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INTRODUCTION

In southern Far East Russia, with its monsoon
weather type (considerable cloudiness, frequent and
long rains), the amount of photosynthetically active
radiation incident during the plant growth period is 15–
20% lower than the rated amount for the same latitudes
[1, 2]. Therefore, the study of the production and utili-
zation of assimilates under low insolation is an impor-
tant issue for the Far East region. The responses of crop
plants to altered light conditions remain poorly exam-
ined and are less understood than similar responses of
wild plant species [3].

Our previous works showed that a 50% reduction of
solar radiation lowered the rice grain yield by 21–47%,
elevated the number of seeds with imperfect plump-
ness, and prolonged the duration of growth period. Fur-
thermore, the decrease in grain yield was greater for
intensive varieties than for extensive varieties [4, 5].
Therefore, we proposed that the photosynthetic rate is
insufficient to fully realize the potential productivity of
intensive varieties and that the attenuated insolation

aggravates this insufficiency. There are grounds to
believe that the intensive varieties experience a more
severe deficit of newly produced photosynthates in
comparison with extensive varieties. At the same time,
it is known that the deficit of newly synthesized assim-
ilates leads to reutilization of stored assimilates [6–8].
However, little is known about the combined action of
an increased demand for assimilates and attenuated
insolation on the production and utilization of photo-
synthates.

The aim of this study was to elucidate whether pho-
tosynthesis or assimilate demand determines the pro-
ductivity of extensive and intensive rice varieties under
low insolation typical of Primorskii krai. Therefore, we
examined the delivery of newly synthesized and reuti-
lized assimilates to the caryopses in rice plants with dif-
ferent source–sink relations after prolonged exposure
of plants to spectrally neutral shading. The dynamics of
dry matter of whole plants, vegetative organs, and seeds
were also determined.
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Abstract

 

—Intensive and extensive rice crops (

 

Oryza sativa

 

 L.), regionally cultivated in Primorskii krai (mari-
time territory), were grown under full and 50% attenuated solar radiation. Plants of different varieties were used
to examine the supply of newly synthesized and reutilized 

 

14

 

C-assimilates to caryopses and to estimate the dry
weight dynamics of whole plants, vegetative organs, and grains. Cultivar-specific differences were revealed
with respect to the sink capacity of caryopses, the export of photosynthates from the upper leaf and their deliv-
ery to the panicle, and the contributions of newly produced and reutilized assimilates to grain filling. In rice
plants of all varieties grown under full insolation, the amount of photosynthates produced during grain filling
was insufficient to satisfy the demand of caryopses; one-fourth or one-fifth of this demand was satisfied at the
expense of mobilization of stored metabolites. The mobilization was accelerated by the elevated demand for
assimilates and by attenuated insolation. In artificially shaded plants of intensive varieties, the pool of newly
produced assimilates was lower and reutilization of previously gained assimilates started earlier than in shaded
plants of extensive varieties. It is concluded that the higher grain yield of intensive rice varieties, cultivated in
Primorskii krai, is determined by a higher demand for assimilates and by a higher production and accelerated
supply of newly formed photosynthates to caryopses during the first half of the grain-filling stage. The potential
productivity of these varieties is constrained by the deficit of assimilates during the second half of grain-filling
stage. The low grain productivity of extensive varieties is caused by the insufficient number of grains in panicles
and by low demand for assimilates throughout the period of grain filling.

 

Key words: Oryza sativa - shading - assimilates - reutilization - productivity

 

Abbreviation

 

: DAF—days after flowering.
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MATERIALS AND METHODS

The rice (

 

Oryza sativa

 

) varieties used in this study
represented intensive (Primorets and Kasun), extensive
(Dalnevostochnyi and Novoselskii), and semi-intensive
(Dalris 11) crops regionally cultivated in Primorskii
krai. Plants were grown on small plots at the experi-
mental farm of the All-Russia Research Institute of
Rice Crops (Primorskii Division). Prior to flooding the
paddy fields, 330 normally developed plants were left
per 1 m

 

2

 

, which corresponds to an optimal density of
rice stands in Primorskii krai [9]. The test group plants
remained shaded from shoot emergence to seed ripen-
ing. A neutral material unaffecting light spectral quality
was used for shading [3]. The control plants were
grown unshaded. The total solar irradiance in August at
midday was 0.61–0.97 kW/m

 

2

 

 (depending on cloudi-
ness). On sunny days, the irradiance at the upper leaf
level of shaded plants was 2–2.5 times lower than for
control plants. During hazy weather, the difference
between the irradiances of the control and test plant
groups was less pronounced. The air temperature under
the screens was lower by 0.5–1

 

°

 

C than for control
plants during daytime and was higher by the same
extent during night-time. Thus, the shading was not
accompanied by significant changes of daily average
temperature and heat sums.

