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Abstract : The degree of the midday depression in the stomatal conductance and the photosynthetic rate is larger
in the lower leaves than in the upper leaves on a stem. It was clarified in the previous report that resistance to
water transport correlates closely with the degree of the midday depression in the stomatal conductance. The
present study was to investigate the difference among the resistances to water transport from root surface to leaves
(whole resistances to leaves) at different positions on the stem and also to investigate the factors related to the
difference among the whole resistances to the leaves.

The whole resistance to the older leaves at the lower position on the stem was larger than that to the younger
leaves at the upper position. There was no significant difference among the whole resistances to the leaves of the
same age. The whole resistance to each leaf increased considerably after the leaf had fully expanded. It was
concluded that the longer the time elapsed after the full leaf expansion, the higher the whole resistance to the leaf
at the lower position of the stem. The increase in the resistance from the base of a stem to the leaf measured by
using the excised stem was far smaller than that in the whole resistance. Since older leaves and younger leaves
were closely connected with older crown roots and younger crown roots, respectively, it was suggested that an
increase in the whole resistance to the leaf with time after full leal expansion might result from the increase in
the resistance of the roots connected with the leaf, i. e. the reduction in passive water uptake capacity of the roots
due to age of the roots. Also, the larger midday depression in the stomatal conductance of the lower leaves was
supposed to be due to the larger whole resistance to them. Moreover, it was also found out that resistance to water
transport in the stem and the leaf is the dominant resistance in the whole plant resistance when the leaf had just
expanded fully. The ratio of the root resistance to the whole resistance, however, increased considerably with age
of the leaf.

Key words : Ageing, Lower leaf, Midday stomatal closure, Resistance to water transport, Rice plants, Root
resistance to water transport, Stem and leaf resistance to water transport, Upper leaf.
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In rice plants, the stomatal conductance and the photosynthetic rate decrease under

intense transpiration in the afternoon on a
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depression in the stomatal conductance and

the photosynthetic rate is larger in the lower .

leaves than in the upper leaves in a stem®. In
a previous report® it was found out that there

was a close correlation between the resistance -

to water transport and the degree of midday
depression in the stomatal conductance in rice
plants grown under different conditions.

The present study was conducted to investi-
gate the factors responsible for the differences
in the degrees of the midday depression in the
stomatal conductances among the leaves at
the different positions on a stem. It was ob-
served that the resistance to water transport
from the root surface to older leaves at lower
positions on a stem was higher than that from
roots to younger leaves at the upper positions
of a stem? and that the whole resistance in-
creased as time proceeded after the leaf had
expanded fully. Also, it was observed that
there were only small differences in the resist-
ances from the base of the stem to the leaves
at the different positions on a stem measured
by using the excised stem, and that the
increase in the resistance with time after full
expansion of the leaf was far smaller than that
in the whole resistance to the leaf.

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 the 6
th leaf stage were transplanted at the rate of 3
hills (3 plants per hill) per pot after fertilizer
was applied at the rate of 1.0, 1.0, 1.0 g/pot of
N, P,O,, K,O, respectively. Additional fertil-
izer was applied when necessary in order not
to expose the plants to nutrient deficiency.

Transpiration rate of a single intact leaf on
the main stem was measured outdoors and
under artificial light in the laboratory with an
acrylic assimilation chamber®. Leaf xylem
water potential was measured with a pressure

#) In this manuscript, resistance to water transport from
the root surface to a leaf is described simply as a whole
resistance, and the resistance to water transport from
the root surface to a leaf at some position on a stem
(for example, Nth leaf) is described as ‘“the whole
resistance to the Nth leaf”. In other cases, the particu-
lar resistances to water transport in the plants are
identified.

chamber (PMS, Inc). Since rice plants were
grown under submerged soil conditions, the
resistance to water transport from the roots to
the leaf (R) was calculated as follows :
R=—-wx/T (1)
where ¥x is leaf xylem water potential and T
is transpiration rate on a leaf area basis.
According to a previous report®, the resist-
ance to water transport from the base of a
stem to the leaf was measured as follows : The
plants were left in the dark room for a few
hours and, after guttation emerged from the
leaf tips, the main stem was excised under
water at its base just above the ground, 0.5
—1 hour before taking measurements. With
the cut end of the stem under water, the
transpiration rate and the leaf xylem water
potential were measured. The resistance to
water transport from the base of the stem to
the leaf was calculated using equation (1).

Results

The whole resistance to the older leaves at
the lower positions on a stem was larger than
to the younger leaves at the upper positions on
a stem both at the maximum tillering stage
and at the panicle formation stage (Figs. 1 A
and B). Although whole resistances to the 16
th (flag), 15 th and 14 th leaves did not differ
significantly from each other at the ripening
stage, the whole resistances to these upper
three leaves were smaller than to the 13 th and
12 th leaves. Also the whole resistance to the
12 th leaf was significantly larger than to the
13 th leaf (Fig. 1 C).

