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Lodging-resistant rice (Oryza sativa) cultivars usually show slow grain filling when nitrogen is applied in large amounts. This
study investigated the possibility that a hormonal change may mediate the effect of water deficit that enhances whole plant
senescence and speeds up grain filling. Two rice cultivars showing high lodging resistance and slow grain filling were field
grown and applied with either normal or high amount nitrogen (HN) at heading. Well-watered and water-stressed (WS)
treatments were imposed 9 days post anthesis to maturity. Results showed that WS increased partitioning of fixed '*CO, into
grains, accelerated the grain filling rate but shortened the grain filling period, whereas the HN did the opposite way.
Cytokinin (zeatin + zeatin riboside) and indole-3-acetic acid contents in the grains transiently increased at early filling stage
and WS treatments hastened their declines at the late grain filling stage. Gibberellins (GAs; GA, + GA,) in the grains were
also high at early grain filling but HN enhanced, whereas WS substantially reduced, its accumulation. Opposite to GAs,
abscisic acid (ABA) in the grains was low at early grain filling but WS remarkably enhanced its accumulation. The peak
values of ABA were significantly correlated with the maximum grain filling rates (r = 0.92**, P < 0.01) and the partitioning
of fixed '*C into grains (r = 0.95**, P < 0.01). Exogenously applied ABA on pot-grown HN rice showed similar results as
those by WS. Results suggest that an altered hormonal balance in rice grains by water stress during grain filling, especially
a decrease in GAs and an increase in ABA, enhances the remobilization of prestored carbon to the grains and accelerates the

grain filling rate.

Plant hormones are considered as key regulators to
seed development (Davies, 1987; Brenner and
Cheikh, 1995). In cereals, peas (Pisum sp.), and beans
(Phaseolus sp.), high levels of cytokinins are generally
found in the endosperm of developing seeds, which
may be required for the cell division during the early
phase of seed setting (Yang et al., 2000a). Morris et al.
(1993) reported that zeatin (Z) and zeatin riboside
(ZR) in developing rice (Oryza sativa) and wheat
(Triticum aestivum) grains showed large transient in-
creases following pollination, which coincided with
the period of seed setting and maximum endosperm
cell division.

There are many reports that auxins, gibberellins
(GAs), and abscisic acid (ABA) are also involved in
regulating grain development (Karssen, 1982; Da-
vies, 1987; Kende and Zeevaart, 1997; Hansen and
Grossmann, 2000). Eeuwens and Schwabe (1975)
stated that GA-like material was highest in liquid
endosperm of pea at the time of rapid pod elonga-
tion. Relatively high levels of GA, , 1 existed in the
large panicle of rice just before and at anthesis (Ku-
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rogochi et al., 1979; Suzuki et al., 1981). Lur and
Setter (1993) observed that indole-3-acetic acid
(IAA) concentrations abruptly increased in the en-
dosperm of maize (Zea mays) kernels at about 10 d
after pollination, which coincided with an increase
in DNA content per nucleus. Kato et al. (1993) re-
ported that ABA content in large-size grains was
higher than that in small-size grains during rice
grain filling. ABA content in wheat grains was pos-
itively correlated with grain filling rate at the early
grain filling stage (Bai et al.,, 1989). Wang et al.
(1998) and Yang et al. (1999) suggested that the poor
grain filling was associated with low IAA and ABA
contents in rice grains.

Improving grain filling is vitally important in cases
where slow grain filling is a problem, e.g. heavy use
of nitrogen (N) fertilizer (Ling et al., 1993; Yang et al.,
1996), or adoption of lodging-resistant cultivars of
which some stay “green” for too long (Yuan, 1997;
Zhu et al., 1997). Our early work showed that water
stress imposed during the grain filling of wheat
could enhance remobilization of prestored carbon
reserves to the grains and grain filling rate (Yang et
al., 2000b, 2001). However, little is known about
whether and how plant hormones are involved in the
processes. The purposes of this study were to inves-
tigate the changes in cytokinin, IAA, GA, and ABA
contents in the grains of rice subjected to water def-
icit stress during grain filling, and determine how the
hormonal changes were correlated with the grain
filling process.

