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Chapter 1. Introduction

The farm-management scale in Japan has increased rapidly after World War II, as affected by the
standardization of the agricultural products in marketing and the concentration of the distribution system
of markets, especially in the 1955’s. Concurrently, the particular sections in the management, e.g., live-
stock farming, and farming of cereals, fruits and vegetables, have been expanded. Consequently, the
farmer’s income has increased more than that in the farm management system of traditional agriculture
that included many small sections in a farm.

However, there are many serious problems in the modern management system. The tactics of the
management system for the farmer to concentrate on the management of a particular section and abolish
other sections have often resulted in overproduction of the particular products and the decrease of soil
fertility in the crop fields in the case of farms without livestock®%*",

Therefore, the planning for producing the agriculture products in the region and adjustment of selling
to the markets has become important. Moreover, soil management is also more important in crop
production to increase and maintain a sustainable crop production.

While manure from livestock is a valuable resource for farmers growing crops, it is annoying to use or
stock in the livestock farms. The fields of livestock farms sometimes become to too rich in soil nutrition
and causes pollution of water. The livestock farmers will need to pay the cost for cleaning the environ-
ment in the future®?,

In livestock management in Japan, there are other serious problems for sustaining the income. The
amount of roughage production in the farms is usually less than that needed for feeding the cows. The
percentage of domestic roughage has decreased year by year®, and the management of the livestock farms
in Japan has become extremely unstable.

In order to stabilize and increase the income of livestock farms and to reduce the negative effects on
the environment, the production of forage crops, which can absorb the large amount of nutrients released
from the soil and have higher productivity for dry matter production per unit ground area and higher
feeding value, will be recommended in Japan.

Sorghum is a forage crop that has excellent ability of utilizing the soil nutrients and water and realizes
higher dry matter productivity even under poor soil conditions. Furthermore, it has resistance to heavy
dressing of fertilizer and resistance to submerged condition ; it can usually be grown without insecticides
or pesticides. For this reason, I believe that cropping of sorghum will be available for solving the
economical and environmental problems in livestock farms.

For the same reason, commercial varieties of sorghum have been sometime grown in the paddy fields
as well as upland fields in Japan. These cases have increased because the adjustment of rice production
area was needed to decrease the stock of rice grain®. When sorghum commercial varieties are grown on
a wet and fertile paddy field enriched with manure under high temperature and humid air moisture
condition, sorghum plants are more susceptible to sheath blight (Rhizoctonia solani Kithn) and caused the
lodging of the plants, consequently the dry matter yield often decreases.

However, the varieties completely resistant to the disease have not been developed yet, because the
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Fig.1.1 The varietal difference of plant type among sorghum.

mechanism of resistance to the pathogen is not clear and the materials of sorghum breeding have a more
wide variation in plant type (Fig.1.1) and feeding value as affected by mutant genes for increasing fiber
digestibility, e.g., brown midrib (bmr)>>5104455) and bloomless (bm)*™*. Especially, the field resistance
seems to be more important than the true resistance because the disease can infect many crops®® and

L9 in the world. A concrete testing system needs to be

differentiates in many anastomosis groups
developed by elucidation of the genetic mechanism and the relationships between the susceptibility and
morphological characteristics and feeding value.

In this study, in order to develop the new methods of evaluation in a field inoculation testing, the field
experiments were carried out to clarify the varietal differences in resistance to the sheath blight by
anastomosis group 1 (AG-1), which can infect all types of sorghum (Chapter 2), and relationships between
the vield loss and the degree of disease severity (Chapter 3). In Chapter 4, diallel analysis was carried out
to estimate the genetic mechanism related to resistance of the disease (Chapter 4). According to the
results, the effects of evaluation for resistance and field selections were verified through the field experi-
ments that were conducted over an 18-year period (Chapter 5, 6).

These studies have consequently contributed toward development of a field inoculation system for
evaluation of sheath blight and new hybrid varieties and parental inbred lines with field resistance. It was

also realized that 2 new varieties, “Hazuki”****% and “Akidachi”® (Fig.1.2), held sufficient field resistance

AR
Fig.1.2 New sorghum varieties “Hazuki” (left) and “Akidachi” (right).
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to sheath blight in spite of having a higher digestibility of the fiber.

Chapter 2. Varietal difference of resistance to sheath blight

For the improvement of the resistance to Rhizoctonia sheath blight, sorghum breeders have been
screening the resistant crops by field inoculation test, using anastomosis group 1 (AG-1) isolated from
sorghum during the past 15 years?* 27,

In the field inoculation test with AG-1, the resistance to the disease varied with the variety of sorghum??
and maize'®*". However, sorghum varied more widely than maize in the plant height and yield of the
grains, depending on the use. The varietal difference of resistance to the disease in the field and the criteria
for the evaluation of the resistance common to all plant types were not yet clarified. There have been no
reports on the difference of resistance to the disease among the varieties of sorghum including all plant
types.

The objectives of this chapter are 1) to find the varietal difference in the resistance to Rhizoctonia
sheath blight by a field inoculation test, and to find the resources of the resistance, using the varieties of

all types of sorghum ; and 2) to establish the common criterion for evaluation of the resistance.

2.1. Materials and methods

A field inoculation test was carried out at the field of Nagano Animal Industrial Experiment Station in
1984 and 1985. In 1985, 72 varieties including all plant types classified by the objective of use were
examined (Table 2.1). The varieties of Indian type were selected from the group of sorgo type for
improving the yield of grain by ICRISAT. The varieties of Korean type are distributed in North China and
Korea and are slender in shape.

Thirty-one typical varieties were also selected from each plant type and their resistance to the disease
was evaluated in 1984 and 1985. Barnyard manure and chemical fertilizer of N, P,0s and K,O were applied
at the rate of 30,000 kg, 120 kg, 120 kg and 90 kg pér ha, respectively, in both years. Half of the N chemical
fertilizer was applied as ammonium sulfate at the middle of the vegetative growth period.

