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Abstract : There was considerable difference in the degree of the midday depression in the stomatal conductance,
and the photosynthetic rate among rice plants grown under different conditions, and the degree of the midday
depression was supposed to depend on root-water uptake ability. The present study was conducted to investigate
the difference in the exudation rate under practically zero transpiration, representing active water uptake
capacity, and in the resistance to water transport under intense transpiration, representing passive water uptake
capacity, among rice plants grown under different conditions. The relationship between passive and active water
uptake capacities as well as between the passive water uptake capacity and the degree of midday stomatal closure
was also investigated.

In the plants in which “‘root-rot’” occurred as a result of the soluble starch added to the soil and in those which
were grown under the conditions of low light intensity and high humidity and developed a smaller root system,
the exudation rate was low and the resistance to water transport was high compared to the control plants. This
means that active and passive water uptake capacities were lower in these plants than in the control plants. In
the plants which were grown on the culture solution of low nitrogen level and developed larger root system,
exudation rate was high and the resistance was low compared to the plants grown on the standard culture
solution, that is, active and passive water uptake capacities were higher in the former than in the latter. The
degree of the midday depression in the stomatal aperture was larger in the plants in which resistance to water
transport was larger and there was a close correlation between the resistance, i.e. passive water uptake capacity,
and the degree of the midday depression. On the other hand, in the plants whose leaf nitrogen content was
increased by applying ammonium sulfate one week before measurement commenced, exudation rate increased
markedly but the resistance to water transport did not change. The stomatal aperture was far larger in the plants
supplied with additional ammonium sulfate than in the control plants in the morning, but the difference in the
sizes of these respective stomatal apertures became smaller under intense midday transpiration because of the
absence of any difference in their passive water uptake capacities. In view of the high correlation between gas
exchange rate through stomata and photosynthetic rate, these results suggest that higher passive water uptake
capacity is essential, in addition to the increase in leaf nitrogen content, in increasing the daily total photosynthe-
sis.

Key words : Active water uptake, Exudation rate, Midday closure of stomata, Passive water uptake capacity,
Resistance to water transport, Rice plants, Stomatal aperture, Transpiration.
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In rice plants, the stomatal conductance
and the photosynthetic rate decrease under
intense transpiration in the afternoon on a
clear day due to water deficits even though
they are growing under submerged soil
conditions®>"®9. It has been found that there
are large differences in the degree of the
midday depression in the stomatal conduct-
ance and the photosynthetic rate among rice
plants under different growth conditions®”#®
or among cultivars!?. It was supposed that the
degree of the midday depression in the
stomatal conductance and the photosynthetic
rate should depend on water uptake ability of
roots relating to the development of the root
system and/or the physiological activity of
roots®”810 There are two water uptake mech-
anisms, namely, passive and active (osmotic)
water uptake. In a previous report?, it was
clarified that resistance to water transport
calculated from the measurements of transpi-
ration rate and leaf water potential according
to Ohm’s law could be adopted in estimating
passive water uptake ability. This is because
resistance to water transport changed consid-
erably when the root system was partly excised
or when the conditions affecting water uptake
were changed. On the other hand, the differ-
ences in active water uptake capacity among
plants could be compared by measuring the
exudation rate in the plants with practically
zero transpiration.

The present study was conducted to investi-
gate (i) differences in the exudation rate
(active water uptake capacity) ; (i) differ-
ences in the resistance to water transport
(passive water uptake capacity) among rice
plants under different growth conditions
where the physiological activity of roots, the
extent of root-system development and nitro-
gen content of leaves are affected ; (iii) rela-
tionship between passive and active water
uptake capacities in the plants; and (iv)
relationship between the passive water uptake
capacity and the degree of midday stomatal
closure.

Materials and Methods

Rice plants (Oryza sativa L. cv. Manryo)
were grown in 1/2,000 a Wagner pots filled
with mixed soil of the Tama river alluvial and
the Kanto diluvial soils (1:1, v/v) under
submerged soil conditions. Seedlings at 6 th

leaf stage were transplanted at the rate of 3
hills per pot (3 plants per hill) after fertilizer
was applied at rates of 1.0, 1.0, 1.0 g/pot of N,
P,O;, K,O, respectively. Additional fertilizer
applications were carried out according to
circumstances in order to prevent nutrient
deficiencies in the plants.

