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Abstract—The levels of free sugars, starch and enzymes involved in starch metabolism—sucrose synthetase, UDP and
AL? glucase pyranfospbacyase, phowpbaryfase and stasch syathetase—wexe assayed duxing seed develapment of
three cultivars of mung bean (Vigna radiata). Free sugars and starch increased with increasing seed weight. Changes in
levels of sucrose synthetase, UDP- and ADP-glucose pyrophosphorylases, and phosphorylase were paralleled by
changes in starch accumulation. After the maximum activity levels of these enzymes had been reached, maximum
activities of soluble starch synthetase and starch granule-bound starch synthetase occurred. There were high activities of
sucrose synthetase and phosphoryiase at maximum rates of starch accurmnufation. Thus, starch could be synthesized via
the ADP glucose pathway in mung bean seeds. However, phosphorylase may account for the starch accumulation in the

early stages of mung bean seed development.

INTRODUCTION

Carbohydrate is the majar coustituent {ca 70} of the
mung bean seed [1] and an important factor determining
seed yield. Starch metabolism seems to be of particular
importance in the early stages of mung bean seed
development, since most photosynthates produced in the
repraoductive phase will be used in reproductive
grewett (23 Quatitative and quantitatve changes fa
SULATS 20 $Aredh fake (eRn trudiRg o oriey Rewarnons
seeds at the developing stage [3]. However, information
on mung bean (Vigna radiata) is marginal. In this paper,
we have measured various enzymes related to starch
synthesis at different seed filling stages in three mung bean
cultivars and have attempted to relate these to starch
ACCUTIW AT,

RESULTS
Growth and carbohydrates of the developing seed

Changes in dry wts and carbohydrates during seed
devetopment are shown inn Tabie 1. Dry wts of all cuhtivars
InCiezad e dunng W fisn 7 dugs, vl 1o Taply
afterward to attain a maximum at ca 13 days after
flowering (DAF), after which the dry wt changed slightly.

The free sugar content per seed of all three cultivars
incittesss Frvm @R Tro senaping ah <n 1% BAT, Wi
which it started to decrease. As a percentage of dry wt the
frer sugas womirat wrmasd wiwran € wad 7 BAY {ac
CPI-397954A . but did nat change greatly for the other two
cultivars. The starch content per seed was minimal at the
first sampling (5 DAF). However, the maximum rate of
increase in starch content per seed occurred between 7 and
11 DAF in all three cultivars. Starch content per seed
starvad ro deorerse &t 23 AT e ML wihereey e CES-
55 and CPI-30755A there was little change after 13 DAF.

*To whom correspondence should be addressed.

Activity of various enzymes during seed development

Activity of sucrose synthetase was barety detectableat 5
DAF (Fig. 1). From this point, activity increased rapidly,
reaching a peak at 11 DAF in ML-6 and CPI-30755A,and
at 13 DAF in CES-55, and then declining through 15
DAF.

Activities of UDP- and ADP-glucose pyraphosphiory-
tases are sfiowna m Fig 2. UDP-glucose pyroghasglo-
TYRSR CONETY Was wery oW dedwesn € and 9 G4, dox
increased rapidly after 9 DAF in all three cultivars.
Activity reached a maximum at 11 DAF in CPI-30755A,
and at 13 DAF in CES-55, after which it declined. Such
activity in ML-6 reached a maximum at 11 DAF and
remained at a constant level until 15 DAF. Both ML-6and
TES-55 mgprmd & swady fwmear of ADBPglucase
pyrophosphorylase activity starting from the beginning of
seed development. Activity of ADP-glucose pyrophos-
phorylase in CPI-30755A was relatively low throughout
the course of seed development.

Activity of phosphorylase at 11 or 13 DAF was 8-10-
fold greater than was ovserved at 8 DAF (Fig. 3. The tevet
of phespioryiar ot 11 vi 13 BAT m MLS ws
ca 60-70% of that found in CES-55 and CPI1-30755A.

The activity of soluble starch synthetase in CES-55 and
CPI-30755A increased rapidly at 11 DAF, whereas in ML-
G aRreEsd owly wrnh 46 AL Fhp. 4. T asiiig ol
starch granule-bound starch synthetase in all three cul-
tvars remerd showly dnd wmmaird 2t 4 AW Rl
throughout the course of seed development.

