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Abstract. Glutamine synthetase, ferredoxin- and NADH-dependent glutamate synthase, glutamate
dehydrogenase, glutamate pyruvate transaminase and glutamate oxaloacetate transaminase in the
intact rice grain and its hull, testa-pericarp and endosperm were assayed during grain development. All
enzymes appeared high activities except the glutamate dehydrogenase which is absent in all tissues.
Obviously, the glutamine synthetase-glutamate synthase cycle is the only pathway to operate ammonia
assimilation in the developing rice grain. In the first crop season, ammonia assimilation operated more
active, transamination took place earlier, protein accumulation was more rapid; and the content of free
ammonium, total amides and glutamine were at low levels and of free amino acids was at high level in
the developing grain when compared with that in the second crop season. Ammonia assimilation in the
hull, testa-pericarp and endosperm are mainly via the co-operation of glutamine synthetase and fer-
redoxin-dependent glutamate synthase in both crop seasons. Transamination in the hull and the testa-
pericarp operated actively only in the second crop season at early stage of grain development; but in
the endosperm, it operated actively in both crop seasons at later stage of grain development. In the first
crop season, protein accumulation into the endosperm was more rapid, the free amino acids in the
endosperm was at high level, total amides and glutamine in all tissues at early stage of grain develop-
ment were at high levels when compared with that in the second crop season.

Key words: Ammonia assimilation; Developing rice grain; Glutamate synthase; Glutamate pyruvate
transaminase; Glutamate oxaloacetate transaminase; Glutamine metabolism; Glutamine synthetase;
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Introduction

The primary assimilation of ammonia into organic
nitrogen does take place in the grain in situ, and amino
acids derived from leaves are transformed within the
grain to provide the appropriate types of amino acids
in the correct proportions for the synthesis of grain
proteins (Duffus and Rosie, 1978). Glutamine and
glutamate are two of the major amino acids in the
phloem exudate of leaves (Tully and Hanson, 1979)
feeding the maturing cereal grain. Studies of biosynth-
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esis and accumulation of storage proteins in developing
rice seeds had been reported (Yamagata et al., 1982;
Luthe, 1983). Enzymes of glutamine metabolism in the
developing wheat grain as well as in the testa-pericarp
and the endosperm of the developing grain had also
been demonstrated (Garg ef al., 1984; 1985). The results
indicated that ammonia assimilation in the developing
wheat grain takes place by the glutamate dehy-
drogenase pathway in the endosperm, and by both the
glutamate dehydrogenase and the glutamime
synthetase-glutamate synthase pathways in the testa-
pericarp. But, it is still not known with certainty as to
which pathway of ammonia assimilation is operative in
the developing rice grain.
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Some reports indicated that rice variety with high
content of protein in the grain was due to the high con-
tent of free amino acids in the developing grain result-
ing to accumulate more protein in the grain (Cruz et
al., 1970; Perez et at., 1973). However, the biosynthesis
of free amino acids in the developing grain is intimate-
ly related to ammonia assimilation and glutamine
metabolism in the grain. Therefore, variations in the
activity of enzymes of ammonia assimilation and
glutamine metabolism in the developing rice grain can
evaluate the ability of protein biosynthesis of the devel-
oping grain. Rice is a major crop in Taiwan and har-
vested twice a year. The growth pattern of rice plants
is different between crop seasons mainly due to differ-
ences of weather conditions in different crop seasons
(Wu et al., 1975). Thus, weather conditions may also
influence the biochemical changes in the developing
rice grain resulting the difference of ammonia assimila-
tion and glutamine metabolism between crop seasons
during grain development. The present paper reports
the activity of some enzymes in relation to ammonia
assimilation and glutamine metabolism as well as the
content of various nitrogenous compounds in the devel-
oping rice grain during development. In order to
emphasize the compartmentalization of the maturing
grain, these enzyme activities and nitrogenous com-
pounds in hull, testa-pericarp and endosperm of the
developing grain were also studied individually. And
differences of ammonia assimilation, glutamine metab-
olism and protein accumulation in the developing grain
between crop seasons will be discussed to evaluate the
efficiency of protein biosynthesis in the developing
grain.

Materials and Methods

Plant Material

Rice variety of Oryza sativa L., cv. Hsinchu 56 was
grown in the paddy field of the Institute of Botany,
Academia Sinica which is located in Nankang, Taipei,
Taiwan. Field management including basal and top
dressings of fertilizer and irrigations followed the gen-
eral methods used by farmers, and ammonium sulfate
was used as the nitrogen fertilizer. The first crop sea-
son started in mid-March and ended in mid-July with
flowering stage in early June. The second crop season
started in mid-August and ended in mid-December
with the flowering stage in late October. During the
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flowering stage, the ears were tagged on the day of
anthesis and harvested at 4- or 5-day intervals. Har-
vesting was started from 5 days after anthesis until the
end of grain maturity. The harvested developing grains
were stored in liquid nitrogen until enzyme assay and
chemical analysis were performed within two months.
Tissues including hull, testa-pericarp and endosperm
were separated from the grain just before the enzyme
extraction and chemical analysis, and the embryo was
discarded. The testa-pericarp included pericarp, teg-
men and aleurone layer of the grain.

