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Abstract : Partial removal of spikelets and partial defoliation were conducted in rice at anthesis to evaluate the
effects of the source-to-sink ratio (ratio of leaf area to grain number). The ratio was 0.75 in the control plants
and ranged from 0.24 to 1.53 for the various treatments. The apparent photosynthetic rate was not influenced
significantly by the treatments 12 days after anthesis. Contents of chlorophyll and Rubisco decreased substantial-
ly 3 weeks after anthesis, but remained relatively high when the sink size was reduced. Three weeks after anthesis,
both the chlorophyll and Rubisco contents were positively correlated with the source-to-sink ratio (P<0.01).
Therefore, it appears that a large sink size (i.e., smaller source-to-sink ratio) promotes flag leaf senescence.
However, no significant differences in the enzyme activities related to sucrose synthesis were observed among the
treatments. In spite of the large differences in sucrose and starch contents in leaf sheath and culm among the
treatments, the trends of change in sucrose and starch contents in the flag leaf blades during the ripening period
were similar. Thus, the ability of the flag leaves to synthesize sucrose was not greatly reduced during senescence.
The nitrogen content of flag leaf blade was negatively correlated with sink size. These results suggest that the
difference in leaf senescence under various source-to-sink ratios may be associated with the different rates of
nitrogen withdrawal from leaf blades to grains.
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ited by the source capacity or by the sink
capacity. Yoshida?? argued that the

Sources are plant organs that export
photosynthates while sinks are plant parts that

import them. During the ripening period of
rice plants, grains are the major sink organ.
For improving grain yield of rice, it has been
frequently debated whether yield is more lim-
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photosynthetic capacity can limit rice yield
since CO, enrichment before or after anthesis
increases rice yield. On the other hand, appre-
ciable carbohydrates remain in leaves and
culms at the harvest suggesting that sink
capacity can limit vyield under field
conditions?. So far, the main determinant of
rice grain yield, whether be sink or source,
remains unclear.

NII-Electronic Library Service



548 Japanese Journal of Crop Science Vol. 62, 1993

It has been shown in several crop species
that the rate of photosynthesis changes in
response to sink demand*!'?. King et al.”
showed in wheat that ear removal causes a
reduction in flag leaf photosynthetic rate and
subsequent darkening of other leaves leads to
recovery of the rate. One of the possible
mechanisms for these source-sink relation-
ships is the feedback inhibition of photo-
synthesis®'?. When the sink demand is small,
excess carbohydrates are accumulated in
leaves, which in turn causes feedback inhibi-
tion of photosynthesis. Sawada et al.!®¥ found
significant negative correlations between
photosynthetic activity and sucrose and starch
contents in the leaves, using single rooted leaf
of soybean as a source-sink model. In rice,
Weng and Chen?? reported a significant nega-
tive correlation between photosynthetic rate
and nonstructural carbohydrate content in the
leaves by leaf sheath cooling treatment.
Furthermore, it has been suggested that leaf
senescence is induced in some ways by a
depletion of assimilates®!®. Contrary to this, it
has also been suggested that accumulation of
soluble carbohydrates and starch could lead to
the induction of leaf senescence®®. For field
grown rice plants, these relations are not too
clear. When sink size is reduced by removing
panicle or spikelets, the nitrogen content in the
leaves remains high while photosynthetic
activity often shows a different trend®'%.
Therefore, it would be useful to study photo-
synthesis activity, nitrogen content, and carbo-
hydrate accumulation in leaf blades simultane-
ously under different source-to-sink ratios in
the field conditions.

In most plants, photosynthetically fixed
carbon must be converted to sucrose before
translocation, and the process of sucrose syn-
thesis within the leaves can also limit source
activity. Furthermore, leaf sheath and culm,
which are located along the translocation
pathway, can accumulate large amount of
carbohydrates. Subsequently, the carbo-
hydrates accumulated in these tissues may
affect the source-sink relation in rice plant too.

The purposes of this study were as follows :
(1) to determine photosynthetic rates and
carbohydrate contents of rice flag leaf blades
under different source-to-sink ratios during
the ripening period and investigate their rela-
tionships, (2) to determine the influence on

flag leaf senescence of different source-to-sink
ratios with special references to photosynthetic
capacity and sucrose synthesis and investigate
their relationships with the contents of carbo-
hydrates and nitrogen in the leaf blades.