The varieties were sown with an interhill spacing of 8 cm and interrow spacing of 75 cm from the middle
to the end of May. Twenty-five plants per plot were used for each line. AG-1%%% which was the most
pathogenic to sorghum and maize was obtained from sorghum by the National Grassland Research
Institute, and incubated for two weeks after inoculation onto barley grains. After 2 months of seeding, the
grains were spread on the hill and covered with a thin layer of soil®®, Resistance to the disease was

evaluated before harvesting from the middle of September to early in October. The height of lesion (HL)

Table 2.1 Materials of the field inoculation test for Rizoctonia sheath blight.

Number of Height of flag leaf

Plant type cultivars collar at harvest time {(cm)

Mean s.d.
Grain type 26 77.4 22.1
Dual-purpose type (F,) 12 133.2 36.3
Sorgo type 6 205.3 34.7
Indian type 11 141.0 19.2
Korean type 4 144.8 53.7
Male sterile line 13 81.8 23.0
Total 72 111.4 48.2
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and the height of flag leaf collar (HF) were measured at maturity. To simplify the process of further

screening, the relative lesion height (RLH)?? was used as an indicator of the resistance to the disease.

_ (height of lesion on the sheath)

RLH= (height of the flag-leaf collar)

X100 (%)

2.2. Results

If the order of the resistance to the disease of sorghum varieties varies markedly with the year, the field
test must be repeated each year to identify accurately the varietal difference. Therefore, in this study, the
field experiments with 31 varieties, which contained each plant types, were conducted in 1984 and 1985.
Fig.2.1 shows the change of daily mean temperature in each year. The difference between two years was
within 2°C from inoculation time to investigation. Analysis of variance was carried out for HL, RLH and
HF (Table 2.2). The difference among varieties was significant in all characters (p<0.001), but no

difference between years was in HL and RLH. In HF, there were also detected the differences between
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Fig.2.1 Change of daily mean temperature.

Table 2.2 Effects of variety and year on the results of the field inoculation test (ANOVA).

Factor d.f. M.S.
Height of the Height of lesion Relative lesion
flag leaf collar (HF) on the sheath (HL) height (RLH)
Block 1 386** 24 11
Variety (V) 30 5567 ** 619*** 2296***
Year (Y) 1 765%** 452.0 141.0
VxY 30 136*** 175 113*
Error 61 37 210 67

¥ p<0.001, **I<0.01, *:p<0.05

Table 2.3 Correlation coefficient in each trait between 1984 and 1985.

Trait Correlation coefficient Significance
(n=31)
Height of the flag leaf collar (HF) 0.957 p<0.001
Height of lesion on the sheath (HL) 0.732 p<0.001

Relative lesion height (RLH) 0.909 p<0.001
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years and interaction between variety and year (p<0.001). The correlation coefficients between the values
obtained in 1984 and 1985 are shown in Table 2.3. There was a significant correlation in each value (HL,
HF and RLH) between the two years (p<0.001).

There was no significant correlation between maturity of the varieties and HL or RLH in whole data,
and also no correlation in each type.

RLH was closely correlated with the degree of yield loss, and it was thought to be an index of the degree
of damage by the disease?®. The relationship between HL, which shows the disease severity, and RLH,
which shows the yield loss and quality damage, is shown in Fig.2.2. The higher the HL, the higher was the
RLH of the variety. Among the varieties with the same HL, the RLH was higher in the grain-type
sorghum than in thé other types. The three groups were distinguished from each other by statistical
comparison of the regression equations between HL and RLH. The regression line A in Fig.2.2 was
obtained from the grain-type and male-sterile lines, line B from the dual-purpose and Korean types and
line C from the sorgo-type including the Indian-type. The slope of the regression line was the largest in
A followed by B and C, in this order. Each regression equation was highly significant (p<0.001).

Because plant height was correlated with the degree of damage that could be expressed by RLH, the
relationship between HF and RLH was analyzed (Fig.2.3). The regression equations between HF and RLH
were also classified into the same three groups as that between HL and RLH. In group A, the slope was
the steepest and the RLH greatly varied even in the varieties with the same HF. Contrary to group A, the
RLH in group C was similar irrespective.of HF. The variation in the degree of damage by the disease
(RLH) was larger in group A than in the other groups.

No correlation was observed between HF and HL (Fig.2.4).

2.3. Discussion
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Fig.2.2 Relationship between RLH and height of lesion on the sheath (HL).

& : grain type, A : dual-purpose type (F,), O: Indian type,

A : Korean type, ¢ male sterile line, & : sorgo type.

A : Regression from grain and mail sterility types.
y=5.22+1.54-x(r=0.94,p<0.001).

B : Regression from dual-purpose (F,) and Korean types.
v=4.61+0.94-x(r=0.87,p<0.001).

C: Regression from Indian and sorgo types.
v=6.314+0.36°x(r=0.89,p<0.001).
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Fig.2.3 Relationship between RLH and height of the flag leaf collar (HF).

@ : grain type, A : dual-purpose type (F,), O: Indian type,

A Korean type, & male sterile line, & : sorgo type.

A : Regression from grain and mail sterility types.
y=116.40—0.82-x(r=—0.59,p<0.001).

B : Regression from dual-purpose (F,) and Korean types.
y=77.56—0.33-x(r=—0.74,p<0.01). ‘

C: Regression from Indian and sorgo types.
y=5.82+0.07-x(r=0.50,p<0.05).
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Fig.2.4 Relationship between height of lesion on the sheath (HL)
and height of the flag leaf collar (HF).
€ : grain type, A : dual-purpose type (F1), O: Indian type,
A Korean type, & : male sterile line, @ : sorgo type.
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HL, HF and RLH obtained in 1984 were significantly correlated with those obtained in 1985 (p<0.001).
Air temperature has been reported to affect the degree of infection with Rhizoctonia solani Kithn*®. If the
effect of temperature on the degree of the infection varies with the variety, the order of the resistance of
each variety may vary with the year, and the correlation coefficient between years may be low. However,
the variance among varieties was higher significant in HL, RLH and HF from the results of ANOVA,
while the variance between years and that of interaction between variety and year were not or less
significant in HL and RLH. Furthermore, a significant correlation was observed between the two years in
three characters. From these results, the order of the resistance of each variety is not considered to vary
with the meteorological factors of the year. Thus, it is' supposed that the varietal difference of the
resistance to the disease can be compared with the data obtained in a single year. Hence, in this study,
the varietal difference is discussed based on the results of 1985 alone.