The partitioning of 

 

14

 

C-labeled assimilates between
plant organs was studied in the Primorets intensive cul-
tivar and Dalnevostochnyi extensive cultivar. The
labeled substrate for photosynthesis was supplied
simultaneously to the control and shaded plants. The
flag leaves were exposed to 

 

14

 

CO

 

2

 

, because they are the
main source of assimilates in rice plants during the
reproductive period [10]. The flag-leaf blade was
placed for 20 min into a chamber, made of transparent
polyethylene film, which contained a mixture of normal
and radioactive carbon dioxide in the air. The carbon
dioxide concentration in the chamber was 1%, and the
radioactivity equaled 5.55 MBq. The exposure of
leaves to 

 

14

 

CO

 

2

 

 was performed at 9:00–11:00 a.m. on
two dates: August 16 (the beginning of ripening) and
August 28 (the stage of milky ripeness, considered pro-
visionally as the middle of grain filling period). On
August 16, we treated 12 control plants grown at full
insolation (7 DAF) and 12 shaded plants (2 DAF). On
August 28, we took 9 control plants (23 DAF) and 9
shaded plants (18 DAF). After certain periods, the sep-
arated organs were fixed in vapors of boiling water,
dried to a constant weight at 70

 

°

 

C, weighed, and
ground to a powder. Radioactivity was assayed accord-
ing to Hein 

 

et al.

 

 [11] with a Delta-300 scintillation
counter (Tracor Analytic, United States).

Data on the dynamics of dry matter in whole plants
and organs refer to the area of 1 m

 

2

 

 (one-third of a
square meter for each of three replicates). Changes in
plant dry weight were taken as a measure of photosyn-
thesis, and changes in grain weight indicated the collec-
tive contribution of photosynthesis and assimilate reuti-

lization to the grain filling. Reutilization of assimilates
was assessed from the dynamics of radioactivity in the
stems and grain, as well as from the decline in the total
weight of vegetative organs, without taking into
account respiratory losses [12].

RESULTS

The dynamics of distribution of 

 

14

 

C-assimilates dur-
ing the reproductive period of rice plants is shown in
Fig. 1. The analysis of these data revealed different
rates of photosynthate export from the source leaf and
showed distinctions in assimilate storage and mobiliza-
tion for grain filling in intensive and extensive rice
crops at various levels of solar radiation. In the first half
of the grain-filling period, under conditions of full inso-
lation, the export of assimilates from the leaf and their
delivery to the panicle started earlier and proceeded
faster in intensive varieties than in extensive varieties.
This view is in line with the higher level of 

 

14

 

C-assimi-
lates (an approximately twofold increase) in the panicle
of intensive varieties, as observed 1, 3, and 13 days
after feeding the leaf with 

 

14

 

CO

 

2

 

. We found that a con-
siderable part of assimilates was stored in the stem dur-
ing this period. The amount of assimilates stored in the
stem was lower in intensive varieties than in extensive
varieties, indicating the higher sink activity of panicle
in intensive rice varieties. No assimilate storage in the
stem was noted during the second half of grain-filling
stage; i.e., almost all assimilates were directly trans-
ported to the panicle.

In plants screened from direct sunlight, the parti-
tioning of labeled carbon in stems showed similar
dynamics for both varieties. The storage of assimilates
in the stem ceased earlier in shaded than in unshaded
plants. The peak of assimilate partitioning to the stem
and the beginning of assimilate mobilization were
already detected 3 days after 

 

14

 

CO

 

2

 

 feeding for shaded
plants (13 days for unscreened plants). The earlier
mobilization of reserves points to the deficit of newly
formed photosynthates. Data presented in Fig. 2 and
the table allowed us to estimate the contributions of
newly formed and mobilized assimilates to grain fill-
ing under shading. As seen in Fig. 2, the increase in
grain weight was almost always higher than in the
vegetative plant organs. Although the plants retained
all dead leaves until the end of the growing period, the
weight of vegetative organs decreased. These observa-
tions and the data obtained with the use of 

 

14

 

CO

 

2

 

 allow
us to conclude that the biomass degradation in vegeta-
tive organs was caused by reutilization of stored pho-
tosynthates.