Plant Physiology, September 2001, Vol. 127, pp. 315-323, www.plantphysiol.org © 2001 American Society of Plant Biologists 315



Yang et al.

RESULTS
Changes in Leaf Water Potential

Figure 1 illustrates the progression of leaf water
potential changes during the first 30 d after with-
holding water. Both cultivars exhibited a similar
trend of leaf water potential changes either at pre-
dawn or at midday. When plants were well watered
(WW), midday leaf water potential decreased grad-
ually during grain filling, from —0.43 and —0.48 mil-
lion Pa (MPa) at the beginning to —0.73 and —0.85
MPa at 30 d after withholding water. Water-stressed
(WS) treatments substantially reduced midday leaf
water potentials from —0.44 and —0.52 MPa initially
to —1.25 and —1.84 MPa at 30 d after withholding
water. Plants at high amount of N (HN) had a lower
midday leaf water potential than those at normal
amount of N (NN), even though soil water potential
(Pson1) Was kept at the same level, suggesting that
plants with better N nutrition lost more water. The
differences in predawn leaf water potentials between
WW and WS, or between NN and HN treatments,
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Figure 1. Changes of leaf water potentials of the rice japonica cv
Wuyujing 3 (A) and rice indica cvYangdao 4 (B) during the first 30 d
after withholding water. The treatments are: NN + WW (@), NN +
WS (O), HN + WW (i), and HN + WS ([J). Measurements were
made on the flag leaves at predawn (6 am, dashed lines) and at
midday (11:30 am, black lines). Vertical bars represent *sE of the
mean (n = 6) where these exceed the size of the symbol.
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were insignificant, indicating that plants subjected to
the water deficit could rehydrate overnight.

Fixed Carbon Partitioning and Grain Filling Rate

At maturity, 79% to 85% of 14CO, (*QC) fed to the
flag leaves was partitioned into the grains under
WS-NN, whereas only 55% to 66% went to the grains
under WW-NN treatments (Table I), indicating that
more fed '*C was remobilized and deposited into the
grains by the water stress. In comparison, HN re-
duced '*C allocation into the grains.

Under WW treatments, HN slowed grain filling
(Fig. 2). WS treatments increased the grain filling rate
and shortened the grain filling period at both HN
and NN. The increased rate and the shortened period
were more remarkable at HN than at NN (Fig. 2, C
and D).

As showed in Figure 2, A and B, the final grain
weight was not significantly different between WW
and WS treatments when NN was applied. However,
it was significantly increased under WS-HN treat-
ments, implying that the gain from accelerated grain
filling rate outweigh the possible loss of photosyn-
thesis as a result of a shortened grain filling period
when subjected to water stress during grain filling.

Hormonal Changes in the Grains

The methods used in this study for hormone ex-
traction and purification and for quantification hor-
mones by an ELISA recovered 79.6% of Z, 80.2% of
ZR, 70.2% of TAA, 74.6% of GAs (GA; + GA,), and
83.0% of ABA (Table II). The specificity of the mono-
clonal antibodies and the other possible nonspecific
immunoreactive interference were checked by Wu et
al. (1988), Zhang et al. (1991), and He (1993) and
proved reliable.

The grains contained 26% to 33% more ZR than Z,
and both showed a similar changing pattern during
grain filling (data not shown). Z + ZR contents in the
grains transiently increased at early grain filling
stage, and reached a maximum at 9 to12 DPA at NN
and 12 tol5 DPA at HN, and decreased thereafter
(Fig. 3, A and B). During the first week of withhold-
ing water (9-15 DPA), the difference in Z + ZR
contents was not significant between WW and WS
treatments. The grains under WW contained more
Z + ZR than under WS treatments only at the mid-
and late-grain filling stages (18 DPA afterward). Z +
ZR contents were lower in HN grains than in NN
grains at early grain filling stage (3-15 DPA) when
Pson Was kept at the same level. During mid- and
late-grain filling periods, the difference was reversed
and HN grains had more cytokinins than NN ones.