The significant correlation was not ohserved between HF and HL. This suggests that the severity of the
disease is not correlated with the plant size.

The high ratio of total carbon to total nitrogen content in stover tended to increase the resistance to
the Rhizoctonia sheath blight in rice'®. Plant nutritional condition has been considered to affect the
resistance. In sorghum, the grain yield widely differs with the variety. Therefore, the varieties with high
grain yield may contain a smaller amount of carbon in stover than in the varieties with a low grain yield,
and may be susceptible to the disease. In this experiment, the male sterile lines with a low grain yield
tended to have a higher resistance to the disease than the other varieties with a high grain yield. On the
contrary, the Indian-type varieties with a high grain yield tended to have a higher resistance than the
sorgo-type varieties that yielded no grain. This conflicting phenomenon suggests that some other factors
are also related to the resistance in addition to plant nutritional condition.

RLH is an important marker for the severity of injury caused by the infection with Rhizoctonia sheath
blight, because there was a high positive correlation between RLH and yield loss (r=0.816, p<0.001)%2,
Rice varieties have been evaluated and screened by the severity of injury at the first stage of breeding'®,
and relative lesion height has been used to simplify the method of evaluation from the late 1980s!*2®. The
relative lesion height is similar to RLH in our research. In sorghum, the average HF of each plant type
widely varied from 77 cm to 205 cm (Table 2.1), and the relative indicator such as RLH should be used to
evaluate the resistance.

In rice, it was pointed out that the disease severity evaluated by RLH was not different among varieties,
but that the severity evaluated by the ratio of the number of infected tillers to the total number of tillers
was significantly different?®. In the sorghum used in this study, however, the tiller number was less than
two per plant. Another method for the evaluation of the disease severity will be necessary for screening
of the varieties with many tillers such as Sudan type sorghum and Sudangrass.

The RLH of the varieties in group A (grain type) widely varied among varieties that had similar HF,
suggesting that the genetic diversity of the resistance to the sheath blight exists within the group.

When screening rice for sheath blight resistance, the plants with an RLH of less than 209 were
considered to be resistant, and 7,614 varieties and lines were evaluated in 1987. Many resistant lines were
found in wild rice and upland rice?®. In this field test for sorghum, the resistant varieties with an RLH of
less than 209 were also found. However, the resistant varieties did not belong to the specific types. It
seems to be favorable to breed the resistant varieties for each type independently.

The resistant varieties should have low disease severity, low yield loss and little quality damage. The
resistance to infection (disease severity) may be evaluated by HL, and the degree of yield loss and quality
damage by HL and RLH. Therefore, the resistance of varieties in the field may be evaluated effectively
based on the relationship between HL and RLH?223:27,

Fig.2.2 shows the relationship between HL and RLH. The degree of yield loss and quality damage (RLH)
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relative to the disease severity (HL) were severer in the varieties with high grain yield than in those with
low grain yield such as sorgo type varieties. It is important in sorghum that the slope of the regression
line between RLH and HL varied with the plant type. It seemed that there was no common criterion for
the selection of the resistance to the sorghum sheath blight from all plant types. However, the intercepts
of the regression lines were similar in all types, and most of the varieties with an HL of less than 20 cm
showed an RLH of less than 209, irrespective of the plant type. KASUGA observed that the yield loss was
slight in the varieties with an HL of less than 20 cm (unpublished). Furthermore, the lower the RLIH, the
lower the yield loss??72%. Therefore, a common criterion for the selection of the resistance to the sorghum
sheath blight in a field inoculation test may be an RLH of less than 20 9§ and HL of less than 20 cm for
all plant types.

2.4. Summary

To search for genetic resources of resistance to sorghum sheath blight, I examined the varietal
difference of the resistance by a field inoculation test. The materials used were 72 varieties and lines,
which were classified into grain, dual purpose (F,) and sorgo types, including the Indian-type varieties
selected for grain yield from grain type, Korean varieties and male-sterile lines. Field inoculation tests
were carried out in 1984 and 1985. Barley grains were inoculated with anastomosis group 1 (AG-1), which
was the most pathogenic to sorghum, and the grains were spread on the hill and covered with soil two
months after the seeding of the test plants. Resistance to the disease was evaluated by the relative lesion
height (RLH), which is the ratio of the height of lesion on the sheath (HL) to the height of flag leaf collar
at maturity (HF). The varietal differences of HL, HF and RLH were similar in both years, and the
coefficients between the values obtained in the two years showed a significant correlation (p<0.001). HL
showing the degree of invasion and RLH showing the damage of plants closely correlated with each other,
and the relationship in each of the three groups, grain type including male sterile lines, dual-purpose type
including Korean type and sorgo type including Indian type, was regressed to a linear equation. The
correlation between HF and RLH in each of the same three groups was also regressed to a linear equation
(p<0.001). A wide variation in RLH was detected among the varieties of grain type with the same plant
height. The higher resistant resources were found in every type, and a common criterion of the resistance
was considered to be an RLH of less than 20% and HL of less than 20 cm.

Key word : inoculation, resistance, Rhizoctonia solani Kiihn, sheath blight, sorghum, variety

Chapter 3. Relationships between the yield loss and the resistance to sheath blight

The cropping area of forage sorghum has recently increased in humid and fertile fields in Asia, but the
vield and forage quality of sorghum are often damaged seriously by sheath blight (Rhizoctonia sheath
blight)?*42),

Especially, the lodging and damping-off of forage sorghum by sheath blight is frequently observed in
Japan. The pathogen, Rhizoctonia solani Kiihn, infects not only sorghum but also rice?®, maize*® and
soybean*?.

The most economical and effective method of controlling the disease without agricultural chemicals is
the development of varieties resistant to sheath blight. However, there have been no reports about the
yield loss of sorghum by sheath blight in Japan.