Materials and Methods

Plant material

Twenty-five-day old rice seedlings (Oryza
sativa L., cv. Koshihikari) were transplanted in
the experimental field of Utsunomiya Univer-
sity on May 23, 1988. Line spacing was 30
cm X 15c¢m with four plants in a hill. The
compound fertilizer (4g N » m=2, 5g P,O; -
m~2 and 6 g K,O » m~2) was mixed with the
soil four days before transplanting. Ammo-

nium sulfate (2 g N » m™2) was applied as top-

-dressing on July 13 and on August 20.
Anthesis was on August 27 and flag leaf
emerged 15 days before anthesis. One hun-
dred and twenty hills, which had an averaged
tiller number of 18 & 1 at anthesis, were used
in this study.

Treatment

The experiment was laid-out in completely
randomized design. At anthesis, the 120 hills
selected were randomly grouped into six sub-
groups (20 hills/group). In each hill, treat-
ment was applied to 4 tillers which had similar
length of flag leaf blade and panicle. The
treatments were as follows: (1) Control, (2)
all leaves other than flag leaf were clipped
(Source 1), (3) all leaves other than flag and
second leaves were clipped (Source 2), (4)
4th to 7th primary rachis branches from the
top were removed (Sink 1), (5) 4th and 5th
primary rachis branches from the top were
removed (Sink 2), (6) all leaves other than
flag leaf were clipped and 4th to 7th primary
rachis branches form the top were removed
(Sink 14 Source 1). Grain numbers and leaf
area per tiller for these treatments are shown
in Table 1.

Photosynthesis measurement

Leaf gas exchange was studied with a por-
table infrared CO, analyzer (model LCA2,
Shimadzu-ADC). Measurements were taken
between 10: 00 and 12: 00 on the flag leaves
of treatments 1, 2, 4 and 6 in the field 12 days
after anthesis. Photon flux density was
between 1300 and 1500 gmol » m~2 « s7!, and
leaf temperature was 28 = 1°C.
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Determination of chlorophyll (Chl) and
ribulose 1, 5-bisphosphate carboxylase/
oxygenase (Rubisco) contents and activ-
ities of sucrose synthesis enzymes

The middle portion of four flag leaf blades
from each treatment were harvested between
12:00 and 12 : 30 and placed into an ice box.
The sampling was done weekly in the field.
Each leaf blade was separated to 2 parts : one
part was used for chlorophyll extraction in
909, methanol and chlorophyll content was
determined according to Schmid!®, and the
other part was used for enzyme extraction by
grinding in cold motor and pestle with a
medium containing 50 mM HEPES-NaOH
(pH 7.7), 20 mM KCIl, 5 mM dithiothreitol
and 59 insoluble polyvinyl pyrolidone with
the aid of acid-washed quartz sand. The leaf
extract was centrifuged at 20,000 g for 15
minutes at 4°C and the supernatant was used
for the assays of Rubisco and enzymes of
sucrose synthesis. Rubisco content was deter-
mined immunologically as described in a pre-
vious report'®. Cytoplasmic fructose bisphos-
phatase (FBPase) activity was assayed at pH
7.5 according to Kelly et al.®. Sucrose phos-
phate synthase (SPS) and sucrose synthase
(SS) activities were assayed as described by
Rufty et al.’?.

Determination of sucrose, starch and
nitrogen contents

These measurements were conducted for
the plants from treatments 1, 2 and 4 only.
Four tillers from each treatment were sampled
between 12:00 and 12:30. After leaf area

was quickly determined with an automatic

area meter, each tiller was separated into four
parts, namely, flag leaf blade, other leaf
blades, leaf sheath + culm, and panicle.
These samples were killed at 105°C for 30
minutes then dried at 80°C for a week. After
dry weight was determined, four duplicate
samples were combined and milled. Sugars
were extracted in hot water at 60°C as stated
by AokiV. Starch was solubilized by dimethyl-
sulfoxide. Contents of glucose, sucrose and
starch were determined enzymatically (F-kit,
Boehringer Mannheim) . Nitrogen content was
determined by an automatic N/C analyzer
(NC-80, Sumitomo Chemicals Co. Ltd.,,
Tokyo).

Results

1. Source-to-sink ratio

Source-to-sink ratios in the various treat-
ments were evaluated by the ratio of total leaf
area at anthesis divided by grain numbers
(Table 1). The ratio of control plants was
0.75, and the ratios of treated tillers ranged
from 0.24 in treatment 2 to 1.53 in treatment 4.
This range of ratios is much larger than that
ordinarily occurring in Japonica rice.