Whole resistances to the leaves at the differ-
ent positions on a stem were compared with
reference to the time after the leaves had fully
expanded (Table 1). There was no significant
difference among the whole resistances to the
leaves of the same age. For example, there
were no significant differences between whole
resistances to the 12th and 14 th leaves at
about 1 week after full leaf expansion, among
the resistances to the 11 th, 12 th, 13 th and 16
th (flag) leaves at 2—3 weeks after full leaf
expansion, among the resistances to the 11 th,
14 th and 15 th leaves at 4—5 weeks after full
leaf expansion, and between the resistances to
the 12 th and 13 th leaves at 6—7 weeks after
full leaf expansion. However, the whole resist-
ance to each leaf increased with time after full
expansion. That is, the whole resistances were
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Fig. 1. Resistance* to water transport from

roots to the leaves at the different
positions on a stem at the maximum tiller-
ing stage (A), at the panicle formation
stage (B) and at the ripening stage (C).
The means followed by the different let-
ters are significantly different at 59, level.
* Resistance at above 1.1 gH,0 dm=2 h~!
transpiration rate, which applies corre-
spondingly to Table 1, 2 and 3.

(7.5—1.7) x 10*, (8.9—9.3) X104, (9.9—
10.9) X104, and (11.1—12.0) X104 MPa
scm™! at about 1 week, 2—3 weeks, 4—5
weeks and 6-—7 weeks, respectively, after full
leaf expansion. From these results, it is clear
that the longer the time elapsed after full leaf
expansion the higher the whole resistance to
the leaf.

There were no significant differences among
the resistances from the base of a stem to the
leaves of the same age (Table 2). The resist-
ance from the base of a stem to a leaf seemed
to have increased with time after the leaf had
expanded fully (Table 2). The degree of the
increase in the resistance was very small when
compared to the increase in the whole resist-
ance from roots to the leaves. For example,
during the period from 1 week to 7 weeks after
the 12 th leaf had expanded fully, the whole
resistance to the leaf increased by 489 but the
resistance from the base of the stem to the leaf
increased by only 129,. During the period
from 1 week to 5 weeks after the 14 th leaf had
expanded fully, the whole resistance to the leaf
increased by 429, but the resistance from the
base of the stem to the leaf increased by only
179,. These results indicate that the ratio of
the resistance from the base of the stem to a
particular leaf to the whole resistance to the
leaf changes with time after the leaf had fully
expanded.

Discussion

In a previous report®, it was concluded that
since the whole resistance changed consider-
ably depending on the conditions affecting
root water uptake capacity, the change of
whole resistance to water transport could rep-
resent the change of root resistance to water
transport and the whole resistance to water

Table 1. Changes in resistance to water transport from roots to leaves at different positions on
a stem (X 10* MPa s cm™!) with time after full leaf expansion.

Leaf position Weeks after full expansion
of a stem 1 23 4—5 6—7
11th — 9.2+0.8 10.7£1.2 —
12th 7.5+15 8.9+0.8 — 11.14+2.2
13th — 9.0+ 1.0 — 12.0+2.4
14th 7.7+1.6 — 10.9+2.1 -
15th — — 9.9+24 —
16th (flag) — 9.34+0.9 — —

*There were not significant differences among the whole resistances to leaves at each week after full
expansion.
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transport could be adopted in estimating
passive water uptake ability in crop plants
transpiring intensively. In this report, it was
clarified that the whole resistances to leaves at
different positions on the stem differ consider-
ably from each other, that is, the whole resist-
ance to older leaves at lower positions on a
stem was larger than that to younger leaves at
upper positions on the stem (Fig. 1). But only
small differences were found in the resistances
from the base of a stem to the leaves at the
different positions on the stem because the
degree of the increase in the resistance with
time after full leaf expansion was far smaller
than that in the whole resistance (Table 2).
Based on the facts that the difference in the
whole resistance resulted from that in the
resistance from roots to the base of a stem, and
that the resistance in the portion of the base
consisting of the resistance of vascular tissue
was not large compared to the resistances in
other parts of a plant>¥, the difference in the
whole resistance should result from the differ-
ence in the root resistance consisting of the
radial and axial hydraulic resistances in roots.
The ratio of the root resistance to the whole
resistance was to be larger for the older leaves
than for the younger leaves. For example, for

Table 2.

the 14 th leaf, which was the youngest fully
expanded leaf at the panicle formation stage,
the ratio of the resistance from the roots to the
base of the stem, i.e. the root resistance, to the
whole resistance was 18.297, (Table 3). On the
other hand, for the 11th and 10 th leaves,
which were older than the 14th and 13th
leaves, the ratio of the root resistances to the
whole resistances were 42.19;, and 45.29,
respectively (Table 3).

The whole resistance to the older leaves at
the lower positions on the stem was larger than
for the younger leaves at the upper positions
on the stem. Based on the “leaf-internode
unit’”'® or the ‘“‘shoot units”'® theories the
older leaves and the younger leaves were
closely connected with the older crown roots
and the younger crown roots, respectively. It
was suggested that the larger resistance to the
older leaves at the lower positions on the stem
resulted from the connection of the leaves with
the older roots whose resistance to water trans-
port is larger, that is, passive water uptake
capacity is low. A similar root-leaf relationship
was observed in the exudation
measurements?. Exudation rates of younger
leaves were larger than those of older leaves.
The older crown roots emerging from the

Changes in resistance to water transport from the base of a stem to the leaf

(% 10* MPa s cm™!) with time after full leaf expansion in an excised stem*.