The objectives of this chapter are 1) to clear up the relationship between the degree of the yield loss in
sorghum by sheath blight and the degree of the resistance to the disease and 2) to establish the common

criterion for evaluation of the resistance in sorghum.
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3.1. Materials and methods

A field inoculation test was carried out at the field of Nagano Animal Industrial Experiment Station in
1985. Seventy-two varieties including grain types, dual purpose types and sorgo types by objective of use
were examined (Table 3.1). Barnyard manure and chemical fertilizer of N, P,0; and K,O were applied at
the rate of 30000, 120, 120 kg and 90 kg per ha, respectively. Half of the N fertilizer was applied as
ammonium sulfate at the middle of the vegetative growth period. The varieties were sown with an
interhill spacing of 8 cm and interrow spacing of 75 cm on May 17. Fifteen plants per line were inoculated.
The most pathogenic race to sorghum and maize, AG-1°%, that had been obtained from sorghum at the
National Grassland Research Institute, was incubated for two weeks after inoculation onto barley grains.
After 2 months of seeding®®, the grains were spread on the hill and covered with a thin layer of soil®®.

Resistance to the disease was evaluated at harvesting time in early October. The height of lesion on the
sheath (HL) and the height of flag-leaf collar (HF) were measured at maturity. The relative lesion height

(RLI)?2%® was calculated as an indicator of the resistance to the disease and the degree of damage.

__ (height of lesion on the sheath, HL)

RLH="¢ ciaht of the flag leaf collar, HF)

X100 (%)

Furthermore, dry matter weight of 5 plants which were inoculated and non-inoculated respectively per
each line were measured at maturity. The relative dry matter weight (RDM)**?? was calculated as an

indicator of the yield loss by the disease and the degree of damage.

RDM= (dry matter weight of inoculated 5 plants)
(dry matter weight of non-inoculated 5 plants)

x100 (%)
3.2. Results

The environment after inoculation was favorable enough for disease development. Plant length, culm
length, height of the flag leaf collar, panicle length and neck length of panicle of inoculated plants were
smaller than non-inoculated plants significantly at the 1 9% level (Table 3.1).

The height of lesion (HL) of 72 varieties varied from 9 cm to 70 cm, and the relative lesion height (RLH)
varied from 7.4% to 1009%. Furthermore, the height of flag-leaf collar (HF) varied from 46 cm to 244 cm
(Table 3.2).

Table 3.1 Effects of the inoculation for Rhizoctonia solani Kiihn on the morphological characteristics.

Treatment Plant length culm Height of the Panicle length Neck length
length flag leaf collar of panicle
cm cm cm cm cm
Inoculated 1574 123 112* 25* o1t
Non-inoculated 164° 131° 119® 26" 12°

The values are the mean of 72 varieties.
Means with different letter in each column are significantly different. A and B at p<0.01.

Table 3.2 Varietal difference of resistance to sheath blight in inoculation test.

Item Height of lesion Relative lesion Height of the flag
on the sheath (HL) height (RLH) leaf collar (HF)
cm % cm
Mean 36 39.6 111
Maximum value 70 100.0 244
Minimum value 9 7.4 46

Standard deviation 17.3 28.3 48.2
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Table 3.3 Relative dry matter weight (RDM) of inoculated plants.

Item RDM
Panicle (A) Stover (B) Whole plant (A+B)
% % %
Mean 72.0 76.7 74.6
Maximum value 100.0 100.0 100.0
Minimum value 13.5 25.0 24.8
Standard deviation 25.1 19.8 22.2
100 - OE9-—-60 0
1/y=0.01+0.0002+ (X-14.2
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Fig.3.1 = Relationship between relative lesion height (RLH) and relative
dry matter weight (RDM) in Rhizoctonia sheath blight.

The relative dry matter weight (RDM) varied from 259 to 100%. And average RDM of 72 varieties was

74.69%. When it is seen from the viewpoint of part in plant, the average RDM of head was 4.7 points smaller
‘than the average RDM of stover (Table 3.3).

Fig. 3.1 shows the relationship between RLH and RDM of 72 varieties. The RDM tended to be depressed
by increasing RLH. The relationship between RLH and RDM fitted the reciprocal model significantly (p<
0.001). The reciprocal model for RDM, as based on the relationship between RLH (x) and RDM (y), was
as follows: 1/y=0.0140.0002(x —14.2).

Therefore, the yield loss was recognized at RLH of 14.294 in the reciprocal model.

3.3. Discussion

PASCUAL ef al. (1988)* reported the grain yield loss in sorghum due to Rhizoctonia sheath blight in the
Philippines. In the report, Rhizoctonia sheath blight was estimated to reduce grain yield from 35% to 43%.

In this experiment, the range of the relative dry matter weight (RDM) of panicle was broad from 13.5%
to 100%. RDM of stover and weight of whole plant were broad from ahout 259 to 1009 (Table 3.3).
Therefore, the yield loss of panicle in sorghum was from 095 to 86.5%. The yield loss of stover and weight
of whole plant were broad from 09 to about 75%.

The range of severity levels in this experiment was enough to find the relationships between the yield
loss and the resistance to sheath blight in sorghum.

It is important to ‘explain the relationships between the yield loss and the resistance to sheath blight for
developing the varieties, which resist to the disease. Therefore, the RLH at which the dry matter yield

starts decreasing is an important criterion for selection in the field inoculation test.
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On the other hand, from the relationships between RLH and HL, I pointed out that the criteria for
resistant varieties are HL of less than 20 cm and RLH of less than 20 9% in the field inoculation test for
all sorghum types®® (See Chapter 2).

In this experiment, from analysis of reciprocal model, the RLH at which the dry matter yield starts
decreasing is estimated about 14.2%.

From these results, the selection by the criteria of the resistance, which is considered to be RLH of less
than 209 and HL of less than 20 cm from the relationship between RLLH and HL, is effective from the
viewpoint of the relationship between RILH and RDM.

3.4. Summary

To clarify the selection criteria of the resistance to sheath blight (Rhizoctonia solani Kiihn) in sorghum,
a fleld inoculation test was carried out in 1985. The materials used were 72 varieties and lines, which were
classified into-grain types, dual-purpose types and sorgo types. Barley grains were inoculated with
anastomosis group 1{AG-1), which was the most pathogenic to sorghum, and the grains were spread on
the hill and covered with soil two months after seeding. Resistance to the disease was evaluated by the
relative lesion height (RLH), which is the ratio of the height of lesion on the sheath (HL) to flag leaf collar
(HF) at maturity. Yield loss by the disease was evaluated by the relative dry matter weight (RDM), which
is the ratio of the dry matter weight of inoculated plants to non-inoculated plants.