Chemicals

Amino acids, a-ketoglutarate, pyridoxyl phos-
phate, ATP, NADH, lactate dehydrogenase and malate
dehydrogenase were purchased from Sigma Chemical
Co. (St. Louis, Mo. USA). Nessler’s reagent, sodium
dithionite and other chemicals were analytical grade
either from Merck (Darmstadt, FRG) or Wako Puro
Chemical Industries (Tokyo, Japan). Ferredoxin was
prepared from spinach leaves according to Yocum
(1982). The ratio of A,,/A,;s was greater than 0.48.
The concentration of ferredoxin was determined
depend upon the molar extinction coefficient of 9600
M~ cm™! at 420 nm.

FEnzyme Extraction

Unless otherwise stated, all operations were car-
ried out at 4°C. A minimum number of 40 intact devel-
oping grains or 80 individual tissues were ground with
liquid nitrogen in a mortar and pastle until fine powder,
then homogenized completely with an appropriate
amount of 0.05 M Tris-HCI buffer (pH 7.5) comtaining
2 mM 2-mercaptoethanol and 2 mM EDTA. The
homogenate was clarified by centrifugation at 12,000 x
g for 30 minutes. The clear supernatant was collected
and used as the enzyme extract for various assays after
measuring the volume.

Enzyme Assay

Glutamine synthetase was assayed by the biosynth-
etic reaction which was based on the release of in-
organic phosphate in the presence of ammonium chlo-
ride (Shapiro and Stadtman, 1970). The assay mixture
contained 50 mM Imidazole-HCl buffer (pH 7.0), 7.5
mM ATP, 100 mM sodium glutamate, 50 mM NH,C],
50 mM MgCl, and 0.1 ml of enzyme extract in a total
volume of 0.4 ml. The reaction was started by adding
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the enzyme solution, and the enzyme extract was omit-
ted in the blank test. After incubation at 30°C for 15
minutes, the reaction was terminated by adding 3.6 ml
of ferrous sulfate reagent (0.8% FeSO, » 7H,0O in 0.015
N H,S0,, prepared freshly), followed by adding 0.3 ml
of ammonium molybdate reagent [6.6% (NH,};Mo;
0,, » 4H,0 in 7.5N H,S0,]. The absorbance at 660 nm
was measured after several minutes. Sodium dihy-
drogen phosphate was used as standard. One unit of
glutamine synthetase activity is defined as the amount
of enzyme catalyzing the release of 1.0 umole of in-
organic phosphate per minute at 30°C.

Ferredoxin- and NADH-dependent glutamate
synthase activities were assayed by estimating the pro-
duction of L-glutamate in the presence of L-glutamine
and a-ketoglutarate. The ferredoxin-dependent
glutamate synthase was assayed according to Suzuki
and Gadal (1982). The assay mixature contained
225 mM K, Na - phosphate buffer (pH 7.3), 5 mM
L-glutamine, 5 mM a-ketoglutarate, 0.02 mM fer-
redoxin, 9 mM sodium dithionite (16 mg of sodium dith-
ionite dissolved in 1.0 m! of 190 mM NaHCO;) and 0.1
ml of enzyme extract in a total volume of 1.0 ml. The
reaction was started by adding sodium dithionite, then
incubated at 30°C for 20 minutes, and the enzyme
extract was omitted in the blank test. The NADH-
dependent glutamate synthase was assayed according
to Matoh et al. (1980). The assay mixture contained 50
mM K, Na - phosphate buffer (pH 7.3), 10 mM L-
glutamine, 10 mM «-ketoglutarate, 0.6 mM NADH
and 0.1 ml of enzyme extract in a total volume of 1.5
ml. The reaction was started by adding NADH, then
incubated at 30°C for 20 minutes, and the enzyme
extract was omitted in the blank test. The reaction was
terminated by placing the assay tubes in boiling water
for 1 minute. For determination of the glutamate
produced, the assay mixture was centrifuged at 2,000 x
g for 10 minutes to remove the precipitate and the
supernatant was directly charged on a resin AGl x 8
column (acetate form, 200-400 mesh, 8 x 30 mm). After
washing with 5 ml of water, the glutamate was eluted
from the column with 1.0 M acetic acid. The first 5 ml
of the eluent was collected and the glutamate was
determined by the ninhydrin procedure according to
Moore and Stein (1954). The absorbance at 570 nm was
measured, and L-glutamate was used as standard. One
unit of glutamate synthase activity is defined as the
amount of enzyme catalyzing the formation of 1 umole

of glutamate per minute at 30°C.

