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Studies on Lodging in Rice Plants
II. Morphological characteristics of the stem at the breaking position
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Abstract : In order to clarify the reason why breaking occurs at the special breaking position (BP) within the
broken internode, morphological characteristics of BP were compared with those of other areas within the same
internode.

In the broken internode of lodging-susceptible cultivars, hardness of the internode (IN) and dry matter

accumulation was lowest at BP. It seems that the two apparent tendencies are partly due to the increase in the

flattening of internode of the area by tight wrapping of the leaf sheath, the decrease in both the thickness and
the supplementary strengthening efficiency of the leaf sheath in this area. All these aspects together indicate that
BP is the weakest area of the internode which results from the shortcomings of both the internode and the leaf
sheath in the area. These results illustrate the reason why BP has the lowest breaking strength in this area which
leads to breakage.

Key words : Dry matter, Flattening of internode, Hardness of internode, Special breaking position, Supplemen-
tary strengthening efficiency of leaf sheath, Thickness of leaf sheath, Width of internode.
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Basic anatomical, morphological and physi-
ological investigations on culm characters of
cereal crops have been conducted to under-
stand fully the causes that lead to the occur-
rence of lodging!®781%12 These studies on
lodging, however, regarded the broken inter-
node as a whole. Little attention has been paid
to the specific breaking position in the broken
internode, ie., which part of the internode
tends to break easily, and what characteristics
are responsible for the existence of the break-
ing position, and so on.

In the previous paper?, it was shown that
breakage in a broken internode takes place at
a limited position in the internode. This obser-
vation brings about the fundamental problem
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as to what causes such a phenomenon. It is the
purpose of this paper to clarify the mor-
phological characteristics of the breaking posi-
tion from a series of comparisons among
multiple morphological characters of the inter-
node.

Materials and Methods

In the present experiments, plants of cv.
Akihikari (lodging-resistant) and Koshihikari
and Sasanishiki (loding-susceptible) were
grown in the paddy field under ordinary
cultural conditions in 1987. Plants of the three
cultivars were transplanted to the paddy field
on May 8 with a planting space of 15X 30 cm
(two plants per hill). Lodging occurred at late
ripening stage in plants in the inner portion of
the field in both Koshihikari and Sasanishiki.
Lodged plants were sampled soon after lodg-
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ing occurred together with unlodged plants in
the border of the same field. Sampled plants
were randomly taken from the paddy field by
hills, then were separated into individual stems
including main stems and tillers. Twenty stems
for a single sample were used for mor-
phological measurements.

In 1989, fertilizer treatments were conduct-
ed in the paddy fields with cv. Sasanishiki.
The amount of nitrogen fertilizer application
at active tillering stage and panicle initiation
stage was 6 kg per 10 a, which was regarded as
a heavy manuring treatment, with their con-
trol at the level of 1kg applied at the two
stages. Basal dressing was 4 kg per 10 a in the
two heavy manuring treatments and the con-
trol. Lodging occurred in plants under the two
heavy manuring treatments at late ripeing
stage but no lodging was observed on the
control. Both lodged and unlodged plants
were sampled for morphological measure-
ments.

Morphological measurements were conduct-
ed mainly on lower internodes since they are
responsive to loding as shown in the previous
paper?. A single internode was divided into
five areas from its lower nodal level to the
upper nodal level. These areas, as shown in
Fig. 1, are defined respectively as A, B, C, D
and E area, where area A and E are symmetri-
cal areas at least 0.5 cm from the nearest node,
and area B and D are also symmetrically
determined by a distance of 10 to 309 of the
full internode length to their nodal levels, and
area C is designated as the middle area of the
internode. It is apparent that area B is the
special breaking area of the internode accord-
ing to results as shown in the previous paper?.
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Fig. 1. Schematic diagram showing
different areas of an internode.

Morphological measurements on the differ-
ent areas of the internode were conducted
focussing on the following characters :

1. Width of internode

Width of internode in each area was mea-
sured with a dial caliper at the major and the
minor axis directions of the cross section of the
internode respectively. This measurement was
conducted on the internode with the leaf
sheath which is regarded briefly as “IN +LS”,
and the internode without the leaf sheath as
“IN”’. Width of each area was calculated as
the square root of the major and the minor
axes.

2. Flattening of internode

Flattening of internode in each area was
calculated according to the formula employed
in the previous paper? :

Flattening (9,) =[1— (The minor axis/
The major axis) ] X 100.

3. Thickness of leaf sheath

Thickness was studied in this study as one
of the morphological characteristics of the leaf
sheath since it was suggested earlier that the
thickness of leaf sheath is concerned with the
lodging resistance of the internode®.