The HL of 72 varieties in inoculated plants varied from 9 cm to 70 cm, and the RLH Varbied from 7.49%
to 100%. The RDM varied from 2295 to 1009. There were varietal differences in the yield loss by sheath
blight among 72 varieties.

The relationship between RLH and RDM was fitted reciprocal model significantly (p<0.001). The
reciprocal model for RDM, as based on the relationship between RLH (x) and RDM (y), was as follows :
1/y=0.01+0.0002{x —14.2).

The common criteria of the resistance, which are considered to be RLH of less than 2094 and HL of less
than 20 cm from the relationship between RLH and HL, is effective from the viewpoint of the relationship
between RLH and RDM.

Key word : reciprocal model, yield loss

Chapter 4. Diallel analysis of resistance to sheath blight

The cropping area of forage sorghum has recently increased in humid and fertile field in Asia, but the
yield and forage quality of sorghum were often damaged seriously by sheath blight (Rhizoctonia sheath
blight)?%24,

One of the favorable ways to suppress the disease without agricultural chemicals is the development of
varieties resistant to sheath blight. For the development of the resistant varieties, KASUGA et al.222%2%)
screened the various inbred lines and F, varieties by field inoculation test during the past 15 years and
reported the varietal differences for the resistance to sheath blight on the basis of various indices and the
results of the selection of resistant inbred lines.

Practically, the genetic analysis is necessary to breed the highly resistant strains in the field to a wide
range of races of the disease, because varieties with only one major resistant gene may be infected with
a newly developed race of the disease with high probability. In the case of resistance to southern corn leaf
blight (Bipolaris maydis (Nishikado and Miyake) Shoemaker), it was revealed by diallel analysis that
multiple genes controlled the resistance’?.

In sorghum sheath blight, SHAUG et «l reported that the heritability of the resistance which was
expressed by the relative lesion height ([height of infected sheath]/[height of flag leaf] : RLH) was highly
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significant and the gene actions showed additive dominant effects'®*®., However, the report did not
describe plant type, which the materials belong to. Morphological variation among sorghum varieties is
extremely large** 2% and the varieties could be classified into three groups of plant types by the height of
lesion on the sheath (HL) and the degree of damage (RLH)?”, recently. Therefore, the analysis should be
carried out for each group and by considering the two characteristics.

The objectives of this chapter are 1) to analyze the inheritance of the resistance to sheath blight in view
of height of lesion on the sheath (HL), the degree of damage (RLH) and plant size (the height of flag leaf :
HF) by all possible reciprocal crosses of 5 lines in grain type group, in which varietal difference for the
resistance is larger than other groups®”, and 2) to clarify the effect of the combining ability for establishing

the breeding system to obtain the lines with a high field resistance to the disease.

4.1. Materials and methods

Five inbred lines were used (Table 4.1), which belong to grain type but differ in the resistance to sheath
blight, and 20 hybrids and 5 inbred lines were obtained by the diallel cross of these lines. A field inoculation
test was carried out in Nagano Animal Industrial Experiment Station in 1991. The experiment was
designed as randomized block with two replications. Barnyard manure and chemical fertilizer of N, P,0;
and K,O were applied at the rate of 30000, 120, 120 kg and 90 kg per ha, respectively. Half of the N
fertilizer was applied as ammonium sulfate at the middle of the vegetative growth period. The inbred lines
and hybrids were seeded on May 29, and were established one plant per hill with an 8-cm interhill spacing
and 75-cm interrow spacing. Twenty-five plants per plot were used for each line. The most pathogenic
race to sorghum and maize, AG~1°%, that had been obtained from sorghum at the National Grassland
Research Institute, was incubated for two weeks after inoculation onto barley grains. After 2 months of
seeding, the grains were spread on the hill and covered with a thin layer of soil®¥.

Resistance to the disease was evaluated at harvesting time, from mid-September to early October. The
height of lesion on the sheath (HL) and the height of flag-leaf collar (HF) were measured at maturity. The
relative lesion height (RLH)*® was calculated as an indicator of the resistance to the disease and the

degree of damage.

_ (height of lesion on the sheath, HL)

RLH= (height of the flag-leaf collar, HF)

X100 (%)

The diallel data were arc sin transformed and then analyzed according to the model proposed by
HaymaN'»22949) The parameters of diallel analysis were calculated by the computer program written by
UKATI®,

4.2. Results

Table 4.1 shows characteristics of the parental lines used in the diallel cross. Total culm length of all

parental lines was smaller than 150 cm. The range of heading date between the earliest line S.D.102 and

Table 4.1 Characteristics of the parental lines used in the full diallel analysis.

No. Line Origin Heading Total culm Height of flag Height of Relative lesion
date length (cm) leaf collar : HF  lesion on the height : RLH
(cm) sheath : HL(cm) (%)
1 SD102 US.A. 14-Aug 80 50.0 50.0 100.0
2 B2 Mexico  17-Aug 105 _ 86.0 40.0 48 .4
3 1S5h17 India 16-Aug 111 94.0 58.0 62.8
4 M36001 India 18-Aug 122 121.0 22.0 18.4
5 M91034 India 24-Aug 143 139.0 14.0 10.1
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Table 4.2 Analysis of variance for RLH, HL and HF in 5x5 full diallel tables.

Item d.f. M.S.
- RLH HL HF
a 4 2249 .4** 1412.8** 13166.5%*
b 10 218.5 108.7 3086.4
by 1 529.0"* 2.1 11077.6**
b, 4 87 53.9 2794.0%*
by 5 261.5** 173.9 1722.2**
¢ 4 44,2 52.3 25.5
d 6 38.7 59.5 7
Error 24 37.1 81 13.3

** . Significant at 1% level.
RLH, HL and HF : See Table 4.1

500

Wr

Wr2=732.6 - vr
Wr =0916 - Vr+111.4

Vr

Fig.d.l Wv/Vr graph for RLH in 5 x5 diallel cross.
Wr . the covariance of between the parents and their offsprings
in the » th array ; V7 : the variance of the » th array.
No. in figure : See Table 4.1.

the latest line M91034 was 10 days. The tiller was not observed in any lines.