Glutamate dehydrogenase, glutamate pyruvate
transaminase and glutamate oxaloacetate tran-
saminase were assayed by mornitoring changes in ab-
sorbance at 340 nm due to oxidation of NADH to
NAD*. Glutamate dehydrogenase and glutamate
pyruvate transaminase were assayed according to
Garg et al. (1984). For glutamate dehydrogenase, the
assay mixture contained 70 mM Tris-HCI buffer (pH
7.6), 16.5 mM a-ketoglutarate, 150 mM NH,C], 0.11
mM NADH and 0.2 ml of enzyme extract in a total
volume of 2.0 ml. For glutamate pyruvate tran-
saminase, the assay mixture contained 28 mM Tris~
HCI buffer (pH 7.6), 5.8 mM «-ketoglutarate, 46.56 mM
L-alanine, 2 units lactate dehydrogenase, 9.3 mM
pyridoxyl phosphate, 0.1 mM NADH and 0.2 ml of
‘enzyme extract in a total volume of 2.15 ml. Glutamate
oxaloacetate transaminase was assayed according to
Bergmeyer et al. (1983). The assay mixture contained
94.5 mM K, Na-phosphate buffer (pH 7.4), 35.5 mM-
L-aspartate, 6.8 mM a-ketoglutarate, 0.2 mM NADH,
23 units malate dehydrogenase and 0.2 ml of enzyme
extract in a total volume of 3.18 ml. The reaction was
started by adding NADH, and incubated at 30°C. The
« -ketoglutarate was omitted in the blank test in all
cases. The reaction rate was measured by mornitoring
changes in absorbance at 340 nm. One unit of the
enzyme activity is defined as the amount of enzyme
catalyzing the oxidation of 1 gmole of NADH per min-
ute at 30°C.

Determination of Total Protein

The total nitrogen content in the intact developing
rice grain and its individual tissues were determined
with the Micro-Kjeldahl method (Williums, 1984). The
total protein content per grain or per individual tissue
was calculated from the Kjeldahl nitrogen by multiply-
ing the factor 5.95 (Juliano, 1972).

Determination of Free Ammonium, Free Amino Acids,
Total Amides and Glutamine

A minimum number of 40 intact developing grains
or 80 individual tissues were gently ground to powder
with liquid nitrogen in a mortar and pastle, then
homogenized completely with 10 ml of 80% ethanol.
The homogenate was filtered through a sintered-glass
funnel, and the residue was washed three times with 20
ml portions of 709 ethanol. The filtrates and washings
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were combined and concentrated under reduced pres-
sure below 45°C in a rotary evaporator to a volume less
than 10 ml. The pigments in the extracts was removed
by adding active carbon, and clarified by filtration
through a sintered-glass funnel with celite bed. The
filtrates was collected in a 25-ml volumetric flask and
made it to the volume with water.

Free ammonium, free amino acids and total
amides in the clarified extracts were separated and
determined according to the procedure of Henderlong
and Schmidt (1966). A Dowex-50 x 8 column (8 x 60
mm, Nat-form, 200 - 400 mesh) was saturated with
0.2 M K, Na-phosphate buffer at pH 7.4. The clarified
extracts was then passed through the column, and wa-
shed with deionized water allowing the free ammonium
to be absorbed on the resin while the free amino acids,
amides and neutral substances were eluted togather
with water and collected in a beaker (about 30 ml). The
free ammonium was then eluted from the column with
1 N KClI and the first 10 ml of the eluent was collected.
The content of free ammonium was estimsted by the
direct nesslerization procedure (Lang, 1958) with
NH,Cl as standard. The eluent in the beaker was ad-
justed to pH 2.2 with HCI, then passed through an
another Dowex-50 x 8 column (8 x 60 mm, H*-form 200
-400 mesh, saturated with 0.2 M sodium citrate buffer,
pH 2.2) and washed with deionized water allowing free
amino acids and amides to be absorbed on the resin
while the neutral substances was washed away with
water. Free amino acids and amides were then eluted
from the column with 0.2 M K, Na-phosphate buffer
(pH 7.4) containing 2 N KCI and the first 10 ml of the
eluent was collected. The content of free amino acids
was determined according to Moore and Stein (1954)
with L-leucine as standard. The content of total
amides, glutamine and asparagine were determined
with the modified procedure of differential acid-
hydrolysis according to Henderlong and Schmidt
(1966). The content of free ammonium, free amino
acids, total amides, glutamine and asparagine in the
sample were calculated as nmole per grain or per indi-
vidual tissue.

