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Leaf Conductance in Japonica and Indica Rice Varieties

I. Size, frequency, and aperture of stomata*
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Abstract : Varietal differences in leaf conductance were studied in field conditions using 51 rice varieties,
including japonica, indica, and japonica-indica hybrid. Leaf conductance of indica and japonica-indica hybrid
was clearly larger than that of japonica at panicle formation stage. Cuticular conductance was much lower as
compared to leaf conductance, indicating the stomata is the major path of water loss. Thus, we measured size,
frequency, and aperture of stomata, and evaluated the relative importance of these factors to leaf conductance.
Only slight differences were observed in length of the pore and the guard cells of stoma among rice varieties.
By contrast, stomatal frequency of japonica-indica hybrid and semidwarf indica was clearly higher than that of
japonica and tall indica. In addition, stomatal aperture of indica and japonica-indica hybrid was remarkably
larger than that of japonica. Analysis of relative importance of frequency and aperture of stomata to leaf
conductance showed that the leaf conductance was strongly affected by stomatal aperture, whereas it was slightly
influenced by stomatal frequency in rice. It is concluded that the stomatal sperture is the major factor which
causes the difference of leaf conductance between japonica and indica or japonica-indica hybrid.
Key words : Indica rice, Japonica rice, Leaf conductance, Stomatal aperture, Stomatal frequency.
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Crop plants uptake CO, for assimilation
from the atmosphere, which requires an inten-
sive gas exchange, accompanied by water loss
to their environment. However, excessive
water loss reduces their photosynthetic activ-
ities, and crop plants cannot maintain growth
in extreme cases. In order to resolve this
dilemma, land plants developed an epidermis
covered with cuticle and stomata which con-
trol the diffusion resistance through their
openings. Thus, it is highly important to
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understand what mechanism (s) regulates the
gas exchange, for improvement of productivity
and water use efficiency in crop plants!V.

Although rice is generally characterized as a
semiaquatic species well adapted to submer-
ged soil, rice varieties have adapted to a wide
range of habitats, from flooded lowland to dry
upland culture conditions. Moreover, rice
varieties also have been grown in a diverse
range of latitude and altitude, where they
encountered high and low temperatures.
Thus, soil water and temperature conditions
would affect the development of water-saving
systems differently among rice varieties, dur-
ing the processes of establishment and
improvement as crops.

It has been reported that indica rice con-
sumes a larger amount of water per unit leaf
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area than japonica rice*®!%13), However, it is
not clear what mechanism (s) causes the var-
ietal difference. It is important to investigate
the difference and its causes from the view-
point of crop physiology, because indica vari-
eties have recently been introduced for breed-
ing high-yielding varieties in Japan. Therefore,
we conducted a study of morphological and
physiological characteristics related to water-
transport pathway in rice varieties. In the
present study, we measured size, frequency,
and aperture of stomata of japonica, indica,
and japonica-indica hybrid, and evaluated
the relative importance of these factors to the
differences in leaf conductance among these
variety groups.

Materials and Methods

Plant materials

Experiments were conducted using 55
(1982) and 51 (1985) rice varieties, at a
paddy field of National Institute of

Agrobiological Resources, Tsukuba, Ibaraki,
Japan. The varieties were selected on the basis
of similar heading date in Tsukuba, including
japonica, indica, and japonica-indica hybrid
(Table 1). The seeds were sown early in May
in “Kabumaki pot” filled with soil, which was
a plastic tray with square compartments of 16
mm in the dimension. Seedlings of each vari-
ety at the fifth or sixth leaf stage were trans-
planted to the paddy field early in June, at 35
cm in row space and at 15 cm hill space within
a row, resulting in 19 plants per square meter.

Table. 1.

The paddy field was basally fertilized with 7 g
m~? of nitrogen, phosphate, and potash,
respectively, and topdressed with 1.5 g m~2 of
nitrogen twice, at most active tillering stage,
late in July, and at spikelet differentiation
stage, early in August. The plants were grown
under submerged conditions up to around 2
cm from soil surface in the water, until flower-
ing stage.