Table 4.2 shows the results of the analysis of variance for RLH, HL and HF. For RLH, the effects of
“a” which mean additive effects, “b,” which mean dominance effects and “b;” which mean residual
dominance effects appeared in a specific combination, respectively were significant at the 1 % level. The
reciprocal effects in diallel crosses (“c” and “d”) were not significant.

The variance and covariance graph for RLH shown in Fig.4.1, provides information about the genetic
relationship among parental lines. A slope of the linear regression of Wr» on V¥ was nearly equal to 1,
which indicated that there was less effect of epistasis. The intercept value of the regression line on the W
axis shows the average level of dominance to sheath blight. From the information for the position of each
parent, it was indicated that M36001 and M91034 carried more dominance genes and 5.D.102 carried more
recessive genes.

Fig. 4.2 shows the scatter plotting diagram between W7+ Vr and RLH of parental lines (Pr) in the
diallel cross. A’ significant positive correlation (r=0.961, p<0.01) indicated that the lines with many
dominance genes expressed the lower RLH.

The genetic parameters for RLH fitted the additive and dominance model without any epistatic effect.
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Table 4.3 Genetic parameters for RLH in 5x5 diallel tables.

Item M.S.
RLH HL HF

D 732.6 261.5 1148.0
F —127.4 —287.6 —2444.9
H, 392.0 39.1 7814.6
H, 369.2 61.9 6147.3
E 37.1 81.0 13.3
(H1/D)” 0.732 0.387 2.609
uv 0.235 0.395 0.197
Heritability

narrow sense 0.773 0.732 0.629

broad sense 0.935 0.775 0.997

Therefore, the genetic parameters could be estimated according to the statistical genetic model (Table 4.
3). An additive effect (D) was stronger than the dominance effect (H,), and dominance effect of H;, which
was the sum of the effects of all loci in heterozygous phase in all crosses. The mean degree of dominance
(H1/D)¥? was estimated to be 0.732 and the average frequency of dominant and recessive genes (uv) was
0.235. Heritability was high in both narrow and broad sense.

In the analysis of variance for HL, the additive effect (“a” in Table 4.2) was significant at the 1 % level,
while a dominant effect (“b” in Table 4.2) was not. In addition, there was also a slight difference between
the heritabilities in narrow and broad senses shown in Table 4.3.

In the case of HF, additive effect (“a” in Table 4.2), the mean dominance effect (“b,” in Table 4.2), the
dominance effect appeared in specific parent (“b,” in Table 4.2) and the residual dominance appeared in
specific combination (“b,” in Table 4.2) were significant at the 1% level. However, the slope in the
regression line of Wr on V7 was 0.449. This means that the results of HF did not fit the additive and
dominance model. Heritability of HF was 0.629 in a narrow sense and 0.997 in a broad sense, but the
difference between these values was larger than that of RLH or HL.

There was significant correlation (r=0.942, p<0.001) between the averages of better resistant and mid
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parent ((BP+MP)/2) and the hybrids for RLH (Fig.4.3).

4.3. Discussion

SHAUG et al. (1988)'"® investigated the genetic mechanisms of the resistance to sorghum sheath blight
by half diallel analysis using maintainers (B-line) of lines with cytoplasmic male sterility as materials. The
total culm length was not described in the reports, but the lines seemed to belong to the grain type. The
degree of damage by the disease (RLH) was from 14 to 579 in the experiment at Taipei. The range of
severity levels among parents in these full diallel experiments was broad from 10.1 to 1009%. Therefore,
the genetic mechanisms can be analyzed more reliably by these results in addition to their reports.

From the diallel analysis for RLH, it is suggested that the resistance to sorghum sheath blight is
controlled by the multiple genes and that the genes have additive and partially dominant effects.
Therefore, it is expected that varieties with many dominant genes show a lower RLH value and have
higher resistance to the disease. SHAUG et al. (1988)*® pointed out that. the resistance to this disease has
quantitative characteristics and the genes have additive and dominance effects based on the half diallel
analysis. PASCUAL et al.*® indicated that the gene effects are important in the expression of quantitative
resistance to Rhizoctonia solani Kithn by the comparison among the RLH of parents, F,, F; and the
backcrosses to each parent. The results of the full diallel analysis in this studly were similar to their
reports for RLH. '

Furthermore, “uv” which indicates the average frequency of dominant and recessive genes was 0.235.
The value suggested that the frequency of the genes were not equal and the frequency of recessive genes
was higher than that of dominant genes. In SHAUG’s report, the degree of average dominance and
heritabilities in both the narrow and broad sense were extremely similar to our results. The higher
additive effects and heritability of RLH are advantageously generated in the course of the development
of the inbred lines having higher resistance to the disease.

The positive correlation between parents and hybrids were highly significant for RLH (Fig4.3). In the
resistance to southern corn leaf blight (Bipolaris maydis (Nishikado and Miyake) Shoemaker), KOINUMA
and MOCHIZUKI®? observed that there was a significant correlation between parental lines and their F,

hybrids in the disease severity when the average of the better resistant parent (BP) and the mid parent
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(MP) was used as the parental value for the index of disease severity. The resistance to sheath blight is
also similar to that to southern corn leaf blight, and the resistance in better parent affects strongly the
resistance in F; generation for RLH. The results of diallel analysis also supported the dominance effects
of the resistance. In addition, the mean square value of “a” which means general combining ability (GCA)
for RLH was higher than the value of “b;” which means residual dominance appeared in a specific
combination (specific combining ability : SCA). Therefore, the degree of resistance to the disease in F; can
be forecasted from the value of (BP+MP)/2 for RLH. The information may be valuable for deciding the
combination in an effective breeding program.

In this experiment, the total culm length in the inbred lines, which belong to the grain type, was shorter
than 150 cm. Therefore, the range of the height of flag leaf collar among the lines was narrow, and was
about 89 cm. However, HL of 1.5.517, which is a semi-resistant line for RLH, was higher than that of S.
D.102, which is a susceptible line for RLH. This phenomenon indicates that the resistance to the disease
cannot be evaluated from HL alone, even if the inbred lines belong to the grain type. In the breeding of
the resistance to sorghum sheath blight, the additive effects are stronger than dominance effects for RLH,
therefore the selection for RLH in early generation seems to be also effective to develop inbred line
rapidly.