DISCUSSION

The maximum rates of free sugar accumulation (as a
nercrntage) i all three cultivary were ahsetved at 5-7
DAF, which was before the maximum rates of starch
accumulation. Translocated sucrose is the main raw
material for the synthesis of starch in the developing seed
and it is the principal free sugar during seed develop-
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Table 1. Changes in dry wt and carbohydrates at different stages of mung bean seed development
Sugar Starch
Days after Dry wt e e s e - i e e
Cultivars flowering {mg/seed) (mg/seed) (9 dry wt) (mg;seed) (U dry wt)
ML-6 5 0.5 0.02 4.0 0.01 2.0
7 2.6 0.16 6.2 0.19 7.3
9 7.7 0.45 5.8 1.07 13.9
11 309 1.97 4.6 11.41 369
13 44.2 2.34 53 18.97 429
15 40.7 2.27 5.6 15.86 39.0
s.e. 12.8 0.71 0.49 5.52 11.6
CES-55 S 0.5 0.02 4.0 0.02 4.0
7 2.3 0.10 4.3 0.15 6.5
9 10.6 0.70 6.6 2,05 19.3
11 403 2.59 6.4 12.96 322
13 60.1 3.30 5.5 23.26 38.7
15 60.5 3.28 54 24.67 40.8
S.€. 18.2 1.01 0.71 7.42 10.4
CPI-30755A 5 0.5 0.01 2.0 0.02 4.0
7 5.0 0.38 7.6 0.71 14.2
9 20.6 1.09 53 6.38 310
11 44.7 2.37 53 18.09 40.5
13 48.6 242 5.0 20.87 429
15 56.1 224 4.0 21.75 38.8
s.e. 15.3 0.69 1.20 6.52 10.2
40 2.0
30 1.5
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Days after flowering

Fig. 1. Changesintheactivities of sucrose synthetase in develop-
ing mung bean seeds of ML-6 ( A ), CES-55 (©3and CPI-30755A
(®). Vertical bars represent s.e.

ment [3]. The levelling of the free sugar accumulation at
13-15 DAF in all three cultivars probably reflects the end
of sucrose translocation into the seed, at which time the
rate of starch accumulation also began to level. In
addition, the cultivar with the largest seed (CES-55) had a
slightly higher level of free sugars at 11-15 DAF than the

Days after flowering

Fig. 2. Changes in the activities of ADP glucose pyrophospho-

rylases (- - - -) and UDP-glucose pyrophosphorylase (——) in

developing mung bean seeds of ML-6 ( ), CES-55 (O)and CPI-
30755A (@). Vertical bars represent s.e.

other two cultivars. The direct relationship between the
concentration of free sugar in the seed and the rate of
starch synthesis may suggest that synthesis of starch is
regulated by the supply of assimilates to the seed. The rate
of rice grain development and dry matter accumulation
also was directly affected by the sucrose level[4].



Starch synthesis in mung bean
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Fig. 3. Changes in the activities of phosphorylase in developing

mung bean seeds of ML-6 (A), CES-55 (O) and CPI-30755A
(®). Vertical bars represent s.e.

4.0

3.0

N
(=)

nmoles-seed - min"!

5 7 9 1 13 i5 17
Days ofter flowering

Fig. 4. Changes in the activities of soluble (——) and starch

granule-bound (- - - -)starch synthetase in developing mung bean
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However, other investigations [ 5] have indicated that the
normal pattern of accumulation of dry matter in the seed
is dhérermned witmn Tne seeb Tiseli. 7 ermnanon ol The
accumulation of starch as the seed matures could, there-
fore, conceivably be due to either the loss of synthetic
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capacity of the seed, or to cessation of the supply of
assimilates to the seed, or both [6].

Cleavage of sucrose can be achieved by invertase, but it
cannot account for the metabolism of sucrose in the
seed [6]. Instead, sucrose transported from leaves is
converted to UDP-glucose by the action of sucrose
synthetase and liberated UDP-glucose is converted to
glucose-1-phosphate via UDP-glucose pyrophosphoryl-
ase. The glucose-1-phosphate produced would be available
for ADP-glucose formation by ADP-glucose pyrophos-
phorylase or utilized directly for starch synthesis by
phosphorylase [3, 7]. The concomitant increase of suc-
rose synthesis and free sugars and starch suggests that
sucrose synthetase catalyses the first step in the conversion
of sucrose to starch. The results showed that sucrose
synthetase is negligible at 5 DAF when only a small
amount of starch is synthesized. Sucrose synthetase in the
large seeded CES-55 has an activity rate similar to those in
the other two cultivars until 11 DAF, after which the
activities in ML-6 and CPI-30755A declined. The activity
in CES-55, however, did not decline until 15 DAF. This
may reflect the continuous availability of sucrose in the
large seeded cultivar. Sucrose synthetase changes during
mung bean seed development support the hypothesis that
sucrose synthetase plays a role in starch synthesis.