Because the width of each area was mea-
sured at the major and the minor axes direc-
tions with and without the leaf sheath, thick-
ness of leaf sheath in each area was subse-
quently calculated based on the difference
between the two cases as shown below :

Thickness of leaf sheath=‘“IN-+LS”—
“IN”.
(the major or the minor axis direction)

The average thickness of the leaf sheath in
each area was given as the average of the
values obtained at the major and the minor
axis directions.

4. Hardness and supplementary stren-
gthening efficiency of the leaf sheath

Hardness of each area, which indicates the
breaking strength of the area, was measured
with a hardness tester at the minor axis direc-
tion because breaking occurs at this direction.
Hardness was measured with and without the
leaf sheath.

Supplementary strengthening efficiency
(SSE) of the leaf sheath, a criterion intended
for the evaluation of the contribution of leaf
sheath to the breaking strength of the inter-
node, was calculated based on the difference
of hardness when measured with and without
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the leaf sheath as show below :
SSE (9,) =[1— (Hardness of IN/Hard-
ness of IN+LS) ] x 100.

It can be seen from this formula that the
bigger the value of SSE, the higher is the
contribution by the leaf sheath to the breaking
strength of the internode.

5. Dry matter of internode

Internode was cut off by a certain length
(normally less than 1 cm) from each area with
leaf sheath attached and dried to constant
weight. Dry matter of each area was calculated
both with and without the leaf sheath as dry
matter per unit length.

Analysis of the data was performed with
LSD method, and comparisons among differ-
ent areas of an internode were conducted.

Results and Discussion

1. Width of internode at the breaking
position

For internode IV, there is a tendency of
gradual reduction from area A to E in the
width of the internode with the leaf sheath.
On the other hand, area A tends to have the
lowest width compared to that of other areas
when leaf sheath is removed (Table 1).

Cultivars that have different lodging resis-
tance also vary in the magnitude of the differ-
ence among the width of internode in these
areas. In Akihikari which is lodging-resistant,
area A and B had approximately the same
width in the case of “IN+LS”. There was a
significant difference, on the other hand, in
the width between area A and B in the case of
“IN+LS” both in Koshihikari and Sasanishiki

Table 1.
areas of the IV internode.

which are lodging-susceptible. This reduction
was mainly due to the significant decrease in
the thickness of the leaf sheath, because the
width in “IN” of this area increased signifi-
cantly than that of area A.

2. Thickness of leaf sheath in the break-

Akihikari

Koshihikari

Thickness (mm)

Sasanishiki

Area

Fig. 2. The average thickness of leaf sheath
in different areas of the IV internode.

Comparison of the width (mm) of the internode among different

Area

Cultivar
A B C D E
o IN+LSY 5.77d 5.73d  5.57¢  5.34b  5.1la
Aldhikari IN? 4.05  4.27b  4.35¢  4.33c  4.28b
Koshihikari | INTLS 518  5.02d  4.69c  4.38b  4.09
osiiart 1y 36la 3.87d 3.83d 3.77c  3.69b
Sosanishiki IN+LS 4 66e  4.56d 4.44c  4.17b  3.92a
asamishisl N 3.26b  3.36c  3.32c  3.22b  3.15a

1) :internode with leaf sheath

2) : without leaf sheath ;

Values with the

same letter in a row are not significantly different at the 0.05 level.
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Table 2.

Comparison of the thickness (mm) of leaf sheath in the major axis (MaA) and

the minor axis (MiA) directions among different areas of the IV internode.

Area

Cultivar Axis

G D E LSD (0.05)

MaA 1.80 1.58

Akihikari MiA 1.65  1.44

1.15
1.00

0.97
0.78

0.25
0.23

1.41
1.20

MaA 1.68 1.26

Koshihikari MiA 1.47 1.03

0.47
0.37

0.27
0.18

0.93
0.77

0.71
0.53

MaA 1.62 1.25

Sasanishiki MiA 1.31 1.00

0.87
0.70

0.68
0.42

0.26
0.15

1.04
0.89

ing position

The average thickness of leaf sheath in
different areas of the internode tended to
decrease acropetally from area A which holds
the thickest leaf sheath. This tendency is com-
mon in the three cultivars Akihikari, Koshihi-
kari and Sasanishiki as shown in Fig. 2, sugges-
ting that the gradual reduction in the thick-
ness of leaf sheath in different areas may be a
natural adaptation of the plant to prevent
lodging. From the histogenetic standpoint of
the rice plant, the upper part of the internode
is generally more matured and lignified than
the lower part. It seems that basipetal gradual
increase in the thickness of leaf sheath enables
the lower part of the internode to have consid-
erable strength against lodging.