Very similar to the changing pattern of Z + ZR,
IAA content in the grains sharply increased during
early grain filling stage, reached a maximum at 9 to
15 DPA, and dropped very quickly thereafter (Fig. 3,
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Table 1. Partitioning of fed "*CO, in rice plants subjected to various N and soil moisture treatments

NN and HN indicate normal and high levels of N application at heading time. WW and WS are
treatments during the grain filling. Labeling was carried out on the flag leaves at heading. Data are

expressed as means * St of six plants.

'4C Partitioning

. Nitrogen Water Stress
Cultivars Applied Treatment ;
Grains Stems + sheaths Leaves
%
Wuyujing 3 NN WWwW 55 4.7 23 £3.1 2225
NN WS 79 = 4.8 58*x1.3 15+ 1.6
HN WWwW 39 = 4.1 3129 30 2.8
HN WS 65 3.9 1123 24 22
Yangdao 4 NN WW 66 * 3.8 18 2.4 16 = 1.3
NN WS 85 5.2 3.5*x0.7 11 = 1.1
HN WWwW 51 = 4.1 21 3.1 28 = 3.1
HN WS 71 4.6 10x1.2 19 = 1.7

C and D). Water stress treatments significantly de-
creased IAA in the grains during mid- and late-grain
filling stages. Compared with the grains with NN
treatments, those with HN contained lower IAA be-
fore 9 to 12 DPA but higher thereafter when i,;; was
the same.

Increases in Z + ZR and IAA in the grains at early
grain filling stage were associated with the increase
of grain filling rate (refer to Fig. 2, C and D). The time
reaching the maximum for Z + ZR and IAA was just
before the time of a maximum grain filling rate,
suggesting that cytokinins and IAA may regulate the
grain filling of rice at the early stage.

GAs (GA, + GA,) contents in rice grains were high
at early grain filling stage, and reached a maximum
at 6 DPA for the japonica and 9 DPA for the rice cv
indica under either WW and WS, or NN and HN
treatments (Fig. 4, A and B). The HN grains con-
tained more GAs than NN grains when i;; was the
same. Water stress treatments substantially reduced
GAs in the grains at either NN or HN.

Opposite to the appearance of GAs, ABA content in
the grains was low and slowly increased at early
grain filling stage, and reached a maximum at 15 to18
DPA under NN and 18 to 21 DPA under HN treat-
ments (Fig. 4, C and D). Water stress remarkably
enhanced ABA accumulation in the grains at both
NN and HN. At early and mid-grain filling stages,
the grain with NN contained more ABA than those
with HN treatments when the is,.; was kept at the
same level.

The increases and declines of ABA content in the
grains coincided with the grain filling rate (refer to
Fig. 2, C and D). The time for ABA to reach the peak
value was simultaneous with the time of the maximal
grain filling rate. ABA accumulation in the grains
was also associated with the partitioning of the '*C
into the grains (refer to Table I). The peak values of
ABA in the grains were positively and significantly
correlated with the maximum grain filling rates (r =
0.92**, P < 0.01) and the partitioning of the '*C into
grains (r = 0.95*, P < 0.01). The maximal grain
filling rate and the partitioning of the C into the
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grains were not significantly corrected with the peak
values of Z + ZR (r = 0.12-0.34, P > 0.05), IAA (r =
0.42-0.46, P > 0.05), and GAs (r = —0.14 to —0.45,
P > 0.05).

Effect of Exogenous ABA Application

When ABA was applied to HN and WW pot-grown
plants at early grain filling stage (9 DPA), ABA con-
tent and the ratio of ABA to GAs in grains were
significantly increased (Table III). The active grain
filling period was shortened by 6 or 7 d. The grain
filling rate, grain weight, and remobilized carbon
reserve in the stems were increased by 0.20 to
0.21 mg d ' kernel !, 0.8 to 0.9 mg kernel !, and
44% to 46%, respectively, when compared with the
control (Table IV).