2. Photosynthetic rate

Although the differences in photosynthetic
rate among the treatments were not statisti-
cally significant, the photosythetic rates of all
treated tillers were lower than that of control
tillers (Table 2). Stomatal conductances of all
treated tillers were also lower compared to that
of control tillers.

3. Contents of Chl and Rubisco

Chl content in the flag leaf blades increased

Table 1. Grain number and leaf area per tiller for control plants and plants altered in

source-to-sink ratio,

The source-to-sink ratios were altered by partial defoliation(Source), by pertial

removal of spikelets (Sink) , or by combination both.

Treatment Grain number* Leaf area* Source-to-sink ratio
(tiller—') (cm? - tiller 1) (cm? « grain~!)
1. Control 123+6 92.4+4.9 0.75
2. Source 1 110+4 26.1+1.6 0.24
3. Source 2 122+ 4 54.3+1.3 0.44
4. Sink 1 62+ 1 94 5+4.7 1.53
5. Sink 2 103+3 98.3+3.1 0.95
6. Source 1+4Sink 1 61+4 24.8+1.3 0.41

* Values represent the mean+SE of 4 samples at the anthesis (Aug.27) .
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slightly (10-159,) up to the second week after
anthesis and then started to decrease except in
treatment 4 (Table 3). Rubisco content
showed a decreasing trend from anthesis in all
treatments. At the third week from anthesis,
however, significant differences in the contents
of Chl and Rubisco among the treatments
were observed. Treatment 4, which has a
reduced sink or a higher source-to-sink ratio,
tended to have relatively higher Rubisco and
Chl contents than other treatments. Both the

Table 2.

and stomatal conductance (g;) of flag

Apparent photosynthetic rate (AP)

leaves from control plants and plants
altered in source-to-sink ratio. Mea-
surements were conducted on 12th day
after anthesis.

AP* g*
Treatment (mg+dm-? (cmiec“)
ehr!)
1. Control 28.6 1.27
2. Soure 1 26.3 1.12
4. Sink 1 27.6 1.02
6. Source 1+ Sink 1 24 .8 1.06
NS** NS**

* Values represent the mean of 6 replications.
** NS indicates not significant at P=0.05.

Table 3.

contents of Chl and Rubisco at this time were
significantly correlated with the source-to
-sink ratio (P<0.01, Fig. 1). In other words,
the rate of flag leaf senescence, as reflected in
Chl and Rubisco content, is slower in the
treatment with a reduced sink or higher source
-to-sink ratio.

4. Activities of enzymes involved in

sucrose synthesis

In all treatments, cytoplasmic FBPase activ-
ity began to decrease from anthesis. On the
contrary, SPS and SS activities increased
slightly during the two to three weeks follow-
ing anthesis (Talbe 3), and remained high
thereafter. No significant difference was obser-
ved in the activities of these enzymes among
treatments at each stage. On a leaf area basis,
the extractable enzyme activity was lower in
FBPase than in SPS after anthesis.

5. Sucrose and starch content

The patterns of change in sucrose and
starch content in the flag leaf blade and leaf
sheath + culm for treatments 1, 2 and 4 are
shown in Fig. 2. The sucrose content of flag
leaf blade exhibited maximum values (7.2
mg - leaf blade™!, 3 g+ m~2) at anthesis and
three weeks after anthesis. It decreased during
the first week and then began to increase until
third week after anthesis and then decreased
again. This pattern was similar in all 3 treat-
ments. The starch content of the flag leaf

Changes in chlorophyll and Rubisco content activities of enzymes of sucrose synthesis

during rice flag leaf development under different source-to-sink ratios.

Weeks Content Enzyme activity
after Treatment
ireat Chlorophyll Rubisco FBPase SPS SS
ment (mg + dm™?) (gmol + dm=2 « hr™1)
0 1. Control 3.2* bcd** 26.7 a 109.9 a 87.2 ¢cd 30.3 b
2 1. Control 3.6 abc 24.3 ab 62.1 b 109.9 abc 32.2 ab
2. Source 1 3.7 ab 22.8 b 62.4 b 109.7 abc 305 b
4. Sink 1 3.9 a 24.5 ab 64.5 b 1254 a 35.5 ab
6. Source 14 Sink 1 3.6 ab 22.3 b 60.9 b 118.3 ab 34 5 ab
3 1. Control 3.0 «d 14.7 «cd 440 b 90.6 bed 28.3 b
2. Source 1 2.6 d 12.7 d 43.3 b 89.3 cd 32.8 ab
4. Sink 1 3.6 abc 18.2 ¢ 55.5 b 104.2 abcd 43.9 a
6. Source 1+Sink 1 2.7 d 13.4 d 50.7 b 77.9 d 37.3 ab

* Values represent the mean of 4 replications.