Four plots were prepared in soil-cultured
rice plants, as mentioned in a previous
report”. One was a control and the others
were as follows : (i) a plot with soluble starch
and additional ammonium sulfate where 3 / of
19, soluble starch solution and 5 g of ammo-
nium sulfate were applied to soil in a pot
several days before measurements to make the
soil reductive and to decrease the physiological
activity of roots without decreasing the nitro-
gen content of the leaves (SA plants) ; (ii) a
shaded plot where rice plants were grown in a
greenhouse with low light intensity and high
humidity (light intensity was lower by 4097,
relative air humidity was higher by 15—209
and air temperature was lower by 2—3°C
compared to outdoors) for about 6 weeks
before measurements to decrease the root-top
ratio and root-leaf area ratio (SP plants) ; (iii)
a plot with additional ammonium sulfate
where 5 g ammonium sulfate was applied to
soil in a pot several days before measurements
to increase the nitrogen content of the leaves
(AS plants). Soil-cultuted rice plants were
growing under submerged soil conditions at
the time when the exudation rate, transpira-
tion rate and leaf xylem water potential were
measured.

Solution-cultured rice plants were also used
for measurements. They were grown in
1/2,000 a Wagner pots at the rate of 3 hills per
pot (5 plants per hill). There were two plots
prepared as follows: (i) a plot where rice
plants were grown on a standard culture solu-
tion (Kimura B) (SN plants) ; (ii)) a plot
where rice plants were grown about 2 months
before measurements on a culture solution of
which the nitrogen concentration was reduced
to about 419, of the standard culture solution
by partially substituting CaCl, for Ca(NO,),
and also reducing (NH,),SO, concentration
to increase the top-root ratio and root-leaf area
ratio (LN plants). To increase the leaf nitro-
gen content of the LN plants relative to that of
the SN plants, the former plants were grown
on the standard culture solution for about 1
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week before measurements were made and , if
necessary, (NH,),S0, was added to the cul-
ture solution. The standard culture solutions
were used in both plots during measurements.

Measurements of exudation rate from the
leaf blade were taken at 3 ¢cm distance from
the base of the leaft blade. The exudated sap
was collected by attaching sanitary cotton to
the cut surface of the leaf blade for 2 hours in
the dark room where air temperature and
relative humidity were 25°C and almost 1009,
respectively. The increase in the cotton weight
was measured as mentioned in a previous
report?,

Transpiration measurements were taken by
weighing methods”. The stems of rice plants
in a pot were kept apart by a cotton thread
spreading them outward in order to minimize
mutual shading. All the leaves on each stem
were thus exposed to the same solar radiation
and wind speed at the time of transpiration
rate measurements. Leaf xylem water poten-
tials of three or five leaves from fully expanded
uppermost leaves attached to a main stem or
on primary tillers coming from lower nodes
were measured with the pressure chamber
(PMS, Inc.). The mean of the 3 (at the
panicle formation stage) or 5 (at the ripening
stage) leaf xylem water potentials was taken as
the leaf xylem water potential of the plant.

Since the rice plants were grown under
submerged soil conditions and the water
potential of the culture solution was above —
0.03 MPa, the water potential of the soil or the
culture solution could be regarded as 0 MPa.
Consequently, according to a previous
report?, the resistance to water transport
through the roots to the leaves (R) was calcu-
lated as follows:

R=—vx/T
where ¥x is the leaf xylem water potential and
T the transpiration rate on the basis of leaf

Table 1.

area. Comparisons of the resistance to water
transport were made at a transpiration rate of
above 1.5gH,O dm~2 h~!, where the resist-
ance remained constant.

After taking measurements of the transpira-
tion rate, roots and leaf blades were detached
from the rice plants. Leaf area was measured
with automatic area meter (Hayashi-Denko,
AAM—35). All the organs of some of the
plants were dried at 90°C in a ventilated oven,
whereas the roots and stems of others were
fixed with formalin-acetic-alcohol (FAA) for
measurements of root length with the root
length scanner (Commonwealth Aircraft).

Leaf nitrogen content on a dry weight basis
was determined by titration following semi-
micro Kjeldahl digestion.

Results and Discussion

1. Growth

Shoot and root growths of the rice plants
grown under the different conditions were
compared (Table 1). The shoot weight of the
SP plants was smaller than that in the SA
plants and that in the control plants but there
was no significant difference in leaf area
among the plants in the three plots. Root
weight was considerably smaller in the SP
plants. Also, both the root weight per shoot
weight and root weight per leaf area were far
lower in the SP plants than those in the SA
plants as well as in the control plants. These
results indicate that the SP plants grown
under the conditions of low light intensity and
high humidity develop smaller root systems
compared to the plants of the other plots,
which agrees with the results of the previous
report”. The roots were colored black in the
SA plants, that is, they developed a sign of the
so-called “‘root-rot” disease. On the other
hand, shoot weight and leaf area were smaller,
but root length per stem was larger, in the LN

Shoot weight, leat area and root weight of rice plants grown in (i) a plot supplied

with soluble starch and ammonium sulfate (SA), (i1) a shaded plot(SP), (iii) a plot with
ammonium sulfate (AS), and (iv) a control at the panicle formation stage.