The maximum rate of UDP-glucose pyrophosphoryl-
ase coincided with the maximum rate of sucrose syn-
thetase. UDP-glucose pyrophosphorylase activity of ML-
6 did not reach a level as high as those in the other two
cultivars, although the activity in ML-6 at the end of the
experiment was higher than those of the other two
cultivars. The maximum levels of the UDP glucose
pyrophosphorylase activities of CES-55 and CPI-30755A
at 9—-11 DAF coincided with maximum starch accumu-
lation, suggesting that sucrose synthetase catalyses the
first step in the conversion of sucrose to starch. UDP-
glucose pyrophosphorylase activity fell sharply after the
maximum for CES-55 and CPI-30755A suggesting that
the UDP glucose pyrophosphorylase step may be the rate-
limiting step in starch accumulation in the developing
mung bean seed, as has been proposed to be the case in
cereal grains [4].

A level of activity for UDP-glucose pyrophosphorylase,
which is higher than that of ADP-glucose pyrophos-
phorylase in the rapid starch synthesis of the developing
mung bean seed observed here, is in agreement with earlier
reports [4, 6, 8]. However, the activity of ADP-glucose
pyrophosphorylase was higher than the activity of UDP-
glucose pyrophosphorylase at 15 DAF in ML-6 and CES-
55. This may imply that UDP-glucose pyrophosphorylase
comes before ADP-glucose pyrophosphorylase in the
starch synthetic pathway. On the other hand, the activity
of ADP-glucose pyrophosphorylase in CES-55and ML-6
was evident at 7 DAF, at a time when UDP-glucose
pyrophosphorylase activity was negligible. This may
indicate that glucose-l-phosphate can also be produced
“nvigha st reaitn aidiing i) 7. T
substantiated by the fact that low activities of soluble and
starch granule-bound starch synthetase, present at an
early stage, may be responsible for the initiation of starch
synthesis through fructose. The low activity of ADP
glucose pyrophosphorylase throughout the seed develop-
ment of CPI-30755A may suggest that an alternative
palnway nses giueoseh-phosphuie 'y Pnosphonyrase S 7.
On the other hand, both UDP- and ADP-glucose pyro-
phosphorylase showed only 0.01-0.1-times the level of
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activity of sucrose synthetase and phosphorylase and
could, therefore, be rate-limiting in starch synthesis.

It is noteworthy that the enzyme that might function
either in starch synthesis or in glycolysis is phosphorylase.
The activity of this enzyme was considerably greater than
that of the other enzymes under investigation, and 10-fold
higher than that necessary to support the level of starch
accumulation during the course of mung bean seed
development. However, maximum phosphorylase activity
levels coincided with the maximum rate of starch accumu-
lation. Low phosphorylase activities of small-seeded ML-
6at 11--15 DAF may reflect the low availability of glucose-
|-phosphate because of the low activities of UDP-glucose
pyrophosphorylase. Thus, it can be speculated that the
activity of phosphorylase utilizing glucose-1-phosphate is
operative for starch synthesis in the developing mung
bean seed.

Maximum activities of soluble starch synthetase and
starch granule-bound starch synthetase followed maxi-
mum activities of UDP-glucose pyrophosphorylase and
ADP-glucose pyrophosphorylase in all three cultivars.
This is additional evidence that starch synthesis occurs via
the ADP-glucose pathway. However, the activities of both
forms of starch synthetase were low at the time when
starch synthesis was initiated, while there was ample
phosphorylase activity. Also, the activity of soluble starch
synthetase in ML-6 was lower than in the other two
cultivars at the later stage of development. The data,
therefore, suggest that these two forms of starch syn-
thetase may not account for the total starch accumulation.
Since the level of activity of phosphorylase was greater
than that of either forms of starch synthetase at the earlier
stage of development, the major portion of starch ac-
cumulation may be attributed to phosphorylase but, in the
later stages, starch synthetase may be the predominant
catalyst.

