
nitrogen nutrition of developing legume seeds. Plant Physiol 56: 807-812

2. BOULTER D, JT BARBER 1963 Amino acid metabolism in germinating seeds of
Viciafaba L. in relation to their biology. New Phytol 62: 301-316

3. CHOU KH, WE SPLITTSTOESSER 1972 Changes in amino acid content and the
metabolism of yaminobutyrate in Cucurbita moschata seedlings. Physiol
Plant 26: 110-114

4. COLLINS DM, AT WILSON 1975 Embryo and endosperm metabolism of barley
seeds during early germination. J Exp Bot 26: 737-740

5. COOPER P, IW SELMAN 1974 An analysis of the effects oftobacco mosaic virus
on growth and the changes in the free amino compounds in young tomato
plants. Ann Bot 38: 625-638

6. DE RUITER H, C KOLLOFEL 1982 Activity of enzymes of arginine metabolism
in the cotyledons ofdeveloping and germinating pea seeds. Plant Physiol 70:
313-315

7. DE RUITER H, C KOLLOFEL 1983 Arginine catabolism in the cotyledons of
developing and germinating pea seeds. Plant Physiol 73: 525-528

8. DE RUITER H, C KOLLOFEL 1985 Properties of ornithine carbamoyltransferase
from Pisum sativum L. Plant Physiol 77: 695-699

9. DESMAISON AM, MH MARCHER, M TIxIER 1984 Changes in the free and total
amino acid composition of ripening chestnut seeds. Phytochemistry 23:
2453-2456

10. DESMAISON AM, M TIxIER 1984 Acides amines libres de chataignes provenant
de Castanea sativa Mill., Castanea crenata Sieb et Zucc., Castanea molis-
sima Bl. et d'hybrides: Castanea crenata x Castanea sativa. Ann Pharm Fr
42: 353-357

11. ELMORE CD, EE KING 1978 Amino acid composition of germinating cotton
seeds. Plant Physiol 62: 531-535

12. Joy KW, RJ IRELAND, PJ LEA 1983 Asparagine synthesis in pea leaves, and
the occurrence of an asparagine synthetase inhibitor. Plant Physiol 73: 165-
168

13. KISHINAMI I, K OJIMA 1980 Accumulation of y-aminobutyric acid due to
adding ammonium or glutamine to cultured rice cells. Plant Cell Physiol 21:
58 1-589

14. KOLLOFEL C, HD VAN DIJKE 1975 Mitochondrial arginase activity from
cotyledons ofdeveloping and germinating seeds of Viciafaba L. Plant Physiol
55: 507-510

15. LEA PJ, BJ MIFLIN 1980 Transport and metabolism of asparagine and other
nitrogen compounds within the plant. In PK Stumpf, EE Conn, eds, The
Biochemistry of Plants, Vol 5. Academic Press, New York, pp 569-607

16. LEA PJ, KW Joy 1983 Amino acid interconversion in germinating seeds. In C
Nozolillo, PJ Lea, FA Loewus, eds, Recent Advances in Phytochemistry,
Vol 17. Plenum Press, New York, pp 77-109

17. MIKOLA J 1983 Proteinases, peptidases, and inhibitors of endogenous pro-
teinases in germinating seeds. In J Daussant, J Mosse, J Vaughan, eds,
Annual Proceedings of the Phytochemical Society of Europe, Vol 20, Aca-

694 Plant Physiol. Vol. 81, 1986



AMINO ACIDS OF GERMINATING CHESTNUT SEEDS AND SEEDLINGS

demic Press, New York, pp 35-52
18. OAKs A 1983 Regulation of nitrogen metabolism during early seedling growth.

In C Nozolillo, PJ Lea, FA Loewus, eds, Recent Advances in Phytochemistry,
Vol 17. Plenum Press, New York, pp 53-75

19. RAINBIRD RM, JH THORNE, RWF HARDY 1984 Role of amides, amino acids
and ureides in the nutrition of developing soybean seeds. Plant Physiol 74:
329-334

20. ROUBELAKIS KA, WM KLIEWER 1978 Changes in the activities of ornithine
transcarbamylase and arginase, and concentrations ofnitrogenous substances
during germination and seedling development of Vitis vinifera L. Vitis 17:
377-385

21. SELMAN IW, P COOPER 1978 Changes in the free amino compounds in young
tomato plants in light and darkness with particular reference to -y-amino-
butyric acid. Ann Bot 42: 627-636

22. SPLIrrSTOESSER WE 1969 The appearance ofarginine and arginase in pumpkin
cotyledons. Characterization of arginase. Phytochemistry 8: 753-758

23. SPLITTSTOESSER WE, L FOWDEN 1973 Ornithine transaminase from Cucurbita
maxima cotyledons. Phytochemistry 12: 785-790

24. STREETER JC, JF THOMPSON 1972 Anaerobic accumulation of yaminobutyric
acid and alanine in radish leaves. (Raphanus sativus L.). Plant Physiol 49:
572-578

25. TIxIER M, AM DESMAISON 1980 Relation metabolique entre l'arginine et
l'acide y-aminobutyrique dans le fruit de Castanea sativa: etude preliminaire
de l'arginase. Phytochemistry 19: 1643-1646

26. WALLACE W, J SECOR, LE SCHRADER 1984 Rapid accumulation of -yamino-
butyric acid and alanine in soybean leaves in response to an abrupt transfer
to lower temperature, darkness, or mechanical manipulation. Plant Physiol
75: 170-175

695