Results
The Activity of Enzymes in Developing Rice Grains

Glutamine synthetase (GS), glutamate synthase
(GOGAT), glutamate dehydrogenase (GDH), glutamate
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pyruvate transaminase (GPT) and glutamate
oxaloacetate transaminase (GOT) in the developing
rice grain and its individual tissues were assayed dur-
ing grain development up to 35 days after anthesis
(DAA) in the first crop season and up to 30 DAA in the
second crop season. Measurable activity was recorded
in all tissues of the developing grain and at all stages
during grain development. Results are expressed as
total enzyme activity per grain or per individual tissue.

The variation of GS, ferredoxin- and NADH -
dependent GOGAT, GPT and GOT activities in the
intact grain are shown in Figures 1, 2 and 3 during
grain development. The GS (Fig. 1) had high activity
between 5 to 20 DAA and peaked at 10 DAA in the first
crop season; however, the GS had high activity between
5 to 25 DAA and peaked at 20 DAA in the second crop

Glutamine synthetase activity (units/grain x 1073)
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Changes of glutamine synthetase activity in the intact
developing rice grain of Hsinchu 56 in the first crop sea-
son (@) and the second crop season (O).
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season. The activities of both the ferredoxin- and the
NADH-dependent GOGAT (Fig. 2) elevated and de-
clined twice during grain development in the first crop
season. The first one appeared between 5 to 20 DAA
and peaked at 10 DAA. and the second one appeared
between 25 to 35 DAA and peaked at 30 DAA, Both the
ferredoxin- and NADH-dependent GOGAT also ele-
vated and declined twice of their activities during grain
development in the second crop season. The first one of
the ferredoxin-dependent GOGAT appeared between 5
to 12 DAA and peaked at 8 DAA, and the second one
 appeared between 16 to 25 DAA and peaked at 20 DAA.
The first one of the NADH-dependent GOGAT appear-
ed between 5 to 20 DAA and peaked at 8 DAA, and the

Glutamate synthase activity (units/grain x 1073)
g & & 3

~3
o
T

(34
<o
T

™
wn
T

1 i i 1 L | A L i I 4 . I ! 1 1 | A

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36
Days after anthesis

Changes of ferredoxin-dependent glutamate synthase
(—)and NADH-dependent glutamate synthase (----)
activities in the intact developing rice grain of Hsinchu
56 in the first crop season (@) and the second crop sea-
son (O).

Fig. 2.

second one appeared between 20 to 30 DAA and peaked
at 25 DAA. The activities of both the GPT and the
GOT (Fig. 3) were very high at 5 DAA: and then de-
clined gradually during the whole course of grain devel-
opment in the first crop season. In contrast, both the
GPT and the GOT showed their high activities between
5 to 20 DAA in the second crop season, but the GPT
peaked at 15 DAA and the GOT peaked at 8 DAA. On
the other hand, no any GDH activity was detacted in all
the tissues of the developing grain.

The variation of GS, ferredoxin- and NADH -
dependent GOGAT, GPT and GOT activities in hull,
testa-pericarp and endosperm are shown in Figures 4,
5, 6 and 7 during grain development. The GS (Fig. 4) in

w
T

J

Enzyme activity (units/grain x 1073)

F SRS WO TN IO U WU [ WU (N S N S | hh

1 1
0 2 4 6 8 1012 14 16 18 20 22 2 26 28 30 32 34 36
Days after anthesis '

Changes of glutamate pyruvate transaminase (A) and
glutamate oxaloacetate transaminase (B) activities in
the intact developing rice grain of Hsinchu 56 in the
first crop season (@) and the second crop season (O).

Fig. 3.
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the hull had very high activity at 5 DAA and then de-
clined rapidly with the advancement of grain develop-
ment either in the first or in the second crop season. In
the testa-pericarp, the GS had high activity between 10
to 20 DAA and peaked at 15 DAA in the first crop sea-
son; but the GS had high activity between 8 to 25 DAA
and peaked at 12 DAA in the second crop season. In the
endosperm, the GS had very high activity at 10 DAA
and then declined gradually with the advancement of
grain development in the first crop season; but the GS
had high activity between 16 to 25 DAA and peaked at
20 DAA in the second crop season. The ferredoxin-
dependent GOGAT (Fig. 5) in the hull had high activity
between 15 to 30 DAA and peaked at 20 DAA, and the
activity of NADH-dependent GOGAT was very low

A
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Glutamine synthetase activity (units/tissuex 1073)
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Fig. 4. Changes of glutamine synthetase activity in hull (@),
testa-pericarp (O) and endosperm (A) of the developing
rice grain of Hsinchu 56 in the first crop season (A) and

the second crop season (B).