For lodging-susceptible cultivars, however,
the extent of decrease in the thickness of leaf
sheath in area B was higher compared to that
of lodging-resistant cultivar. Table 2 shows
that in both the major and the minor axis
directions, there was no significant reduction
in the thickness of leaf sheath in area B in
Akihikari. The thickness of leaf sheath in area
B of Koshihikari and Sasanishiki, however,
was significantly lower than that of area A.
Another apparent observation in Table 2 is
that reduction in the thickness of leaf sheath
in area B was higher in the minor axis direc-
tion than that in the major axis direction in
the two lodging-susceptible cultivars. These
apparent trends in the reduction in the thick-
ness of leaf sheath of area B in the two
cultivars in the minor axis direction, may
partly explain why breaking occurs specially at
area B and at the minor axis direction of this
area?.

16 E=With LS Akihikari

EWithout L

12

Koshihikari

Flattening (%)

Sasanishiki

A B C D E

Area

Fig. 3. Comparison of the flattening of inter-
node among different areas of the IV
internode.

3. Flattening of internode in the break-
ing position

The flattening of the internode tends to
become higher from area B in the three
cultivars (Fig. 3). This tendency appears
regardless of the presence of the leaf sheath,
although flattening of internode in each area is

NII-Electronic Library Service



570

Japanese Journal of Crop Science Vol. 60, 1991

commonly higher in In+LS than that in IN.

Flattening of the internode was regarded to
be involved in the lodging resistance of the
internode?. The fact that flattening became
higher from area B both with and without leaf
sheath may account for the reduction in the
breaking strength from this area.

Flattenings of the internode at area B
between lodged and unlodged plants were
compared from the border plants and plants
in the inner part of the same paddy field
(Table 3). In Akihikari which is lodging-resis-

tant, there was no significant increase in

Table 3.

flattening at area B in both with and without
leaf sheath between plants of the border and
the inner parts. In Koshihikari which is lodg-
ing-susceptible, however, there was a signifi-
cant increase in the flattening of IN between
lodged (inner plants) and unlodged plants
(border plants) in the case of IN. This result
suggests that the increase in the flattening of
internode at the breaking position is involved
in the occurrence of breaking at that position
in the internode of a lodging-susceptible
cultivar.

4. Hardness and supplementary stren-

Comparison of the flattening (%)among difterent areas of the IV internode

between border plants (BP) and inner plants (IP) of the same field.

Area
Cultivar
A B C D E
Akihikari IN+LSY BP 993  11.97 12.43  13.35  13.81
thikan 1P 12,32 13.15 13.13  14.32  13.58
NS NS NS NS NS
IN? BP 658 11.43 12.38  11.98  11.69
P 9.73  12.62  13.32  13.48  12.51
NS NS NS NS NS
Keoshihikari IN+LS BP 12.07 12.77 13.68 14.53  14.66
oshihkan P 15.31  16.01  16.55 19.23  19.22
NS NS NS * *
IN BP 12.39  13.38  13.49 13.16  12.15
P 15.61 16.59 17.78  16.69  15.95
NS * * * NS

2) : without leaf sheath; Inner Plants (IP) of cv.
NS and * :not significant and significant at the 0.05

1) : internode with leaf sheath ;
Koshihikari are lodged ones ;
level, respectively.

Table 4. Comparison of the hardness (kg/cm?) and the supplementary strengthening efficiency
(SSE, %) of the leaf sheath among different areas of the IV internode.
Area
Cultivar LSD(0.05)
A B C D E
Akihikari Hardness IN+LSY  3.41 1.92 1.63 1.44 1.89 0.49
IN? 1.32 0.74 0.85 0.90 1.17 0.10
SSE 61.3 61.5 47.9 37.5 38.1 6.2
Koshihikari ~ Hardness IN+LS 1.83 1.19 1.02 1.08 1.46 0.14
IN 0.64 0.48 0.59 0.71 1.04 0.05
SSE 65.0 59.7 42.2 34.3 28.8 4.5

1) :internode with leaf sheath; 2) : without leaf sheath.
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gthening efficiency of leaf sheath in the
breaking position

In evaluating the breaking strength of dif-
ferent areas within an internode, hardness has
been used as a proper criterion by some
investigators?. Hardness of the five areas in
the IV internode was measured in Akihikari
and Koshihikari. Hardness was highest in area
A measured with the leaf sheath, and became
lower from area B to area D, but got higher
than these three areas in the uppermost area E
(Table 4). When measured without the leaf
sheath, however, there was an apparent ten-
dency that hardness is lowest in area B and is
highest in area E. The highest hardness in
area A of IN+LS and in area E of IN may
have resulted from the thickest leaf sheath in
area A and the extensive maturation and
lignification in area E. The lowest hardness of
IN in area B may be the combined result of
the poor status of the leaf sheath and the lower
extent of maturation and lignification in this
area. Although its width and maturation

Akihikari

15,

Koshihikari

Dry matter (mg/cm)

Sasanishiki

A B C D E
Area

Fig. 4. Comparison of dry matter among
different areas of the IV internode.

extent was lowest among the five areas, hard-
ness of IN in area A was higher than that in
area B. This may be related to the presence of
the node next to the lower end of area A.