The highly resistant hybrid will be developed securely by the screening of parental line for RLH in
addition for HL from early generation and also by combination of crossing among the resistant parental
lines which express higher GCA for RLH.

4.4, Summary

Diallel analysis of the resistance to sheath blight was performed using 5X5 reciprocal crosses of lines
belonging to the grain type by a field inoculation test to clarify the inheritance of the resistance to sheath
blight. The mean additive effect, mean dominance and remaining dominance appearing in a specific
combination were significant for relative lesion height : RLH at the 1 % level of probability. The results
of the analysis for RLH could fit the additive and dominant model without epistasis effect. The heritability
was high in a narrow (0.773) and broad sense (0.935). Additive effect for height of lesion on the sheath : HL
was significant at the 1% level, while the dominant effect was not. The results of the analysis for the
height of flag leaf : HF did not fit the additive and dominant model. There was a significant correlation
between the average RLH of better resistant and mid parent (BP+MP)/2) and that of the hybrids (r=
0.942, p<0.001). The additive effect was stronger than dominant effect for RLH. Therefore, the selection
for RLH in early generation is effective to develop inbred lines rapidly.

Key word : combining ability, diallel analysis, heritability

Chapter 5. Evaluation of resistance to sheath blight by field inoculation test

and improvement of the resistance by selection

In Japan, the isolates of anastomosis group 1 (AG-1) from sorghum and other crops are known to infect
maize, which then wilt at the mature stage!®. In a field inoculation test with AG-1, the resistance to the
disease varied with the variety of sorghum?? and that of maize'®. Therefore, the resistance is genetically
controlled and improvement by screening the hybrids in a field inoculation test is useful.

Field inoculation is commonly a good breeding method for the selection of disease-resistant plants
because it simulates the infection of the host with the pathogen under natural conditions. However, to our
knowledge, no hybrid lines, which have resistance to Rhizoctonia sheath blight of sorghum, have been
established by field inoculation tests. The objectives of this chapter are 1) to confirm the increase of

resistance of sorghum to Rhizoctonia sheath blight by selection with a field inoculation test, and 2) to
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assess the specific combining ability for evaluating the effectiveness of selection according to the results
of the field inoculation test.

5.1. Materials and methods
Materials

F, plants from 3 cross combinations, F6-3A-5X Senkinshiro, F6-3A-5XM36001 and M91034 X Wai-
kai(1), were obtained in the field of Nagano Animal Industrial Experiment Station (Table 5.1). In this cross,
F6-3A-5 and M91034 were resistant to sheath blight pathogen. Senkinshiro and Waikai(l) are Korean type
cultivars for grain and forage use and susceptible to the pathogen. Senkinshiro is the pollen parent of the
commercial variety, Suzuho. In 1985, the crossing of 3 combinations were carried out and 200 individuals
were propagated in the F, generation for each combination. The selection by field inoculation test was
started in 1987.
Field inoculation test

The selected lines were sown with interhill spacing of 8 cm and interrow spacing of 75 cm from the
middle to end of May. Twenty-five plants per plot were investigated. Anastomosis group 1 (AG-1),*%5
which is the most pathogenic to sorghum and maize, was obtained from sorghum at the National
Grassland Research Institute, and incubated for 2 weeks after inoculation onto barley grains. After 2
months of sorghum seeding, the inoculated barley grains were spread on the hill and covered with a thin
layer of s0il.*® Resistance to the disease was assessed from the middle of September to early in October.
The resistance was expressed by the relative lesion height (RLH) ; the ratio of the height of lesion on the
sheath to that of the flag leaf collar?®:

_ (height of lesion on the sheath)

[¢)
RLH (%) = (height of the flag leaf collar)

X100

Criteria for selection

Promising individuals were selected for resistance to Rhizoctonia sheath blight by the field inoculation
test from F, to F, generations. The criterion for the selection was on RLH under 209%. From F; to Fg
generations, in addition to RLLH by the head-to-row test, the lines were selected for lesion height under
30 cm on the sheath and for superior characters for cultivation. The rate of selection to lines was 25% on
the average. Four superior plants were selected from each line and evaluated by inoculation tests in the
next year. Consequently, 25 F, lines derived from 3 cross combinations were selected as promising lines

for the resistance in 1993.

Table 5.1 Breeding resources of resistance to Rhizoctonia sheath blight.

Genotype RLH® Height of the lesion Total number
on the sheath (cm) of F; plants
M91034 20 20
M36001 20 21
F6-3A-5 27 24
Senkinshiro® 73 81
Waikai(1)» 68 54
Seed parent Pollen parent
F6-3A-5x% Senkinshiro 178
F6-3A-5x M36001 170
M91034 x Waikai(l) 240

a): RLH : Relative Lesion Height. Values obtained in 1993 and 1994.
b) : Susceptible variety and Korean type.
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Testing of specific combining ability (SCA)

The SCA was also tested by using 25 Fy lines derived from 2 combinations. The F, lines were crossed
between Redbine selection 3048A as seed parent and the Fy lines as a pollen parent in 1993 and 1994.
Redbine selection 3048A, which has cytoplasmic male sterility and a higher combining ability, is the seed
parent of Suzuho. The Fy lines and Suzuho were grown in the same experimental field for comparison.

Methods of cultivation, field inoculation test and observation were the same as those for selection.

5.2. Results
From the F, to Fs; generations, RLH and the percentage of plants with an RLH under 20% were

examined (Fig.5.1). The average RLH in the 3 combinations was about 25% and the variance among

generations was small. The percentage of the selected plants with an RLH under 2094 decreased with
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advancing generation and showed a steep fall after the F; generation.

The average RLH in the 3 combinations decreased from 25% to 159 under the selection by head-to-row
test from F; to Fy generations (Fig.5.2). The lines of F; and F; showed a stronger resistance than variety
Suzuho to Rhizoctonia sheath blight under field conditions.