«

Glutamate synthase activity (units/tissuex 1073)
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during grain development in the first crop season; how-
ever, the ferredoxin-dependent GOGAT had high activ-
ity between 5 to 25 DAA and peaked at 8 DAA, and the
NADH-dependent GOGAT had high activity at 8 DAA
and then declined rapidly with the advancement of
grain development in the second crop season. In the
testa-pericarp, the ferredoxin-dependent GOGAT had
high activity between 10 to 25 DAA and peaked at 20
DAA, and the NADH-dependent GOGAT had high
activity between 15 to 30 DAA and peaked at 25 DAA
in the first crop season; however, the ferredoxin-depen-
dent GOGAT had high activity between 5 to 25 DAA
and peaked at 12 DAA, and the NADH-dependent
GOGAT had high activity at 8 DAA and declined rapid-
ly with the advancement of grain development in the
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Fig. 5. Changes of ferredoxin-dependent glutamate synthase
(——) and NADH-dependent glutamate synthase (----)
activities in hull (@), testa-pericarp (O) and endosperm
(A) of the developing rice grain of Hsinchu 56 in the
first crop season (A) and the second crop season (B).
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second corp season. In the endosperm, both the fer-
redoxin- and the NADH-dependent GOGAT showed
their high activities between 10 to 20 DAA and peaked
at 15 DAA in the first corp season; however, both the
ferredoxin- and the NADH-dependent GOGAT showed
their high activities at 16 DAA and then declined rapid-
ly with the advancement of grain development in the
second crop season. The activity of GPT (Fig. 6) in the
hull was very low during the whole course of grain
development in the first crop season; however, the GPT
had high activity between 8 to 20 DAA and peaked at
12 DAA in the second crop season. In the testa-pericarp,
the activity of GPT eleveted and declined twice during
grain development in the first crop season. The first
one appeared at 5 DAA, and the second one appeared
between 20 to 35 DAA and peaked at 25 DAA. How-
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ever, the GPT had high activity between 8 to 20 DAA
and peaked at 12 DAA in the second crop season. In the
endosperm, the GPT had high activity between 20 to 35
DAA and peaked at 25 DAA in the first crop season;
however, the GPT had high activity between 12 to 30
DAA and peaked at 16 DAA in the second crop season.
The activity of GOT (Fig. 7) in the hull was very high at
5 DAA, and then declined gradually with the advance-
ment of grain development in the first crop season;
however, the GOT had high activity between 8 to 20
DAA and peaked at 12 DAA in the second crop season.
In the testa-pericarp, the activity of GOT eleveted and
declined twice during grain development in the first
crop season. The first one appeared-at 5 DAA, and the
second one appeared between 20 to 35 DAA and peaked
at 25 DAA. However, the GOT had high activits;
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Fig. 7. Changes of glutamate oxaloacetate transaminase activ-
ity in Hull (@), testa-pericarp (O) and endosperm (A) of
the developing rice grain of Hsinchu 56 in the first crop
season (A) and the second crop season (B).
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bettween 8 to 20 DAA and peaked at 12 DAA in the
second crop season. In the endosperm, the activity of
GOT also elevated and declined twice during grain
development in the first crop season. The first one
appeared between 10 to 20 DAA and peaked at 15 DAA,
and the second one appeared between 20 to 35 DAA and
peaked at 25 DAA. However, the GOT had high activ-
ity between 12 to 30 DAA and peaked at 16 DAA in the
second crop season.

The Content of Nitrogenous Compounds in Developing
Rice Grains

The content of total protein in the developing
grain are shown in Table 1. In the intact developing
grain, the protein content increased to the highest level
at 20 DAA in the first crop season, and was at 25 DAA
in the second crop season during the whole course of
grain development. The protein content in the hull was
very low, however, it showed a high level in the early
stage of grain development. The protein content in the
testa-pericarp was also very low, but it still showed a
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peak of high level at 20 DAA. The variation of protein
content in the hull and the testa-pericarp during grain
development did not have significant difference
between crop seasons. The protein content in the
endosperm increased to the highest level at 20 DAA in
the first crop season, and was at 25 DAA in the second
Crop season.

The content of free ammonium, free amino acids,
total amides and glutamine in the intact developing
grain are shown in Table 2. The content of free ammo-
nium showed a high level in the early stage of grain
development. However, the level of free ammonium in
the developing grain of the first crop season was much
lower than that of the second crop season. The content
of free amino acids maintained at a constant level after
anthesis until to the later stage of grain development,
and the level of free amino acids in the developing
grain of the first crop season was much higher than
that of the second crop season. The content of total
amides and glutamine maintained at constant levels
after anthesis until the middle stage of grain develop-

Table 1. The content of total protein in developing rice grains of Hsinchu 56 .