For measurement of cuticular conductance,
three seedlings were transplanted into a 9 liter
pot filled with soil, which was fertilized with 1
g pot™! of nitrogen, phosphate, and potash,
respectively. The plants in the pot were grown
under similar conditions to the field, until
panicle formation stage.

Leaf conductance

Leaf diffusive resistance was measured with
Steady State Porometer (LI-COR, LI-1600)
on clear days at tillering and panicle formation
stages. Measurements were carried out on the
middle part of the abaxial surface of the
second fully developed leaf on the main culm,
and two leaf blades were used for measure-
ments of each variety, unless otherwise de-
scribed. The inverse value of diffusive resis-
tance was defined as leaf conductance.

Cuticular conductance

Cuticular conductance was estimated
according to Yoshida and de los Reyes!® by
measuring leaf conductance with Steady State
Porometer in a dark room, where the tempera-
ture and the humidity were controlled at 27°C
and 609, RH, respectively. The plants grown

Varieties used in the field experiments. (?), (°) : varieties used only in the experiment for

stomatal morphology and that for leaf conductance and stomatal aperture, respectively.

Japonica, native

Joushu®, Ginbouzu, Sen-ichi, Sekitori, Tamanishiki, Takenari, Kokuryoumiyako, Araki, Kameji,
Fusaku Shirazu, Asahi, Kotobuki?, Hiroshima Shinpo?

Japonica, improved

Kinmaze, Nakate Shin Senbon, Yamabiko?, Manryou, Kusabue, Nipponbare, Mangetsu Mochi,
Reihou, Akitsuho?, Tsukushibare, Akinishiki, Kochihibiki, Wakagoma?

Japonica-indica hybrid

Tongil, Yeongnamjosaeng, Yushin, Raekyung, Milyang 21, Milyang 22, Milyang 23, Milyang 30,
Milyang 44°, Suweon 258, Suweon 262, Akenohoshi

Indica, semidwarf

Chen-chu-ai, Nanjing 11, Ai-chiao-nan-teh, Dee-geo-woo-gen, Lu-tou, Gue-chao 2°, Taichung
-xian 10°, BG 34-8, RP 9-3, Bae-md-3-3, IR 2061, IR 242

Indica

Yin-nian, Guan-yin-xian, Gai-liang-dong-wan-bai, Yan-jian-ke, Boro I, Basilanon, Lady

Wright, Agulha
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in pots were transferred to the dark room at 10
a.m., and leaf conductance was determined at
5 h later. Measurements were made on the
middle part of the abaxial surface of the
second fully developed leat on the main culm.

Size and frequency of stomata

In the experiment of varietal differences in
1982, the blade of flag leaf was sampled at
heading stage, fixed with FAA solution
containing formalin, acetic acid, ethanol, and
water (5: 5: 45: 45, v/v) immediately after
sampling, and then stored until observations.
Leaf sample was cleared by the whole-leaf
clearing technique according to Koga and
Kobayashi®, and the cleared leaf surface was
observed with a microscope (Nikon Biophot
HFX-II). Three leaf blades were used for
measurements of size and frequency of
stomata in each variety. Six stomata were
selected in each leaf sample at random, and
the length of the guard cells of stoma was
measured at 600-fold magnification. The
number of stomata was counted in each field
at 400-fold magnification, and measurements
were repeated in two different fields in each
leaf sample.

In the experiment on relation between leaf
conductance and stomatal frequency in 1985,
the part of the blade of second fully developed
leaf, used for the measurements of leaf con-
ductance and stomatal aperture, was quickly
sampled into alcoholic lactophenol solution for
clearing the tissue, and the number of stomata
was determined as described above.

Stomatal aperture

Infiltration technique? was employed for
measurement of stomatal aperture. Infiltration
solutions were applied on the middle part of
the abaxial surface of the second fully expand-
ed leaf on the main culm, on clear days in
tillering and panicle formation stages. In the
experiments on stomatal aperture in relation
to leaf conductance, stomatal aperture was
measured, after the measurements of leaf
conductance, on the same part of the leaf
blade.