Grain filling process
(mg kernel™)

Grain filling rate
(mg kernel d™)

0.0 o u =
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48

Days after anthesis Days after anthesis

Figure 2. Grain filling process (A and B) and grain filling rate (C and
D) of the rice japonica cv Wuyujing 3 (A and C) and rice indica
cvYangdao 4 (B and D) subjected to various N and soil moisture
treatments. The treatments are: NN + WW (@), NN + WS (O), HN +
WW (), and HN + WS (). Grain filling rate was calculated
according to the Richards (1959) equation. Arrows in the figure
indicate the start of withholding water. Vertical bars in the figure A
and B represent =sk of the mean (n = 2) where these exceed the size
of the symbol.
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Table Il. Recovery test of ELISA for Z, ZR, IAA, gibberellins (GAs),
and abscisic acid (ABA)

The test cultivar was Wuyujung 3 (Japonica). Data are expressed as
means = st of four replications.

Hormone Grain® Grain + Standard® Recovery
ng g fresh wt™' %

Z 101 = 13.4 499 = 439 79.6 £ 6.3

ZR 128 £ 19.6 529 = 58.7 80.2 =7.2

IAA 243 +21.3 594 = 58.2 70.2 £ 6.8

GAs 304 = 26.2 677 * 60.1 74.6 £ 6.6

ABA 146 = 11.8 561 = 40.8 83.0 =54

2 Grains only. b Grains + synthetic compounds of Z, ZR, 1AA,
GAs (GA, + GA,), and ABA, respectively. Five hundred nanograms of
each compound was added to 1 g of fresh grains before purification. Z,
ZR, IAA, and ABA were from Sigma Chemical Co. (St. Louis) and GAs
were provided by China Agricultural University (Beijing, China).

DISCUSSION

Our results confirmed early reports (Saha et al,
1986; Morris et al., 1993) that cytokinin contents in
rice grains showed a transient increase at early grain
filling stage. Our own earlier work (Yang et al.,
2000c) with the same rice cultivars observed that
maximum cell division rate in endosperm occurred
10 tol4 DPA at NN and 12 to 18 DPA at HN. The
current study demonstrated that the maximum levels
of Z + ZR contents in the grains occurred 9 to12 DPA
at NN and 12 tol5 DPA at HN, indicating that the
maximal level of cytokinins coincides with en-
dosperm cell division in the developing grains.

Davies (1987) stated that auxin also stimulates cell
division in combination with cytokinins. High auxin
levels in the sink could create an “attractive power,”
leading to an increased cytokinin levels in the grains
(Seth and Waering, 1967; Singh and Gerung, 1982). In
this experiment, the changes in IAA content in the

grains were very similar to the changing pattern of
Z + ZR (Fig. 3). Both IAA and Z + ZR contents were
associated with grain filling rate at the early grain
filling stage, and their maximal levels appeared just
before the maximal grain filling rate. Results suggest
that cytokinin and IAA may regulate grain filling at
the early filling stage, probably via manipulating the
division of endosperm cells and creating the sink
strength.

Water stress imposed during grain filling, espe-
cially at the early filling stage, usually results in the
reduction in grain weight (Kobata and Takami, 1983;
Rahman and Yoshida, 1985; Boonjung and Fukai,
1996, Zhang et al., 1998). The reduction is mainly
attributed to the lowered number of endosperm cells,
thereby decreased sink size per kernel (Singh and
Jenner, 1982; Kobata and Takami, 1983; Rahman and
Yoshida, 1985; Michihiro et al.,, 1994). Our results
showed that if a water stress was initiated at 9 DPA
and controlled to a degree that plant could rehydrate
overnight (Fig. 1), the maximum levels of Z + ZR and
IAA in the grains were not affected (Fig. 3). The grain
weight was not reduced by the controlled water def-
icit (Fig. 2). We speculate that the division of en-
dosperm cells was not affected under water stress in
this experiment.