Each value in this table represents the mean of triplicate analysis.

Days after Intact’ Tissues of rice grain?
anthesis (mg;r;m) Hull Testa-pericarp® Endosperm
( eeerrrreee LG/ LSSUES -+ rereerrereresaineeniaeniareens )
The first crop season
5 0.3525 0.1748 0.0106* -
10 0.8359 0.1362 0.1341 0.2852
15 1.5081 0.1224 0.1832 0.8576
20 2.0131 0.1061 0.2305 1.3674
25 1.9319 0.0873 0.1842 1.4004
30 1.9179 0.0873 0.1610 1.3215
35 1.9033 0.0759 0.0870 1.5437
The second crop season
5 0.2824 0.1745 0.0538* -—-=
8 0.5142 0.1766 0.2923* —
12 0.6886 0.1513 0.1794 0.0352
16 1.6304 0.1408 0.2013 0.3676
20 1.6651 0.1120 0.2831 1.0635
25 1.9427 0.0804 0.1946 1.2663
30 2.0783 0.0744 0.1311 1.5518

140 grains were used in each analysis.
280 tissues were used in each analysis.

®In the testa-pericarp included pericarp, tegmen and aleurone layer.
*Endosperm was included in the testa-pericarp.
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Hsinchu 56
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The content of free ammonium , free amino acids, total amides and glutamine in developing rice grains of

40 Grains were used in each analysis, and each value in this table represents the mean of triplicate analyis.

Days after Free Free amino Total
anthesis ammonium acids amides Glutamine
((eerereernerarnr e e NMOLE/GLAIN +++everreerrrensersuenrenre e )
The first crop season

5 0.065 46.938 1.019 1.024

10 0.123 43.743 1.063 1.028

15 0.072 46.448 1.062 1.060

20 0.049 43.268 1.041 1.087

25 0.036 42.675 1.108 1.155

30 0.053 31.070 1.329 1.316

35 0.040 28.938 1.057 1.049

The second crop season

0.084 19.607 1.155 1.167

0.122 22.438 1.195 1.175

12 0.218 22.997 1.193 1.199

16 0.154 21.110 1.182 1.150

20 0.135 21.844 1.271 1.214

25 0.127 20.341 1.201 1.214

30 0.045 11.603 1.967 1.985

ment, and then increased their levels markedly in the
later stage of grain development. However, the levels Discussion

of total amides and glutamine in the developing grain
of the first crop season were much lower than that of
the second crop season. ,

The content of free ammonium, free amino acids,
total amides and glutamine in hull, testa-pericarp and
endosperm are shown in Table 3. The content of free
ammonium in all tissues showed a high level in the
early stage of grain development in both crop seasons.
The content of free amino acids in all tissues
maintained at a constant level throughout the entire
developing stage of grain development . However, the

" level of free amino acids in the endosperm in the first
crop season was higher than that in the second crop
season. In the first crop season, the content of total
amides and the glutamine in all tissues showed high
levels in the early stage of grain development. How-
ever, in the second crop season, the content of total
amides and glutamine in the hull and the testa-pericarp
showed high levels in the later stage of grain develop-
ment, and in the endosperm they showed high levels in
the early stage of grain development.

Free ammonium is present in the developing rice
grain during the early stage of grain development and
could be utilized by GS. The nitrogen redistribution lies
in favor of glutamate synthesis through the action of
GOGAT. Amino acids and amides play important roles
in the metabolism of nitrogen in the developing grain
since they are the precussors of storage proteins in the
grain. The accumulation of proteins into the endosperm
of the developing rice grain is greatest in the early
stage of grain development and the increase in protein
content begins as early as 4 DAA (Juliano, 1972;
Yamagata et al., 1982). Thus, changes in activities of
some enzymes related to ammonia assimilation and
glutamine metabolism as well as the content of '
nitrogenous compounds in the developing rice grain
were examined from the earliest stage of grain devel- .
opment. We observed that both the hull and the testa-
pericarp of the developing rice grain contained chloro-
phyll, and changed their color from pale green to bright
green in the early stage of grain development. The
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Table 3.