Since the breaking strength of the internode
is both affected by the status of the leaf sheath
and of the internode itself, it is essential to
evaluate the supplementary strengthening effi-
ciency (SSE) of the leaf sheath to the breaking
strength of the whole internode. Such a crite-
rion has been employed by some
investigators*>?. A significant decrease in SSE
from area B compared to that of area A was
observed in the lodging-susceptible cultivar,
Koshihikari, but not in the lodging-resistant
cultivar, Akihikari (Table 4). This decrease in
SSE may be due to the significant reduction in
the thickness of leaf sheath at this area in the
lodging-susceptible cultivars.

Some investigators already attempted to
evaluate the supplementary strengthening efti-
ciency of leaf sheath to the breaking strength
of the internode, although they did not take
into account the difference among areas in the
same internode. Kato and Kato (1962) mea-
sured the extent of SSE of leaf sheath to the
breaking strength of the internode in rice
plants, and suggested that leaf sheath contrib-
utes 70 to 909, in the early ripening stage and
50 to 709, in the late ripening stage®. Yoshida
(1981) also estimated that the leaf sheath of
rice plants contributes to the breaking strength
of the internode by 30 to 609,'V. In barley,
Hozyo and Oda (1965) indicated that the leaf
sheath efficiency for culm strength was about
10 to 709, and was higher in the upper inter-
nodes than in the basal?. They also found that
the hardness was not homogeneous in each
area of the internode, and that the area 1 cm
above the node showed the lowest hardness®.
But the second area they measured was 2 cm
upper from the first area, that is, 3 cm upward
from the node. This positon is considerably
higher as compared with the breaking point
obtained in the present study. In other words,
they did not measure the hardness of the
breaking area of the internode as identified by
the present authors.

It can be concluded that significant reduc-
tion in both the thickness and SSE of leaf
sheath in area B and the lowest hardness of IN
in this area are responsible for the observed
fact that area B is the breaking position.
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Table 5.
node between lodged and unlodged plants.

Comparison of dry matter (mg/cm)among different areas of the IV inter-

Area Treatment 1V Treatment 2% Control®

A 6.86Xx0.39(106) *** 8.26X0.94(103) *** 14.29%1.12(103)
B 5.94 X0.38(92) *** 7.13X0.76(89) *** 13.69x0.95(99)
C 6.45%0.47(100) *** 8.04%0.70(100) *** 13.79x0.608(100)
D 7.35%0.44(114) *** 9.21X0.66(115)*** 14.90x0.75(108)
E 8.50x0.53(132) *** 9.95X0,72(124) *** 15.75X0.61(114)

1) : topdressing at active tillering stage, plants lodged ;

2) : topdressing at panicle initiation stage, plants lodged ;

3) : plants unlodged ;
Value are shown as mean*=SE.

Numerals in parentheses are percentages of the areas to area C.

*** . significant at the 0.001 level from the control.

5. Dry matter of internode in the break-
ing position

Dry matter of internode has been found to
correlate with the breaking resistance of the
internode!'®. Dry matter of internode in differ-
nt areas of the IV internode were measured as
one of the criteria to evaluate the breaking
resistance of these areas within the internode.

There was a general tendency in the three
cultivars, regardless of their lodging resistance,
that dry matter of leaf sheath tends to
decrease gradually from area A to E. In the
internode (IN), however, dry matter was
lowest in area B (Fig. 4). The gradual reduc-
tion in dry matter of leaf sheath from area A
to E may be related to the acropetal decrease
in the average thickness of leaf sheath of each
area as shown in Fig. 2.

The lowest dry matter of IN in area B as
compared to other areas within the same inter-
node, however, seems to be the result of the
combined effects of the carbohydrate content
and the extent of maturation and lignification
in this area.

To give a more adequate evidence on the
situation of dry matter in this area, compari-
son of dry matter in different areas of the IV
internode was conducted in different treat-
ments with cv. Sasanishiki (Table 5). Dry
matter of lodged plants applied with heavy
fertilizer at active tillering stage or panicle
initiation stage were significantly lower than of
unlodged plants in the control. This result is in
accordance with that shown in Fig. 4. When
comparing the extent of reduction in dry

matter of area B to area C which is the middle
part of the internode, dry matter in area B is
only 929, and 899, as compared to area C in
lodged plants of the treatments. In plants of
the control, however, area B showed approxi-

mately the same (999]) dry matter to area C.
This result indicates that the extent of
decrease in dry matter of area B in lodged
plants is higher than that of plants in the
control. It can be inferred that the significant
reduction in dry matter of area B is one of the
causes resulting in the breaking at this area.
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