Two sharply contrasting patterns were found be-
tween GAs (GA; + GA,) and ABA contents in the
grains during grain filling period (Fig. 4). GAs were
high at early grain filling stage and had maximal
levels at 6 to 9 DPA, which was associated with the
rapid enlargement of the embryo (Qin and Tang,
1984), suggesting that GAs may play a role in embry-
ogenesis. ABA content in rice grains was low at the
early filling stage. Water stress treatments remark-
ably increased ABA accumulation, whereas substan-
tially decreased GAs contents in the grains. The max-

Figure 3. Changes of Z + ZR (A and B) and IAA 35
(C and D) in the grains of the rice japonica cv

Wouyujing 3 (A and C) and rice indica cv Yang- E s %
dao 4 (B and D) subjected to various N and soil £ &
moisture treatments. The treatments are: NN + 88 20}
WW (@), NN + WS (O), HN + WW (l), and HN & o i5
+ WS (OJ). Arrows in the figure indicate the start + = 10
of withholding water. Vertical bars in the figure N
represent xSt of the mean (n = 4) where these 5
exceed the size of the symbol.
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GAs content
(ng grain™)

Figure 4. Changes of GAs (GA,; + GA,; A and B)
and ABA (C and D) in the grains of the rice japonica
cv Wuyujing 3 (A and C) and rice indica cv Yang-
dao 4 (B and D) subjected to various N and soil
moisture treatments. The treatments are: NN + WW
(@), NN + WS (0), HN + WW (Hl), and HN + WS
(D). Arrows in the figure indicate the start of with-
holding water. Vertical bars in the figure represent
+sE of the mean (n = 4) where these exceed the size

of the symbol.

ABA content
(ng grain™)

1] 6 12 18

Days after anthesis

imal grain filling rate and the partitioning of fed "*C
into grains were positively and significantly corre-
lated with the peak values of ABA, whereas weakly
and negatively correlated with GAs in the grains,
indicating that ABA accumulation in grains during
grain development could promote grain filling and
enhance the remobilization of assimilates to the
grains. Similar results were also reported on wheat
(Dewdney and McWha, 1979; Bai et al., 1989), barley
(Tietz et al., 1981) and soybean (Glycine max L. Merr;
Ackerson, 1985).

It is notable that when HN was applied, cytokinins,
IAA, and ABA contents in the grains were low at
early grain filling stage and high at the late-filling
stage, and GAs were kept at high levels during
the whole period, much of fed *C remained in the
straws, and slow grain filling and low grain weight
happened. When a water deficit stress was imposed
during grain filling period, levels of each hormone,
especially GAs and ABA contents in the grains
changed, and grain filling period was shortened
but fed *C was more remobilized and deposited into
the grains and grain filling rate increased.

30 38

Days after anthesis

Very similar to the water deficit stress, exogenous
ABA application at early grain filling stage increased
ABA and the ratio of ABA to GAs in grains (Table
III). The grain filling period was greatly shortened,
and remobilized carbon reserve in the stems, grain
filling rate, and grain weight were all significantly
increased (Table IV). The results support the conclu-
sion that an altered balance of hormones in the grains
mediates the effect of water stress that enhances the
remobilization of prestored carbon in vegetative tis-
sues to the grains and determines the period and the
rate of grain filling in rice.

Therefore, we conclude that if a water deficit dur-
ing the grain filling of rice is controlled properly so
that plant can rehydrate overnight, an altered hor-
monal balance, especially decreases in GAs and in-
creases in ABA in the grains, may enhance the remo-
bilization of prestored carbon to the grains, shorten
the grain filling period, but accelerate grain filling
rate. The gain from the accelerated grain filling rate
may outweigh the loss of the shortened grain filling
period, i.e. the loss of photosynthesis, and increase
the grain weight in cases where slow grain filling is a

Table Ill. Effect of exogenously applied ABA on ABA contents in grains

The plants were grown in WW pots with an HN applied. The leaves and panicles were sprayed with
25 X 107° M ABA daily for 7 d starting at 9 DPA. Each measurement was five replications. Statistical
comparison was within the same column and the same cultivar.