** In each column, common letters indicate insignificant difference by Duncan’s new multiple range

test at P=0.05.
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blade was low until second week after anthesis
and then began to increase. The maximum
value of starch in the flag leaf blade was about
3 mg « leaf blade™! (1.2 g » m~2). The sucrose
and starch contents of leaf sheath + culm
during the ripening period were almost in
parallel. Differences in the pattern among
treatments were significant. In the control
plants (treatment 1), both paramenters de-
creased in the second week and then began to
increase. In the plants with reduced source
size (treatment 2), both parameters decreased
drastically in the second week to less than
109, of their initial values and stayed low
thereafter. In the plants with reduced sink size
(treatment 4), both parameters decreased
slightly during the 2nd week after anthesis and
the values were more than 609 of their initial
values at anthesis. The contents of sucrose and
starch were much higher in leaf sheath +
culm than in flag leaf blade.

6. Nitrogen content

The nitrogen contents in all vegetative plant
parts decreased over the sampling period (Fig.
3). However, the nitrogen content of flag leaf
blade remained at a higher level in treatment
4, which has a smaller sink size.

Discussion

In this study, we found that treatments with
reduced sink (treatment 4) or with reduced
source (treatment 2) did not affect apparent
photosynthetic rates (Table 2) and related
leaf components such as Chl and Rubisco
(Table 3) until the second week after anthesis.
The decreases in Chl and Rubisco content
from the second to third week after anthesis
were larger in the treatments with a reduced
source size or smaller source-to-sink ratios
(Fig. 1). Therefore, it is apparent that larger
sink size promotes flag leaf senescence during
the ripening period of rice plant. This conclu-
sion is in good agreement with -earlier
studies®>1%19  In the present study, the
enzymes involved in sucrose synthesis showed
differential responses during flag leaf senes-
cence, but none of them was affected by the
treatments (Table 3). The nitrogen content of
the flag leat blade was lower in the treatment
with reduced sink size (Fig. 3). Thus, the
promotion of leaf senescence by a larger sink
size may be due to a greater withdrawal of
nitrogenous compounds from the source leaf.

Rubisco, which accounts for about half of the
total leaf soluble protein, was reported to be
one of the most degradable proteins under
nitrogen deficient conditions'”. At the third
week after anthesis, Rubisco content was
positively correlated with the source-to-sink
ratio (Fig. 1). Therefore, it is concluded that
the difference in leaf senescence among treat-
ments with various source-to-sink ratios was
caused by the different rates of nitrogen
withdrawal from source leaves to the sink

grains.
In rice plant, Weng and Chen?” reported a
significant negative correlation between

photosynthetic rate and nonstructural carbo-
hydrate content in the leaves above a thresh-
old of 7 g+ m=2 below which no correlation
was found. In this study, the maximum values
of sucrose and starch in the flag leaf blade
were about 3 gem~? and 1.2 g+ m™2, respective-
ly. Furthermore, the fluctuation patterns of
sucrose and starch contents in the flag leaf
blade during senescence did not vary substan-
tially among treatments with different source
-to-sink ratios. Therefore, feedback inhibition
of photosynthesis probably did not occur in
these treatments with source-to-sink ratio
ranging from 0.24 to 1.53 in the field. Larger
differences in carbohydrate contents were

5=

Flag leaf blade

Nitrogen content (mg-organ 1)

Leaf sheath+culm

0 1 2 3 4
Weeks after anthesis

Fig. 3. Changes in nitrogen content in flag
leaf blade and leaf sheath + culm.
21 1.Control, ®: 2.Source 1, a:4.Sink 1.
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observed in leaf sheath and culm. The abso-
lute values of sucrose and starch contents in
these tissues were much higher compared to
the flag leaf blade. This suggests that leaf
sheath and culm acting as vegetative sinks
diminish the effects of reproductive sink
demand on carbohydrate contents in the
source leaf blade in rice plant.

The lower photosynthetic rates exhibited by
all treated tillers relative to the control tillers
(Table 2) may be attributed to the lower
stomatal conductances. Ishihara et al. and
Nakaya et al.!® also reported reduced
photosynthetic rates about 10 days after pani-
cle removal in rice plants. Therefore, apparent
photosynthetic rate after sink or source manip-
ulations may be affected by stomatal behavior
through the influence of hormones and this
relationship needs to be studied further.
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