Stomatal aperture was also observed with a
scanning electron microscope, according to
Shiraishi et al'?. Briefly, the second fully
developed leaf blade was sampled, immediate-
ly immersed into Karnowsky’s fixative, stained
with 29, (w/v) of tannic acid solution, wa-
shed with distilled water, and dehydrated with

ethanol and acetone. After the acetone was
replaced with isoamylacetate, the sample was
dried in a critical point drier (Hitachi HCP-
2), and coated with gold by an ion-coater
(Hitachi IB-3). The stomata on the abaxial
surface were photographed with a scanning
electron microscope (Hitachi-Akashi MSM-
102) with a 15 kv accelaration voltage, and
width of ten stomata on each leaf blade was
determined on the photograph. Four leaf
blades were used for measurements in each
variety.

Results

Leaf conductance

Leaf conductance of 51 rice varieties was
measured by the porometer method on clear
days at panicle formation stage in field condi-
tions. Leaf conductance of the adaxial surface
was similar to that of the abaxial in three
varieties tested (data not shown). Therefore,
measurements of leaf conductance of the
abaxial surface were performed using 51 vari-
eties, as shown in Table 2. Values of leaf
conductance were similar in semidwarf and
tall indica varieties, and slight difference was
observed betweeen these variety groups and
japonica-indica hybrid. However, leaf con-
ductance of the three variety groups was
clearly larger than that of native and im-
proved japonica, indicating that the former
variety groups transpired a larger amount of
water per unit leaf area than the latter groups.

Cuticular conductance

Cuticular conductance of Nipponbare
(japonica), Dee - geo - woo - gen (indica,

Table. 2. Varietal differences in leaf con-
ductance of rice. Leaf conductance was
measured with a porometer between 9 and
11 a.m. on August 8, 1985, and values are
expressed as mean+S.D. in each variety
group. Figures followed by a different let-
ter are significantly different at the 59

level.
No. of Leaf conductance
variety (cm s71)
Japonica, native 10 0.65+0.09¢
Japonica, improved 10 0.75x0.11¢
Japonica-indica hybrid 12 1.1340.12°
Indica, semidwarf 11 1.25+0.152
Indica 8 1.27£0.082
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semidwarf), and Boro [ (indica) was esti-
mated at panicle formation stage by measur-
ing leaf conductance in darkness, where the
transpiration through stomata would be negli-
gible. As shown in Table 3, the values of
cuticular conductance were 4 to 79, of those
of leaf conductance, suggesting most of the
water transpires through stomata under light
conditions. No significant difference was ob-
served among the three varieties used.

Size and frequency of stomata

Size and frequency of stomata were deter-
mined on the flag leaf of 55 rice varieties. In
the preliminary experiments, differences of
stomatal frequency within a leaf blade were
studied using nine varieties selected from
them. Stomatal frequency of the middle part
was larger than that of the tip or the base of
the leaf blade, and stomatal frequency around
the midrib and the leaf margins was smaller
than that in the part between them. On the
other hand, stomatal frequency of adaxial
surface was less than that of abaxial surface.
However, the ratio of adaxial to abaxial was

Table. 3. Varietal differences in cuticular con-
ductance of leaf blade of rice. Cuticular
conductance was estimated by the leaf con-
ductance in darkness, and values are expres-
sed as mean+S.D. of 5 replicates. Figures
followed by a different letter are significantly
different at the 59, level.