12 DPA 20 DPA
Cultivar Treatment
ABA GAs ABA/GAs ABA GAs ABA/GAs
ng grain™'
Wuyujing 3 Control 4.9 28.7 0.17 8.8 9.4 0.94
25 X 107° M ABA  18.8**@  25.1* 0.75%* 15.4*%*  5.2% 2.96%*
Yangdao 4 Control 7.6 24.6 0.31 10.6 9.3 1.14

25 X 107 ° m ABA 27.2%* 18.7* 1.13%* 17.9%%  7.2b 2.49**

2% and =, Significantly different at the P = 0.05 and 0.01 levels of probability, respective-
ly. P Not significantly different.
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Table IV. Effect of exogenously applied ABA on remobilization of carbon, active grain filling period,
grain filling rate, and grain wt of the plants grown in WW pots with HN

The leaves and panicles were sprayed with 25 X 107° m ABA daily for 7 d starting at 9 DPA. Each
measurement was five replications. Statistical comparison was within the same column and the same

cultivar.
. Active Grain S . Remobilized
Cultivar Treatment Filling Period Grain Filling Rate Grain Wt Carbon Reserve®
d mg kernel”" d~"  mg kernel™' %
Wuyujing 3 Control 41 0.63 25.8 35.8
25 X 107° M ABA 34xb 0.83** 26.7* 51.9%*
Yangdao 4 Control 39 0.68 26.4 39.5
25 X 107° M ABA 33%* 0.89** 27.6* 57.4%*

 (nonstructural carbohydrate [NSC] in stems at anthesis — NSC in stems at maturity)/NSC in stems

at anthesis X 100.
respectively.

b« and =, Significantly different at the P = 0.05 and 0.01 levels of probability,

problem with heavy use of N or cultivars that stay
green for too long.

MATERIALS AND METHODS
Plant Materials

The experiment was conducted at a farm of Yangzhou
University (Jiangsu Province, China; 32°30'N, 119°25'E)
during rice (Oryza sativa) growing season (May to October)
of 1999, and repeated in 2000. Two lodging-resistant rice
cultivars currently used in local rice production, cv Wuyu-
jing 3 (japonica) and cv Yangdao 4 (indica), were grown in
the paddy field. Seedlings were raised in the field with the
sowing date on May 10 through 11 and transplanted on
June 10 through 11 at a hill spacing of 0.20 m X 0.16 m with
two seedlings per hill. The soil of the field was sandy
loam with 24.5 g kg™ ' organic matter and available
N-phosphorus-potassium at 105, 33.5, and 66.0 mg kg™ ',
respectively. N (60 kg ha ' as urea), phosphorus (30 kg
ha ' as single superphosphate), and potassium (40 kg ha ™'
as KCl) were applied and incorporated before transplant-
ing. N as urea was also applied at mid-tillering (40 kg ha™ ")
and at panicle initiation (25 kg ha™'). Both cultivars (50% of
plants) headed on August 20 through 22 and were har-
vested on October 9 through 10. Except drainage at end-
tillering (July 12-14), the field was kept at a 1- to 2-cm
water level until 9 DPA, when water deficit treatments
were initiated. The temperatures, averaged per 10 d from
anthesis (August 21-23) to harvest, were 26.9°C, 26.3°C,
25.2°C, 24.3°C, 23.2°C, and 22.6°C, respectively.

N and Water Stress Treatments

The experiment was a2 X 2 X 2 (two cultvars, two levels
of N, and two levels of soil moisture) factorial design with
eight treatment combinations. Each of the treatments had
three plots as repetitions in a complete randomized block
design. Plot dimension was in 4.2 X 3.2 m and plots were
separated by a ridge (40 cm in width) wrapped with plastic
film. Two levels of N treatments were applied at initial
heading (10% of plants headed on August 18-19). One-half
of the plots were top dressed with either 5 g N m ™2 (NN)
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or 10 g N m 2 (HN) as urea. From 9 DPA to maturity, two
levels of s,,;; were imposed on the plants of both NN and
HN treatments. The WW treatment was kept at 1- to 2-cm
water depth ({,; = 0) in the field by manually applying
tap water every day, and the WS was maintained ; at
—0.05 MPa. The ¥,,; in the WS treatment was monitored
with tension meters buried in the 15- to 20-cm soil depth.
Five tension meters were installed in each plot to monitor.
Tension meter readings were recorded every 6 h from 6 am
to 6 PM. When the reading dropped to the designed value,
100 L of tap water per plot was added manually to the WS
treatment. A rain shelter consisting of a steel frame covered
with a plastic sheet was used to protect the plot during
rains.