Shoot Leaf Root Root wt. Root wt. Root wt.

Plot wt. area wt. per stem Shoot wt. Leaf area

(g) (dm?) (g) (g) (g/g) (g/dm?*)
Control 17.2 17.14 3.06 0.18 0.18 0.19
SA 17.5 15.20 2.88 0.16 0.16 0.19
Sp 11.4 15.96 1.41 0.09 0.12 0.09
AS 16.8 17.44 2.85 0.16 0.17 0.16
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Table 2.

Shoot weight, leaf area, root weight and root length of rice plants grown on a culture

solution of low nitrogen level (LN) and grown on a standard culture solution (SN) at the

booting stage.

Shoot Leaf Root Root Root length Root wt. Root length
Plot wt. area wt. length per stem Shoot wt. Leaf area
(g) (dm?) (g) (m) (m) (g/8) (m/dm?)
SN 31.1 21.15 4.54 342.6 15.5 0.15 16.2
LN 27.2 18.06 4.72 345.0 18.1 0.18 19.1

Table 3.
nitrogen content (9, of dry weight) of rice
plants grown in (i) a plot supplied with
soluble starch and additional ammonium
sulfate (SA), (ii) a shaded plot (SP), (iii)
a plot with additional ammonium sulfate
(AS), and (vi) a control plot.

Exudation rate (mg/h)* and leaf

Table 4. Exudation rate* (mg/h) and leaf
nitrogen content (9%,) on a dry weight
basis in rice plants grown on a culture
solution of low nitrogen level (LN) and on
a standard culture solution (SN) at the
booting stage.

Exudation  Nitrogen

Growth stage  Plot rate content
Control  424.0+40.0a** 2.57
Panicle formation ~SA 228.1+30.8b 3.18
AS 675.9+42.3¢ 4.17
Control 228.3+45.9a 2.13
Booting SP 144.4+20.2b 2.69
AS 343.9460.0c 3.15

Exudation Nitrogen
Plot rate content
SN 228.9+77.2 a** 2.73
LN 282.7+424 b 2.84

*Total amount of exudation rate of upper three
expanded leaves attaching on a main stem.

**Means followed by different letters are signifi-
cantly different at 19, level.

plants than those in the SN plants (Table 2).
Since a smaller number of tillers emerged in
the LN plants than in the SN plants, there was
very small difference in the root weight and
root length per plant between the plants of
both plots (Table 2). However, root weight
per shoot weight and root length per leaf area
were larger in the former than in the latter
(Table 2). Therefore it could be concluded
that the LN plants developed larger root sys-
tem compared to the SN plants.

2. Exudation rate

The exudation rate of the SA plants whose
roots developed the sign of ‘“root-rot” de-
creased markedly, indicating that such plants
were inferior to the control plants in active
water uptake capacity. The exudation rate of
the SP plants which developed smaller root
systems was lower than that in the control
plants (Table 3). On the other hand, the
exudation rate of AS plants which had in-

*Total amount of exudation rate of upper three
fully expanded leaves attaching on a main stem.
The culture solutions of both plots were the
standard during measurements, which applies
correspondingly to Table 6 and 7 and Fig. 2.

**The means followed by different letters are

significantly different at 197, level.

creased leaf nitrogen content as a result of the
application of additional ammonium sulfate
increased markedly (Table 3). This indicates
that the plants supplied with additional
ammonium sulfate were superior to the control
plants in active water uptake capacity. The
LN plants which developed larger root system
had a higher exudation rate than the SN
plants (Table 4).

3. Resistance to water transport

Resistance to water transport was compared
among rice plants whose active water uptake
capacities were different from each other. The
resistance to water transport in the SA plants
was larger than that in the control plants both
at the panicle formation stage and at the
ripening stage (Table 5). Also, the resistance
in the SP plants was larger than that in the
control plants both at the panicle formation
stage and at the ripening stage (Table 5). The
resistance in the LN plants was smaller than
that of the SN plants (Table 6). These results
indicate that there was considerable difference
in passive water uptake capacity among the
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Table 5.