Cuticular conductance

Variety (cm s-1)
Nipponbare (japonica) 0.049+0.0052
Dee-geo-woo-gen

. +0. a
(indica, semidwarf) 0.067+0.021
Boro I (indica) 0.047+0.0042

around 809, although there were Ilarge
differences in stomatal frequency among the
nine tested varieties (data not shown). There-
fore, one can estimate total stomatal frequency
by measuring that of abaxial surface. As there
was not clear difference in stomatal size,
defined as the length of the guard cells,
between adaxial and abaxial surface of the
leaf blade (data not shown), we measured
stomatal size and frequency in the middle part
of the abaxial surface of the flag leaf, except
leaf veins and margins.

only slight differences were observed in
stomatal size among the five variety groups
(Table 4). To assure the result, the actual
length of the pore was observed with a scan-
ning electron microscope. The value was 10.
6um in Nipponbare (japonica) and 10.5 gm
in Dee-geo-woo-gen (indica, semidwarf), and
the difference between the two varieties was
small. On the other hand, there were clear
varietal differences in stomatal frequency.
Japonica-indica hybrid had the highest
stomatal frequency, which was followed by
semidwarf indica, and native and improved
japonica and tall indica varieties had a lower
frequency of stomata. The product of stomatal
size (A) and stomatal frequency (B) was
calculated and compared within the five vari-
ety groups (Table 4). The value of the prod-
uct (A XB), which is a measure of stomatal
transpiration potential, was larger in
japonica-indica hybrid and semidwarf indica
than that in native and improved japonica or
tall indica.

Stomatal aperture

Stomatal aperture was measured by the
infiltration method on clear days in maximum
tillering stage. Figure 1 shows diurnal changes

Table. 4. Varietal differences in size and frequency of stomata of leaf blade in rice. Size and
frequency of stomata were determined on the abaxial surface of the flag leaf on the main
culm, and values are expressed as mean+S.D. in each variety group. Figures followed by a
different letter are significantly different at the 59, level.

No. of Stomatal Stomatal AXB
size (A) frequency (B)

variety (um) (mm~2) (mm mm~2)
Japonica, native 13 22.4+0.7%° 557 +44¢ 12.440.9¢
Japonica, improved 13 22.2+0.7° 514+33¢ 11.5+0.64
Japonica-indica hybrid 11 21.5+0.9¢ 73066 15.7+1.28
Indica, semidwarf 10 22.0+1.62° 647 +60° 14.2+1.0°
Indica 8 23.0+0.72 549+ 72¢d 12.641.8¢
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Fig. 1. Diurnal changes in meteorological

conditions (A) and stomatal aperture of
leaf blade in rice varieties (B), on July
26, 1985. Stomatal aperture was mea-
sured by infiltration method and expres-

sed as infiltration score, according to
Ishihara et alV. A : O, Temperature ; A&,

relative humidity ; @, solar radiation. B :
O, Nipponbare (japonica); &,
Manryou (japonica) ; ®, Dee-geo-woo
-gen (indica, semidwarf) : A, RP 9-3
(indica, semidwarf). Each vertical bar
indicates standard deviation of 6 re-

Relative humidity, %

in meteorological conditions and stomatal
aperture of leaf blade of 4 varieties, Manryou
(japonica), Nipponbare (japonica), Dee-geo
-woo-gen (indica, semidwarf), and RP 9—3
(indica, semidwarf). The stomatal aperture
showed similar diurnal changes among the
four varieties. It was high early in the morning
and gradually decreased from around noon to
early in the afternoon, and remained at the
same level thereafter. The stomatal aperture of
semidwarf indica, Dee-geo-woo-gen and RP
9—3, was clearly larger than that of japonica
varieties, Manryou and Nipponbare, at every
time of day.