Radioactive Labeling

Flag leaves from six main stems from each treatment
were labeled with '*CO, at heading. Labeling was at 9 am
to 11 AM on a clear day with photosynthetically active
radiation at the top of the canopy ranging from 1,000 to
1,100 umol m ™2 s~ '. The whole flag leaf was placed into a
polyethylene chamber (25-cm length and 4-cm diameter)
and sealed with tape and plasticine to get a gas-tight seal.
Six milliliters of air in the chamber was drawn out and the
same volume of gas was injected into the chamber which
contained 0.01 mol L' CO, at specific radioactivity of *C
at 1.48 MBq L™ ". The chamber was removed after 0.5 h.

The labeled plants were sampled at maturity. Each plant
was divided into leaf blades, culms plus sheaths, and
panicles (grains + branches and rachis). Samples were
dried at 80°C to constant weight, ground into powder, and
then extracted by shaking in 630 g L™ boiling ethanol. The
radioactivity of "*C in the extracted aliquots was counted
by a liquid scintillation counter (Beckman Instruments Inc.,
Fullerton, CA). Radioactivity distribution in each part of
the plant was expressed as a percentage of total radioac-
tivity remaining in the aboveground portion of the plant.

Measurement of Leaf Water Potential

Leaf water potential of the flag leaves were measured at
predawn (6 AM) and midday (11:30 amM) on 0, 2, 4, 7, 10, 13,
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15, 18, 21, 25, and 30 d after withholding water when the
sky was clear. Well-illuminated flag leaves were chosen
randomly for such measurements. A pressure chamber
(model 3000, Soil Moisture Equipment Corp., Santa Bar-
bara, CA) was used for leaf water potential measurement
with six leaves for each treatment.

Sampling

Five-hundred panicles that headed on the same day
were chosen and tagged for each treatment. The flowering
date and the position of each spikelet on the tagged
panicles were recorded. Thirty-six to 45 tagged panicles
from each treatment were sampled every 3-d interval from
anthesis to maturity. The sampled panicles were divided
into four groups (12-15 panicles each) as subsamples.
Grains that developed from spikelets that flowered on the
same day were removed. Half-sampled grains were frozen
in liquid N for 1 min and then stored at —80°C for hor-
monal assay. Another half-sampled grains were dried at
70°C to constant weight for 72 h, and weighed. The grain-
filling process was fitted by Richards’ (1959) growth equa-
tion as described by Zhu et al. (1988):

W =A/(1 + Be VN 1)

Grain filling rate (G) was calculated as the derivative of
Equation 1:

G = AKBe ®/N(1 + Be — kt)N+I/N @)

where W is the grain weight (mg), A is the final grain
weight (mg), t is the time after anthesis (d), and B, k, and N
are coefficients determined by regression. The active grain
filling period was defined as that when W was from 5% (t1)
to 95% (t2) of A. The average grain filling rate during this
period was calculated from t1 to t2.

Hormone Extraction and Purification

The methods for extraction and purification of Z, ZR,
TIAA, GAs (GA, + GA,), and (=) ABA were modified from
those described by Bollmark et al. (1988) and He (1993).
Samples consisting of 50 to 80 dehulled and frozen grains
were ground in an ice-cooled mortar in 10 mL 80% (v/v)
methanol extraction medium containing 1 mm butylated
hydroxytoluence as an antioxidant. The extract was incu-
bated at 4°C for 4 h and centrifuged at 4,000 rpm for 15 min
at the same temperature. The supernatant was passed
through Chromosep C18 columns (C18 Sep-Park Cartridge,
Waters Corp., Millford, MA), prewashed with 10 mL 100%
(w/v) and 5 mL 80% (v/v) methanol, respectively. The
hormone fractions eluted with 10 mL 100% (v/v) methanol
and 10 mL ether from the columns were dried under N,,
and dissolved in 2 mL phosphate buffer saline (PBS) con-
taining 0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin (pH
7.5) for analysis by ELISA.