EXPERIMENTAL

Immature pods of mung bean cultivars ML-6, CES-55 and
CP1-30755A were harvested at 5,7, 9, 11, 13 and 15 days after
flowering (DAF) from the greenhouse, where 50 plants/cultivar
were grown at one plant per 20 cm i.d. pot. The developing seeds
were immediately extracted from the pods in a cold room at 4
and separated into two groups. One was for carbohydrate
analysis and the other for enzymatic assays.

Carbohydrate determination. To determine dry wt, the seeds
were dried at 70" in a forced air drier for 72 hr. The seeds were
then ground, and free sugars were extracted from the dried
powder with 80¢, EtOH at 85" for 30 min and determined by the
anthrone-H,SO, method according to ref. [9]. Starch was
extracted with perchloric acid from the residue of the free sugar
extraction and determined by the method of ref. [10].

Preparation of enzymes. 5 g fresh developing seeds was homo-
genized at 07 in a blender with 10 m! 0.01 M Tris-maleate buffer
(pH 7.0). The homogenate was strained and centrifuged at
30900 g for 20 min at 0°. The supernatant was dialysed overnight
at 4" against 0.01 M Tris-maleate buffer (pH 7.0). This soln was
immediately used as a source of soluble enzymes: The pellet was
washed twice with H,O and used as a source of starch granule-
bound starch synthetase.

Measurements of enzymatic activities. Sucrose synthetase
(sucrose UDP-glucosyl transferase) was assayed according to ref.
[11]. The reaction mixture contained 0.5 ml Tris-Pi buffer,
0.05 m! 0.4 M sucrose, 0.05 ml 5 mM 2-mercaptoethanol, 0.05 ml
5 mM UDP and 0.5 mi extract. The mixture was incubated at 37°
for 10 min and then terminated by adding 1 ml of copper reagent
according to Nelson's arsenomolybdate method.
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ADP- and UDP-glucose pyrophosphorylase (glucose-1
phosphate adenyltransferase and glucose-I-phosphate uridyl
transferase) were measured by the formation of ADP
[**C]glucose or UDP-['*C]glucose [7]. The reaction mixture
contained 0.02 mi 0.6 M Hepes buffer (pH 8.0 containing | mV
dithiothreitol, 50 mM MgCl,),0.02 m] 12.5 mM [ '*CJglucose-1
phosphate (300 cpm/nmol), 0.02ml 10 mM ATP and 0.05m
extract ina final vol. of 0.11 ml. This mixture was incubated at 37
for 20 min. The reaction was terminated by adding 0.9 ml of ¢
soln containing 0.1 M (NH,),S0,. 0.01 M glucose and 0.01 M
glucose-1-phosphate and the resulting mixture was then boilec
for 1 min and adsorbed onto charcoal. The mixture was centri-
1250 ¢ for 5 min. The charcoal ppt was washed twice with H,O
mixed with 10 ml dioxan containing 0.7",, PPO, 0.03°, dimethy
POPOP and 10° naphthalene. and counted in a scintillatior
counter.

Phosphorylase assay was essentially according to ref. [ 12]. The
reaction mixture contained 0.3ml 259 (w,;v) amylopectin
0.1 ml 0.01 M glucose-1-phosphate, 0.4 mi 0.5 M Tris ‘maleate
(pH 6.2) with 10 mM NaF, and 0.2 mi extract in a total vol. of
1.0 ml. After incubation at 30" for 30 min, 0.3 ml 59 TCA and
2.0ml 0.1 M NaOAc were added and then the mixture was
centrifuged at 1250 ¢ for 15 min. Later, 2.0 ml aliquots were
taken and mixed with 0.3 ml 1%, (w;v} ammonium molybdate in
0.05 N H,S0,. Color reaction was measured after 1 hr at
650 nm.

Soluble and starch granule-bound starch synthetase (ADP-
glucose starch glucosyltransferase) activities were measured by
the no. of mols of [ '“C]glucose formed from ADP-[!*C]glucose
(0.1 uCi/umol) with amylopectin [13]. The mixture contained
0.1 ml 0.1 M Tricine buffer (containing 10 mM EDTA, 100 mM
KCland 2.5, (w/v) amylopectin, pH 8.0), 0.02 ml 10 mM ADP-
glucose and 0.08 ml extract. After incubation, at 37 for 15 min,
the reaction was terminated by adding 2 ml 75° MeOH-1°,
KClsoln. The supernatant fraction was decanted after centrifug-
ation at 3500 ¢ for 5 min and the starch ppt was washed twice
with 2 ml MeOH-KClsoln, then dissolved in | ml H,O. 10 ml of
scintillation soln was added before counting.
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