Relationsphip between leaf conductance and fre-
quency or aperture of stomata

Stomatal aperture and leaf conductance of
Nipponbare (japonica) and Dee-geo-woo-
gen (indica, semidwarf) were measured pre-
cisely, and the relationship between these
characteristics was analyzed. The values of
stomatal frequency of Nipponbare and Dee-
geo-woo-gen were 471 and 631 mm~2 respec-
tively. Diurnal changes of stomatal aperture
were determined by both the infiltration
method and the scanning electron microscopy,
and those of leaf conductance were measured
by the porometer method, and then, obtained
data were plotted as shown in Fig. 2A and 2B.
Linear correlation was observed between

plicates.
2
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Fig. 2. Relationships between stomatal aperture and leaf conductance using

infiltration method (A) or scanning electron microscopy (B). Diurnal changes
in leaf conductance and stomatal aperture were measured on July 26 and 31
for A, and August 2 for B, in 1985, and those data are plotted on the figure.
O, Nipponbare (japonica) ; ®, Dee-geo-woo-gen (indica, semidwarf). Each
horizontal line in B indicates standard deviation of 40 replicates.
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Fig. 3. Relationship between leaf conductance and stomatal fre-

quency (A) or stomatal aperture (B) in rice varieties. Measure-
ments were made between 9 and 11 a.m. on July 30, 1985. Two
leaf blades were used for measurements in each variety. O,

Japonica, improved; ®, japonica-indica hybrid ;

®, indica,

semidwarf ; A, indica. **Significant at the 19, level.

stomatal aperture and leaf conductance,
regardless of the method of measurement of
stomatal aperture. The regression lines in Dee
-geo-woo-gen were similar to those in
Nipponbare, although Dee-geo-woo-gen had
349, more stomata per leat area than Nippon-
bare.

Effects of frequency and aperture of
stomata on leaf conductance were studied
using 41 rice varieties, as shown in Fig. 3A and
3B. Leaf conductance was correlated with
both frequency and aperture of stomata. The
correlation coefficient between leaf conductan-
ce and stomatal frequency was 0.54, and that
between leaf conductance and stomatal aper-
ture was 0.84 (both significant at the 19
level). However, as stomatal aperture correlat-
ed with stomatal frequency (r=0.46,
significant at the 19} level), calculated partial
correlation coefficient between leaf conductan-
ce and stomatal freguency decreased to 0.30,
and not significant at the 19, level. In con-
trast, the partial correlation coefficient
between leaf conductance and stomatal aper-
ture was 0.79 (significant at the 19} level),
which was similar to the single correlation
coeflicient.

Discussion

Transpiration per unit leaf area in indica
was reported to be larger than that in
japonica*®1%1% and the present study
confirms the previous result. The present
results also suggest that the leaf conductance
of both semidwarf and tall indica, and japon-
ica-indica hybrid was larger than that of
japonica (Table 2). Kawamitsu and Agata?,
however, failed to detect the reported
difference in their study by a chamber
method. They measured transpiration of the
first fully developed leaf blade, whereas others
used the second fully extended leaf blade or
whole plant for measurements. Thus, the in-
consistent results perhaps come from the
difference of the leaf age for measurements. In
addition, Kishitani and Tsunoda® observed
the difference in leaf conductance between
those variety groups only at higher tempera-
tures. They found that the transpiration rate
of indica was even smaller than that of japon-
ica at low temperatures. Thus, indica rice
would transpire more water vapor than japon-
ica in particular physiological and environ-
mental conditions. However, it should be
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addressed that the difference was observed in
field conditions, where rice plant actively grew,
in the present study.

Leaf conductance for water vapor is com-
posed of two parallel conductances, stomatal
and cuticular conductances. The value of
cuticular conductance was remarkably lower
than that of leaf conductance, and only slight
differences were observed among the variety
groups (Table 3), suggesting the difference of
leaf conductance is in the stomatal path. In
consequence, size, frequency, and aperture of
stomata were investigated in order to analyze
what factor (s) causes the difference in the leaf
conductance.

Yoshida and Ono!” reported that the
stomatal frequency of indica or japonica-in-
dica hybrid was larger than that of japonica.
Their work, however, would not be sufficient,
because they used only three indica varieties
and a japonica-indica hybrid for measure-
ments. Moreover, there were few investiga-
tions on varietal difference in pore size of
stoma in rice. Thus, the present study is the
first precise report on differences in size and
frequency of stomata of variety groups in rice.