Quantification of Hormones by ELISA

The mouse monoclonal antigens and antibodies against
Z, ZR, IAA, GAs (GA; + GA,), and ABA, and IgG-
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horseradish peroxidase used in ELISA were produced at
the Phytohormones Research Institute (China Agricultural
University; see He, 1993). ELISA was performed on a 96-
well microtitration plate. Each well on the plate was coated
with 100 pL coating buffer (1.5 g L' Na,CO,, 293 g L™!
NaHCO;, and 0.02 g L™ ! NaNj,, pH 9.6) containing 0.25 pg
mL ' antigens against the hormones. The coated plates
were incubated for 4 h at 37°C for Z, ZR, GAs, and ABA,
and overnight at 4°C for IAA, and then kept at room
temperature for 30 to 40 min. After washing four times
with PBS + Tween 20 (0.1% [v/v]) buffer (pH 7.4), each
well was filled with 50 uL of either grain extracts or Z, ZR,
IAA, GAs, and ABA standards (0 ~ 2,000 ng mL ™! dilution
range), and 50 pL of 20 pg mL ™! antibodies against Z, ZR,
IAA, GAs, and ABA, respectively. The plate was incubated
for 3 h at 28°C for Z, ZR, GAs, ABA, and overnight at 4°C
for TAA, and then washed as above. One hundred micro-
liters of 1.25 ug mL™' IgG-horseradish peroxidase sub-
strate was added to each well and incubated for 1 h at 30°C.
The plate was rinsed five times with above PBS + Tween 20
buffer, and 100 nL color-appearing solution containing 1.5
mg mL~' O-phenylenediamine and 0.008% (v/v) H,O, was
added to each well. The reaction progress was stopped by
adding of 50 uL 6 N H,S50, per well when the 2,000 ng
mL ' standard had a pale color, and the 0 ng mL ™" stan-
dard had a deep color in the wells. Color development in
each well was detected using an ELISA Reader (model
EL310, Bio-TEK, Winooski, VT) at optical density A,qy. Z,
ZR, TAA, GAs, and ABA contents were calculated follow-
ing Weiler et al. (1981). The results are the means = sE of at
least four replicates.

Exogenous ABA Application

Plants were grown in the porcelain pots that were placed
in a field. Each porcelain pot (30-cm height, 25-cm diame-
ter, and 14.72-L volume) was filled with 18 kg sandy loam
soil with the same nutrient contents as the field soil. Thirty-
day-old seedlings raised in the field were transplanted on
June 11 into the pots with three hills per pot and one
seedling per hill. Two grams of N as urea, 0.2 g of phos-
phorus as single superphosphate, and 0.3 g of potassium as
KCI were mixed into the soil in each pot before transplant-
ing. At mid-tillering, panicle initiation, and heading, 0.6,
1.2, and 1 g of N as urea were top dressed into each pot,
respectively. The plants were watered daily by hand and
the pot was kept at 1- to 2-cm water level during the whole
growth period.

Starting at 9 DPA, 25 X 10~ ° M ABA (Sigma Chemical
Co.) was sprayed on the leaves and panicles daily for 7
consecutive d. The plants sprayed with the same volume of
distilled water were taken as a control. Each treatment had
40 pots. ABA in the grains were measured 3 and 11 d after
ABA application (12 and 20 DPA), and grain filling rate
was measured by weighing grain weight every 5 d from
heading to maturity. Measurement methods were the same
as described above. Five pots of plants for each treatment
were harvested at maturity for examination of the final
grain weight and carbon reserve in the stem (culm +
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sheath). Nonstructural carbohydrate in the stem was de-
termined according to Yoshida et al. (1976). Each measure-
ment had five replicates.

Statistical Analysis

The results were analyzed for variance using the SAS
statistical analysis package (version 6.12, SAS Institute,
Cary, NC). Data from each sampling date were analyzed
separately. Means were tested by Lsp at P;,s level
(LsDg g5)- Linear regression was used to evaluate the rela-
tionship between hormonal contents in the grains with
grain filling rate.

Received January 22, 2001; returned for revision April 25,
2001; accepted June 21, 2001.
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