In full sunlight, we observed reutilization of photo-
synthates both in the early (7–18 DAF) and the late
(19–35 DAF) halves of the grain-filling stage. How-
ever, the intensive and extensive varieties substantially
differed in terms of the weight of reutilized products
and reutilization dynamics. The largest early reutiliza-
tion was characteristic of intensive varieties, whereas
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Fig. 1.

 

 Redistribution dynamics of 

 

14

 

C-assimilates after feeding flag leaves with 

 

14

 

CO

 

2

 

 at the onset of grain filling (August 17) and
at the milky ripeness stage (August 28) in intensive and extensive rice crops grown (a, c, e, g) at full insolation and (b, d, f, h) under
shading regime. The label content in organs is expressed as a percentage of whole plant radioactivity.
(

 

1

 

) Panicle; (

 

2

 

) flag-leaf blade; (

 

3

 

) stem; (

 

4

 

) flag-leaf sheath; (

 

5

 

) other leaves.
Data represent mean values of three replicates (individual plants), with five assays for each experiment.

 

(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

 

1 1

3 3

2 2
4 5 4

 

,

 

 5

1 1

3 3

2
2

4

 

,

 

 5 4
5

1 1

2
2

33

 

,

 

 4

 

,

 

 5
4

 

,

 

 5

1 1

2
2

3 3
4

 

,

 

 54

 

,

 

 5

 

the largest late reutilization was specific for extensive
varieties. In shaded plants, the late reutilization stage
was lacking in all varieties, and the total contribution of
reutilized assimilates to grain formation during the

grain-filling stage was smaller than in plants grown at
full insolation.

The calculations performed from data shown in
Fig. 2 demonstrated that the relative contribution of
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early reutilization into grain filling under full illumina-
tion in intensive genotypes and in the Dalnevostochnyi
cultivar was about 20% of the final grain weight,
whereas this contribution was approximately three
times lower in other two varieties. The estimated con-
tribution of reutilization for the whole period of grain
filling was lower in intensive varieties (16–17%) than in
extensive varieties (23–24%).

Under the influence of shading, the contribution of
newly formed photosynthates and the total contribution of

metabolites to the grain yield (table) decreased in intensive
varieties to a larger extent than in extensive varieties.

DISCUSSION

The results obtained in this study revealed cultivar-
specific differences in terms of seed sink capacity,
assimilate export from the leaf into the panicle, and the
contribution of newly formed and reutilized assimilates
to grain filling under different irradiances. The signifi-
cance of similar differences for plant productivity at

 

–100

–200

0

100

200

300

400

500

 

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

 

(c)

–50

–100

0

50

100

150

200

250
(b)

–50

–100

0

50

100

150

200

300

250

 

Primorets Kasun Dalris-11 Dalnevostochnyi Novoselskii

 

(‡)

 

D
yn

am
ic

s 
of

 o
rg

an
 b

io
m

as
s,

 g
/m

 

2

 

Fig. 2. 

 

Dynamics of dry weight of seeds and vegetative organs during (a) the first (7–18 DAF) and (b) second (19–35 DAF) parts
of the grain-filling stage and (c) over the whole period of grain filling (17–35 DAF).
Empty columns—full insolation; solid columns—shading. (

 

1

 

) whole plants, (

 

2

 

) grain; (

 

3

 

) vegetative organs.
Data represent mean values and their standard errors of three replicates; each replicate was performed on 110 plants collected from
the plot area of 1/3 m

 

2
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high insolation, exceeding the one in Primorskii krai,
was discussed in the literature [13].

The data obtained with the use of 

 

14

 

C under condi-
tions of full daylight irradiance showed that the ratio
between the source capacity of the assimilatory appara-
tus and the sink potential of caryopses changed during
the stage of grain filling. At the beginning of the grain-
filling stage, the pool of newly synthesized assimilates
exceeded the demand of seeds, but, in the second half
of this stage, the pool became insufficient to meet the
demand of seeds for assimilates. Data on partitioning of

 

14

 

C do not provide an unambiguous answer to the ques-
tion of whether the total pool of metabolites accumu-
lated throughout the grain-filling stage is sufficient to
meet seed demands. The results of the weighing should
also be used to analyze the dynamics of stored photo-
synthate mobilization, plant biomass, and weights of
individual organs.

Our data on reutilization of photosynthates under
full irradiance are consistent with literature data [12–
14]. We showed (Fig. 2) that the pool of fresh assimi-
lates formed during the first half of the grain-filling
stage was insufficient to meet the demand of caryopses
for assimilates. This insufficiency is evidenced by early
reutilization of assimilates. This early reutilization
occurred in all cultivars, but it was particularly active in
intensive cultivars. In the second half of grain-filling
stage, the reutilization proceeded only in extensive cul-
tivars due to the absence of reserve metabolites in inten-
sive genotypes.