There were only small differences in the
length of the pore and the guard cells in rice
varieties. However, the stomatal frequency of
japonica-indica hybrid and semidwarf indica
was larger than that of japonica, whereas
stomatal frequency of tall indica was similar to
that of japonica (Table 4). The higher
stomatal frequency in semidwarf indica and
japonica-indica hybrid could cause larger leaf
conductance, as Yoshida'® observed an
inverse relationship between stomatal fre-
quency and stomatal resistance in barley.

On the other hand, the stomatal aperture of
indica and japonica-indica hybrid was also
larger than that of japonica (Fig. 1 and 3).
Similar results were reported using japonica-
indica hybrid and japonica varieties*”. Thus,
the difference of the stomatal aperture could
also explain the difference in leaf conductance
among those variety groups.

Two different experiments were conducted
to clarify which factor influences leaf con-
ductance strongly. In the first experiment, the
relationship between stomatal aperture and
leaf conductance was studied with two vari-
eties which differ in stomatal frequency. If the
stomatal frequency affected leaf conductance,

the relationship would be different between
two varieties. However, the regression lines
between stomatal aperture and leaf con-
ductance were similar in both varieties (Fig.
2), suggesting the stomatal frequency does not
affect leaf conductance so large. In the second
experiment, effects of frequency and aperture
of stomata on leaf conductance were deter-
mined using 41 varieties (Fig. 3). According to
the partial correlation coefficients from these
relationships, it is suggested that stomatal
aperture is the major factor that influences
leaf conductance, whereas stomatal frequency
affects it only slightly.

The reason why stomatal frequency scarcely
affected leaf conductance is not clear at this
moment. One of the possibilities could be non
-uniform stomatal apertures within a leaf ,
and the number of opened stoma is similar in
every variety group. However, the standard
deviations of the width of the pore of the
stoma of Dee-geo-woo-gen were similar to
those of Nipponbare (Fig. 2B), suggesting the
stomata opened uniformly on the leaf surface
in these varieties.

The other possibility could be a mutual
interference of pores of stomata, if the stomata
are in small interstomatal spacing on a leaf
surface®!¥. Stomatal frequency in rice was in
the range between 514 and 730 mm~2 (Table
4), therefore, the stomata are on the average
at a distance of 37 to 44 ym from their
neighbors. Stomata on leaf blade of rice are in
rows along the length of stomata. As the
length of the pore of stoma was 10 to 11 ygm
from the observations with a scanning electron
microscope, the interstomatal spacing is 3.4 to
4.4 times larger than the pore length of stoma.
At this situation, the stomatal interference
could occur'®, and the effect of stomatal fre-
quency on leaf conductance would be
reduced. On the other hand, since the width
of the stomatal pore opened only up to 0.73
um in maximum (Fig. 2B), the interstomatal
spacing is at least 50 to 60 time larger than the
aperture width of stomata. Therefore, there
would be almost no interference along
stomatal width, and the influence of stomatal
aperture to leaf conductance would perfectly
exist. Thus, the mutual interference of
stomatal pores is a possible cause to explain
the relation between leaf conductance and
frequency or aperture of stomata.
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In the past, it seemed to be difficult to use
stomatal aperture as a parameter to estimate
leaf conductance or transpiration of different
varieties or plants with different treatments,
bacause stomatal frequency or some other
morphological factors could cause some
differences!®¥. However, as stomatal aperture
seems to be the major factor which affects leaf
conductance in the present study, it would be
possible to roughly estimate differences of leaf
conductance by measuring stomatal aperture
in rice. Infiltration method is useful to investi-
gate stomatal aperture without any expensive
equipments. Thus, stomatal aperture seems to
be a good parameter to select a variety which
have large or small leaf conductance.

It is not clear which factor(s) causes the
differece in stomatal aperture between japon-
ica and indica or japonica-indica hybrid. It
has been recognized that water status and
CO, concentration in leaf tissue would affect
stomatal actions®. Further investigations are
needed on physiological factor(s) that causes
the differences in stomatal aperture among
these variety groups.
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