The content of free ammonium | free amino acids, total amides and glutamine in the tissues of developing rice

grain of Hsinchu 56
80 Tissues were used in each analysis, and each value in this table represents the mean of triplicate analysis,
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Days ; Free ammonium Free amino acids Total amides Glutamine
fter
ar?tlzzsis Hull geisitcz_rp Endosperm~  Hull geisitcz;p Endosperm  Hull ;)reisitcz_rp Endosperm  Hull g;isizz;p Endosperm
(rosserms e DUTIOLE/HISSUE  «++erererereesssressmsesmmsesersirsa st
The first crop season
5 0.028 0.016 — 11.988 11.638' - 0.757 0.727" - 0.746 0.704 -
10 0.037 0.033 0.036 11.568 12.337 14.976 0.671 0.813 0.696 0.664 0.725 0.699
15 0.033 0.024 0.066 11.342 14.644 18.576 0.706 0.533 0.786 0.691 0.555 0.765
20 0.036 0.027 0-.030 11.598 12.512 12.442 0.522 0.666 0.655 0.511 0.655 0.643
25 0.030 0.024 0.026 11.809 11.621 13.141 0.678 0.622 0.686 0.674 0.687 0.685
30 0.030 0.017 0.026 11.425 13.351 14.504 0.661 0.711 0.760 0.647 0.704 0.751
35 0.020 0.014 0.014 11.394 13.124 12.442 0.533 0.651 0.584 0.530 0.630 0.583
The second crop season
0.029 0.014 - 12.966 12.652" - 0.598 0.623" - 0.584 0.608" -
0.030 0.043" - 13.805 12.477 . 0.620 0.599* e 0.611 0.589 -
12 0.040 0.035 0.014 12.198 11.726 11.796 0.632 0.616 0.656 0.614 0.608 0.652
16 0.026 0.017 0.021 11.254 12.390 11.149 0.622 0.639 0.622 0.626 0.632 0.606
20 0.024 0.016 0.024 11.495 12.442 11.953 0.652 0.646 0.648 0.650 0.648 0.644
25 0.021 0.016 0.019 11.621 10.205 10.965 0.668 0.631 0.600 0.671 0.633 0.617
- 30 0.016 0.012 G.013 11.058 10.730 10.537 0.732 0.689 0.548 0.728 0.680 0.539

"Endospern was included in the testa-pericarp.

chlorophyll disappered in the later stage of grain devel-
opment. Some enzyme activities involved in CO, fixa-
tion and carbon metabolism in the chlorophyll-contain-
ing testa-pericarp of the immature barley grain had
been demonstrated (Duffus and Rosie, 1973). The testa-
pericarp also exhibited several enzyme activities as-
sociated with nitrogen metabolism (Duffus and Rosie,
1978). Nutbeam and Duffus (1978) also demonstrated
that the green testa-pericarp of the immature cereal
grain is active in photosynthesis. Certainly, both the
green hull and the green testa-pericarp of the develop-
ing rice grain should also be active in photosynthesis
and supplied the carbon skeletons required for the
ammonia assimilation and amino acids transfgrmation
in the developing grain. Activities of GS, feredoxin-
and NADH-dependent GOGAT, GDH, GPT and GOT
in the intact developing rice grain as well as in hull,
testa-pericarp and endosperm were assayed during
grain development. The results showed that GS, fer-
redoxin- and NADH-dependent GOGAT, GPT and
GOT showed very high activities in the early stage of

grain development up to 20 DAA, but no any GDH
activity was detacted in all tissues of the developing
grain during grain development. The lack of GDH in-
dicated that the GS/GOGAT cycle is the only pathway
to operate ammonia assimilation in the developing rice
grain that is different from the mode to operate ammo-
nia assimilation in the developing wheat grain (Garg et
al., 1985).

In the intact developing rice grain, the appearance
of the high activity of GS (Fig. 1) completely matches
the appearance of major peaks of ferredoxin- and
NADH-dependent GOGAT activities (Fig. 2) in the
early stage of grain development in the first crop sea-
son. However, the appearance of the high activity of
GS only partially matches the appearance of major
peaks of the two GOGAT activities in the second crop
season. Therefore, the ammonia assimilation in the
developing grain via the pathway of GS/GOGAT cycle
in the first crop season should be more effective than
that in the second crop season. The appearance of high
activities of GPT and GOT in the early stage of grain
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development (Fig. 3) indicated that the transamination
in the developing grain operated actively in the early
stage of grain development, but transamination in the
first crop season took place earlier than that in the sec-
ond crop season. It offers an advantage in the biosynth-
esis of proteins in the devreloping grain during the first
crop season for a rapid accumulation of storage pro-
teins inside the developing grain. The protein accumu-
lation (Table 1) in the developing grain of the first crop
season reaches its highest level about 5 days earlier
than that of the second crop season. The content of free
ammonium, total amides and glutamine (Table 2) in the
developing grain of the first crop season were much
lower than that of the second crop season, but the con-
tent of free amino acids in the developing grain of the
first crop season was much higher than that of the sec-
ond crop season. These results support the notion that
the ammonia assimilation was more effective and the
transamination took place earlier in the developing
grain of the first crop season as compared with that in
the second crop season.