Resistance to water transport in rice plants grown in (i) a plot supplied with soluble

starch and additional ammonium sultate (SA), (ii) a shaded plot (SP), (iii) a plot with
additional ammonium sulfate (AS) and (iv)a control plot.

Range of measurement

Resistance to water

Growth stage Plot Transpiration rate Leaf xylem water potential transport
(gH,O dm~2 h™1) (MPa) (x10* MPa s cm™})

Control 1.6~2.7 —0.34~—-0.68 7.8+1.2 a*

. : SA 1.5~2.2 —0.50~—0.82 11.6+16b

Panicle formation 2.1~2.8 —0.54~—0.80 9.4+0.9 c

AS 1.6~3.3 —0.20~—0.82 8.1+09 a

Control 1.8~2.3 —0.31~—0.46 6.3+0.7 a

Ripening SA 1.5~1.8 —0.46~—0.74 13.1£15b

SP 1.5~2.2 —0.36~—0.57 8.8+08¢c

AS 1.5~2.8 —0.31~—0.56 7.0+1.1 a

*Means followed by different letters are significantly different at 59, level at each growth stage.

Table 6. Resistance to water transport in rice plants grown on a culture solution of low nitrogen
level (LN) and on a standard culture solution (SN).

Range of measurement

Resistance to water

Growth stage Plot Transpiration rate Leaf xylem water potential transport
(gH,O dm~2 h!) (MPa) (X 10* MPa s cm™})

Panicle formation SN 2.1~4.2 —0.19~—0.59 43+06 a*

LN 2.8~4.7 —0.30~-0.52 35+£05b

Booting SN 2.1~4.2 —0.19~—-0.42 3.6+0.3 a

LN 2.0~4.9 —0.18~-—0.42 32+02b

*Means followed by different letters are significantly different at 59, level at each growth stage.

plants grown in the three different plots, and
also between the LN plants and the SN plants.
This means that passive water uptake capacity
was lower in rice plants in which “‘root-rot”’
occurred as well as in those which developed a
small root system but was superior in rice
plants which developed large root system. On
the other hand, there was no difference in the
resistance to water transport between the
plants whose leaf nitrogen content was in-
creased by the application of ammonium sul-
fate and the control plants (Table 5) although
the former was superior to the latter in active
water uptake capacity.

4. Active and passive water uptake

relations

From the results mentioned above, it is clear
that active water uptake capacity and passive
water uptake capacity change together in
many cases but in some case they do not
change simultaneously. It could therefore be
concluded that there is no direct relationship
between active water uptake capacity and
passive water uptake capacity. A gradient

between osmotic potential in root xylem
affected by ion absorption capacity and soil
water potential, and root resistance to water
transport (or root hydraulic conductance) in
~osmotic water uptake are important internal
factors that influence the exudation rate!¥. On
the other hand, a gradient between hydro-
static pressure in root xylem caused by intense
transpiration and soil water potential is a
major driving force in passive water uptake.
The only internal factor for passive water
uptake is root resistance to water transport.
Root resistance to water transport consists of
radial hydraulic resistance (resistance from
the root surface to the xylem of the root) and
axial hydraulic resistance. The former is far
larger than the latter?. Root resistance in
active water uptake and in passive water
uptake might change simultaneously because
water must pass through root cell membranes
even though the radial water pathway in
active water uptake was reported to be differ-
ent from that in passive water uptake'?®. Ion
uptake is much affected by the physiological
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Table 7. Resistance to water transport per
root length (x10° MPa s cm™2) in rice
plants grown on a culture solution of low
nitrogen level (LN) and on a standard
culture solution (SN).

Growth stage Plot Resistance
Panicle formation SN 6.8+1.0 a*
LN 7.8+1.1b

Booting SN 57+04 a

LN 6.1+0.2 a

*The means followed by different letters are
significantly different at 59, level at each
growth stage.

activity of roots*>!® and the nitrogen condition
1718 So the simultaneous changes of active
and passive water uptake capacities in the SA
plants, the SP plants and the LN plants were
supposed to result from (1) the changes in
active ion uptake and in the radial hydraulic
resistance of roots, or (2) only the change in
radial hydraulic resistance of roots. On the
other hand, the higher active water uptake
capacity without the change of passive water
uptake capacity in the AS plants was sup-
posed to result from the increase of active ion
uptake, not from the decrease of radial
hydraulic resistance.