The enhancement of early reutilization and the lack
of late reutilization in intensive cultivars is related to a
large demand for assimilates. It is known that the
assimilate demand affects the production of photosyn-
thates, their export from leaves, and their partitioning
between various sinks not only in rice plants [15], but
also in other cultivated [14, 16] and wild [17] plants.
The data obtained indicate the complexity of source–
sink relationships.

The results of this study suggest that the large load
imposed by sink organs on photosynthesis, which is
characteristic of intensive rice cultivars, exerts both

positive and negative influences on the yield produc-
tion. The positive influence of this load is due to the fact
that it accelerates utilization of fresh and stored photo-
synthates, thereby providing conditions for export of
newly synthesized products and for higher production
of organic matter. The higher production of organic
matter and accelerated delivery of assimilates to the
caryopses promotes the increased grain productivity.
The intensive cultivars accumulated a larger amount of
organic matter during grain filling as compared to
extensive cultivars, although the leaf indices were sim-
ilar in both type cultivars [18]. This finding points to
higher photosynthetic rates in intensive cultivars during
the grain-filling period. This advantage of intensive cul-
tivars, manifested only during grain filling and con-
cealed during the vegetative development [13], can be
explained by an accelerated utilization of assimilates in
caryopses and by a higher frequency of chloroplasts per
unit leaf area [18]. It is known that the number of plas-
tids per unit leaf area determines the total internal sur-
face available for CO

 

2

 

 diffusion. The number of plas-
tids is usually correlated with the photosynthetic rate
[19–21]. The occurrence of well-filled ears in intensive
cultivars is supposed to have a positive influence on
photosynthesis during the reproductive development
and on the functional longevity of upper leaves [13].

The negative influence of the excessive load on pho-
tosynthesis is caused by premature utilization of
reserve metabolites. Our investigation showed that,
under conditions of artificial shading, the total pool of
assimilates decreased to a higher extent in the intensive
cultivars than in extensive ones (table). In addition, the
timing of photosynthate storage was delayed in shaded
plants because of retarded plant development, but the
pool of reserve metabolites was exhausted earlier than
in control plants.

The results of this study clarify the mechanism of
combined action on the productivity of the large
demand for assimilates, which is typical of intensive
cultivars, and the naturally attenuated insolation char-
acteristic of Primorskii krai. The essence of this mech-
anism is that the large demand for assimilates acceler-

 

Sources of assimilates and their contributions to grain biomass in shaded plants during the grain-filling period

Varieties

Photosynthesis Reutilization Total contribution

g/m

 

2

 

% of control 
plants g/m

 

2

 

% of control 
plants g/m

 

2

 

% of control 
plants
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±

 

 22 37 20 

 

±
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±
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±
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±
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±
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±
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±
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±
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ates the reutilization of stored products, whereas
reduced insolation lowers the amount of newly pro-
duced photosynthates and accelerates the reutilization
of stored assimilates, thereby aggravating the metabo-
lite deficit during the second half of the grain-filling
stage.

This work demonstrated that the capacity of the
photosynthetic apparatus in maritime rice cultivars—
both intensive and extensive—is insufficient to meet
the demands of developing seeds at the expense of
assimilates produced during grain filling. In intensive
cultivars, this demand is not completely met even at the
expense of total (freshly formed and mobilized) metab-
olites. In the extensive cultivars, photosynthesis is not a
limiting factor. The grain filling in intensive cultivars is
constrained by assimilate deficiency, which is con-
firmed by a high frequency of fully ripened seeds with
imperfect plumpness. The lack of such a limitation in
extensive cultivars is evidenced by perfect seed plump-
ness [5].

The results obtained in this study allowed us to con-
clude that the higher grain yield in maritime intensive
cultivars of rice is determined by a higher assimilate
demand and by formation and accelerated import of
newly synthesized photosynthates to the caryopses dur-
ing the first half of the grain-filling stage. The potential
productivity of these cultivars is constrained by the
deficiency of assimilates during the second half of the
grain-filling stage. In extensive cultivars, the low grain
productivity is determined by insufficient potential pro-
ductivity and by low demand for assimilates throughout
the period of grain filling.

The discovered features of intensive and extensive
cultivars are relevant to studies of source–sink relations
and the production process. They can also be used by
plant breeders for assessing the optimal grain number
in panicles in newly bred rice cultivars.
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