In the hull of the developing rice grain, the appear-
ance of high activities of GS (Fig. 4) and ferredoxin-
dependent GOGAT (Fig. 5) indicated that the ammonia
assimilation in the hull is mainly via the co-operation
of GS and ferredoxin-dependent GOGAT in the early
stage of grain development. The ferredoxin-dependent
GOGAT is the main enzyme in the hull for the biosynth-
esis of glutamate in both crop seasaons. Both the GPT
and the GOT in the hull (Figs. 6 and 7) showed low
activities during grain development in the first crop
season, but they showed high activities in the early
stage of grain development in the second crop season.
Obviously, the transamination in the hull of the devel-
oping grain in the early stage of grain development in
the first crop season operated less active than that in
the second crop season. The produced glutamine and
glutamate in the hull might be translocated into the
endosperm for the biosynthesis of storage proteins, or
transaminated through GPT and GOT and then incor-
porated into soluble enzyme proteins immediately in
the earliest stage of grain development. This might be
the reason why the protein content in the hull (Table 1)
was very low during grain development and the content
of the total amides and glutamine in the hull (Table 3)
showed high levels in the early stage of grain develop-
ment in the first crop season. Therefore, the hull plays
an important role in ammonia assimilation and

glutamine metabolism in the early stage of grain devel-
opment.

In the testa-pericarp of the developing rice grain,
the appearance of the high activity of GS (Fig. 4) com-
pletely matches the high activity of ferredoxin-depen-
dent GOGAT (Fig. 5), but does not match the high
activity of NADH-dependent GOGAT during grain
development in both crop seasons. Thus, the ammonia
assimilation in the testa-pericarp is also mainly via the
co-operation of GS and ferredoxin-dependent GOGAT
in the middle stage of grain development. Furthermore,
the activity of NADH-dependent GOGAT was much
lower than that of ferredoxin-dependent GOGAT in
the developing grain. Therefore, the ferredoxin-depen-
dent GOGAT is also the main enzyme in the testa-per-
icarp for the biosynthesis of glutamate in both crop
seasons. The appearance of high activities of GPT and
GOT in the testa-pericarp (Figs. 6 and 7) indicated that
the process of transamination in the testa-pericarp
operated actively in the later stage of grain develop-
ment in the first crop season; however, it operated
actively in the early stage of grain development in the
second crop season. The low level of protein content in
the testa - pericarp (Table 1) indicated that the pro-
duced glutamine and glutamate in the testa-pericarp
might also be translocated into the endosperm, or tran-
saminated and incorporated into soluble enzyme pro-
teins in the early stage of grain development. The con-
tent of total amides and glutamine in the testa-pericarp
(Table 3) showed high levels in the early stage of grain
development in the first crop season, and they showed
high levels in the later stage of grain development in
the second crop season. These results were consistant
with the appearance of high activities of GPT and GOT
in the testa-pericarp of the developing grain in both
Crop seasons.

In the endosperm of the developing rice grain, the
appearance of the high activity of GS (Fig. 4) matches
high activities of ferredoxin- and NADH -dependent
GOGAT (Fig. 5) in the early stage of grain development
in the first crop season; however, the high activity of
GS matches high activities of ferredoxin- and NADH-
dependent GOGAT in the middle stage of grain devel-
opment in the second crop season. Therefore, the
ammonia assimilation in the endosperm operated
actively in the early stage of grain development in first
crop season, but it operated actively in the middle stage
of grain development in the second crop season. Conse-
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quently, leading the accumulation of proteins into the
endorsperm in the first crop season reaches the highest
level about 5 days earlier than that in the second crop
season (Table 1). Both the ferredoxin- and NADH -
dependent GOGAT are the same important enzymes in
the endosperm for the biosynthesis of glutamate in
both crop seasons. The appearance of high activities of
GPT and GOT in the endosperm (Figs. 6 and 7) indicat-
ed that the transamination in the endosperm operated
actively in the later stage of grain development in both
crop seasons. The content of free amino acids, total
amides and glutamine in the endosperm (Table 3) of the
first crop season were higher than that in the second
crop season. They were also the effective factors to
promote the accumulation of proteins into the en-
dosperm in the first crop season. The increment of pro-
tein content in the endosperm was consistant with the
increment of protein content in the intact grain. It in-
dicated that most of the protein in the developing grain
is accumulated into the endosperm.

On the other hand, the amount of glutamine in the
intact developing rice grain and its tissues was almost
equal to the amount of total amides at the same devel-
oping stage during grain development in both crop sea-
sons, and no any asparagine was observed in all tissues
at any developing stage. It indicated that all of the
amides in the developing grain is the glutamine.
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