In order to investigate the factors relating to
the occurrence of the difference in passive
water uptake capacity between the LN plants
and the SN plants, the resistance to water
transport per unit root length was calculated
from transpiration rate per hill, leaf xylem
water potential and root length per hill (Table
7). The resistance in the LN plants was higher
than that in the SN plants at the panicle
formation stage but there was no significant
difference in the two respective resistances at
the booting stage. It was therefore concluded
that the higher passive water uptake capacity
in the LN plants might have been realized
through the devlopment of longer roots even
though they were inferior to the SN plants in
passive water uptake capacity per root length.
It should therefore be noted that root passive
water uptake capacity is able to increase only
by increasing the amount of roots. On the
other hand, the exudation rate and the resist-
ance to water transport decreased markedly
in the SA plants even though their root weight
did not decrease considerably, which indicates
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Fig. 1. Relationship between resistance to
water transport and midday stomatal
aperture. Squares, triangles and circles
represent the plants in the plot with sol-
uble starch and additional ammonium
sulfate (SA), the plants in the shaded plot
(SP), and the control plants, respectively.
Closed and circled symbols, closed sym-
bols and open symbols represent the
measurements on Jul. 29, Aug. 29, Aug.
31, respectively.

* The the accumulated
stomatal aperture between the treated
plants and the control

difference in
plants under
intense transpiration and sufficient solar
radiation during the period when the
difference in the aperture
between the plots existed. Negative values
mean the accumulated stomatal aperture
in the treated plants was smaller than that
in the control plants, that is, stomata in
the former was closed more than those in
the latter. Stomatal aperture was meas-
ured by the improved infiltration
method®.

stomatal

that active and passive water uptake capacities
per unit root length in such plants are lower
than control plants because root weight corre-
lates with root length in rice plants. This
means that both total root length and water
uptake capacity per unit root length might
contribute to water uptake capacity.

5. Relationship between resistance to
water transport and the midday
stomatal closure

Since the depression in the stomatal con-

ductance and the photosynthetic rate were
remarkable in rice plants with lower leaf water
potential under intense transpiration”, the
relationship between resistance to water trans-
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Fig. 2. Diurnal course of solar radiation

(solid triangles), evaporation rate* (open
triangles) and transpiration rate in rice
plants grown on the culture solution of
low nitrogen level (LN, open circles) and
the standard culture solution (SN, closed
circles) (A) and the difference in transpi-
ration rate between the plants** (B)
(Booting stage).

* Evaporation from a wet filter paper
(5.5 cm diameter) indicating potential
transpiration rate.

** (Transpiration the LN
plants) — (Transpiration rate in the SN

rate in

plants).

port and the degree of the deperssion was
investigated. Fig. 1 shows that the midday
stomatal aperture became smaller in the plants
whose resistance to water transport was
higher. It was confirmed that passive water
uptake capacity affects the degree of the
midday depression in the stomatal conduct-
ance and the photosynthetic rate. On the
other hand, even though the stomatal aperture
in the AS plants was far larger than that in the
control plants in the morning, the difference
between them became small during the
intense midday transpiration™® because there
was no difference in passive water uptake
capacity between them.

The midday stomatal aperture of the LN
plants which developed larger root systems as
well as showing greater passive water uptake
capacity was compared with that of the SN
plants by measuring the diurnal changes of

transpiration rates on a clear day (Fig. 2). The
nitrogen contents in leaves of these plants were
not different from each other (Table 4) and
the difference in transpiration rate between
them was very small in the early morning.
However, at higher transpiration rates, the
transpiration rate in the LN plants became
higher than that in the SN plants (Fig. 2 A)
with the difference in transpiration rates
reaching maximum at the maximum transpi-
ration rate (Fig. 2 B). These results indicate
that there was no difference in the stomatal
conductances of the LN plants and the SN
plants in the early morning. A difference,
however, appeared and even increased as the
transpiration rate increased in the daytime. In
the view of the high correlation between gas
exchange rate through stomata and
photosynthetic rate, these results also con-
firmed the suggestion in previous reports”®
that higher passive water uptake capacity is
essential, in addition to the increase in leaf
nitrogen content, in increasing the total daily
photosynthesis.

Morphological and physiological character-
istics of roots relating to water uptake and the
development of the root system are affected by
soil conditions and cultivation practices, but
many cultivars are known to respond differ-
ently to such factors. It was found out that the
differences in the root characteristics and the
development of a particular root system are
closely related to the differences in dry matter
production and yield*!!%13) However, root
water uptake capacity, especially passive water
uptake capacity, had not been investigated
quantitatively. It will be necessary therefore to
analyze how the differences in root water
uptake capacity occur with reference to the
physiological and ecological characteristics of
the shoot.
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