Leaf position

Weeks after full expansion

of a stem 1 2—3 4—5 6-—7
11th — 7.1+ 1.0 6.2+1.6 —
12th 6.71+0.6 6.9+1.7 — 7.5+1.1
13th — 7.1+1.2 — 84+1.2
14th 6.3+0.5 — 74+1.1 —
15th — — 8.0+1.1 —
16th (flag) — 83+22 — —

*There were no significant differences among the resistances at each week after full expansion.

Table 3. Resistance to water transport from roots to leaves on intact plants (A) and resistance
from the base of a stem to leaves on an the excised stem (B) at the panicle formation

stage.
Leaf position on a stem
14th 13th 12th 11th 10th
A* 7.7+1.6 9.0+1.0 8.9+0.8 10.7+1.2 124£1.6
B** 6.3+0.5 7.1+1.2 6.1+0.6 6.2+1.6 6.8+1.1
(1—B/A) X100 (%) 18.2 21.1 31.5 42.1 45.2

*Figures come from Table 1.
**Figures come from Table 2.
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lower nodes were inferior to the younger
crown roots emerging from the upper nodes in
active water uptake capacities. The younger
crown roots emerging from the upper nodes
and the older crown roots emerging from the
lower nodes were supposed to be continuous
with the upper leaves and the lower leaves,
respectively. The exudation rate of the flag
leaf was smaller than in each of the second
and third leaves from the flag leaf-—probably
because the crown roots did not emerge from
the node above the elongated internode with
which the flag leat was connected®. However,
the whole resistance to the flag leal was not
higher than that to the second and third leaves
from the flag leat and the difference among
the whole resistances to the three leaves was
very small (Fig. 1). Hence, the relationship
among the whole resistances to the leaves at
the different positions on the stem was some-
what different from the relationship among
the exudation rates of such leaves.

The degree of midday depression in the
stomatal conductance on a clear day is larger
in the lower leaves than in the upper leaves on
a stem®. Since there is a close correlation
between whole resistance to water transport

and the degree of midday depression in the °

stomatal conductance®, the difference in the
degree of the midday depression in the
stomatal conductance among the leaves at
different positions is supposed to result from
the difference in the resistance to water trans-
port in roots connected with each leaf. The
whole resistances to water transport in rice
plants in the plot treated with soluble starch
and additional ammonium sulfate (SA plants)
and in the shaded plot (SP plants) were larger
than in the control plants as shown in the
previous report”. The degree of midday
depression in the stomatal conductance was
larger in the SA plants and the SP plants than
in control plants®. However, no difference was
found in the resistance from the base of the
stem to the leaf between each of the above
treatments and the control plants. From these
results, it was confirmed that the differences in
the degree of midday depression in the
stomatal conductance among these plants
should result from the differences in their root
resistance.

The resistance from the base of the stem to
the younger fully expanded leaves was domi-

nant in the whole resistance from roots to the
leaves, and the resistance from roots to the
base of a stem occupied a small part of the
whole resistance (Table 3). Therefore, root
resistance is not always said to be the domi-
nant resistance in rice as well as other plants?.
However, the whole resistance to the old leaves
at the lower positions on the stem increased
probably due to the increase in the resistance
in roots connected with these leaves (Fig. 1).
The ratio of the root resistance to the whole
resistance to the leaves was supposed to have
increased considerably with time after full leaf
expansion (Table 3). Therefore, the root
resistance was to account for a major portion
of the whole resistance for the older leaves.
Whole resistance to water transport increased
markedly in the SA plants in which root-rot
occured and in the SP plants which developed
smaller root systems®. This was not due to the

increase in the resistance from the base of the
stem to the leaf but was rather due to the
increase in root resistance, as mentioned
above. From these facts, it was concluded that
(i) root resistance to water transport changes
markedly with age of roots, or depends on the
prevailing growth conditions (ii) increase in
root resistance causes the ratio of root resist-
ance to whole resistance to increase.

The increase in resistance from the base of
a stem to the leat with time after its full
expansion was far smaller than that in the
whole resistance to the leaf. There was also no
difference in the resistance from the base of a
stem to the leal among the rice plants grown
under the different conditions. It was sup-
posed then that the changes in the stem and
leaf resistances might be very small except in
special circumstances such as the occurrence
of a xylem embolism due to severe water
stress'"'Y. The observations that the degree of
midday depression in the stomatal aperture
was large at the panicle formation stage”
when the portion of the stem at the internode
was elongating rapidly, and that the degree of
injury to the panicle due to water stress under
strong dry wind was smaller in the cultivars in
which the diameter of xylem vessels in the
stem was larger'® would suggest that water
transport in the stem could limit water supply
to the leaves and ear considerably. We there-
fore suggest that the characteristics relating to
water transport in a stem should be investigat-
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ed in detail.
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