The RLH of the selected F; lines was lower than that of the parents in F6-3A-5X Senkinshiro or like
that in F6-3A-5XM36001 and M91034 X Waikai(l) on the average in the results of 1993 and 1994 (Fig.5.3).

The results of the experiment for SCA are shown in Fig.5.4. The distribution of RLH was not shown
for M91034 X Waikai(l), because the number of lines selected in Fy was small.

There was no significant difference between the average RLH in Fy lines derived from F6-3A-5X
M36001 and that in the F, lines crossed between Redbine selection 3048A (seed parent) and the Fy lines
(pollen parents) (right in Fig.5.4), while there was significantly different at the 5% level in F6-3A-5X
Senkinshiro and that in the F, lines (left in Fig.5.4). The average for the F, lines produced for observation
of SCA was significantly higher than that for the F; lines derived from F6-3A-5X Senkinshiro. The mean
value of the RLH in the F, lines developed by using F; lines which were derived from F6-3A-5X
Senkinshiro and F6-3A-5XM36001 as pollen parents was about 15% lower than that of the commercial
variety Suzuho which was derived from the same parent, Redbine selection 3048A. The HL was 45.3 cm
and 26.5 cm on the average for 2-years in the F, lines developed by using F; lines which were derived from
F6-3A-5 X Senkinshiro and F6-3A-5XM36001 as pollen parents, respectively. In the latter case, the height
of the wilting lesion on the sheath was no longer distinguishable from the natural drying-off by aging.

The RLH and the HL were 34% and 54 cm on the average for 2 years in the commercial variety Suzuho

which was the F, produced by crossing Redbine selection 3048A with Senkinshiro.

5.3. Discussion

The resistance to the disease is commonly expressed by the infected sheath height. On the other hand,
RLH is also practically used as an important marker of the resistance to Rhizoctonia sheath blight
because there is a high positive correlation between RLH and yield loss (See Chapter 3)?*?*%%, Since the
height of the flag leaf collar varies with the plant type in sorghum, it may be reasonable to express the
damage to the plant by the ratio of the infected length to the whole sheath length. KASUGA and GAU?"
reported that RLH is also needed for selection in addition to the infected sheath height. In this study, the
F, lines developed for SCA had higher resistance than the commercial variety, confirming that these two
characters are practically useful for screening the resistance to the disease by a field inoculation test.

In the early generation of screening, although the plants with a lower RLH were selected, the ratio of
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Fig.5.3 Effects of selection on RLH.
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the plants with an RLH under 20 was higher than that in a later generation. This may be caused by
diminishing heterosis for the resistance to the disease. In a later generation of selection, especially after
the Fs generation, the selection for lines seems to be effective for improving the resistance.

Because most of the modern varieties of sorghum are hybrids, the resistance expressed in the inbred line
would be required for practical use. Thus the combining ability is an important character, and I carried
out the testing of SCA in this study. KASUGA and OGIWARA®? pointed out that the resistance to the disease
was correlated with that of both parents because the average RLH of the parents was closely correlated
with that of the F, lines. In the inbred lines derived from the Fy lines of F6-3A-5XM36001 in this
experiment, the resistance to disease of the Fy lines used was sufficiently expressed in the F, lines. In this
case, the resistance in F, seemed to be improved to the same level as that in the parents.

SHAUG et al. (1988)*® showed from a diallel analysis that the inheritance of the resistance to sheath
blight in sorghum was a quantitative characteristic and the gene actions exhibited additive dominant
effects. They also showed that the partial dominant effects and asymmetry of positive and negative effects
of genes existed in the resistant system. From their information, the present results and the previous

results in this study as shown in Chapter 4, testing of combining ability is obviously needed in the breeding
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system for resistance to this disease.

In conclusion, hybrids, which have resistance to Rhizoctonia sheath blight, can be developed practically
by selecting inbred lines based on the RLH and the HL at the maturing stage in field inoculation tests and
by investigating the combining ability of the inbred lines selected. The selection of inbred lines by this
method should be useful for the improvement of resistance in sorghum breeding and also may be the most
practical way to control the disease without the negative impact to the environment caused by the current
use of pesticides.

Now, 20 F; lines were selected from the experimental lines by observing degrees of fixation and fertility

restoring, and were tested the general combining ability.

~ 5.4. Summary

The effectiveness of a breeding system using a field inoculation test was evaluated for producing hybrids
resistant to sorghum sheath blight. F, plants were obtained from 3 cross combinations using a resistant
line as a seed parent. The selection by a field inoculation test was started for 200 individuals in the F,
generation of each combination. Anastomosis group 1, which is the most pathogenic to sorghum, was
inoculated to barley grains and the grains were spread on the hill and covered with soil, 2 months after
the seeding of the test plants. Resistance to the disease was assessed by the relative lesion height (RLH),
the ratio of the height of lesion on the sheath to the height of the flag leaf collar at maturity. The plants
with an RLH under 2094 were selected from F, to F,. From the Fs to Fs generation, the plants with a lesion
height under 30 cm on the sheath in addition to RLH under 209% were selected by the head-to-row-testing.
The rate of selection was 25% on the average. The RLH of the selected F; lines was lower than or the
same as that of the parents. The RLH of F, lines obtained by the cross between Redbine selection 3048A
as a seed parent and Fg lines as a pollen parent was the same as that of the Fy lines or slightly higher.
The mean value was about 15% lower than that of the commercial variety Suzuho which was derived from
the same seed parent, Redbine selection 3048A. Hybrids with resistance to Rhizoctonia sheath blight can
be developed by selecting inbred lines based on RLH and the height of the lesion on the sheath at maturity
in the field and by evaluating the combining ability of the inbred lines selected.

Key word : breeding, inoculation, specific combining ability

Chapter 6. Effects of brown midrib and bloomless genes on the resistance to sheath blight

Sorghum is superior for dry matter productivity under various environmental conditions, due to its wide
range of genetic variation. However, early workers pointed out that sorghum was inferior when compared
to maize as a forage crop for digestibility and palatability®®%4-363® Recently, efforts have been made to
improve these characteristics by introducing brown midrib (bner)225194453 and bloomless (bm)*"*® genes
in sorghum. These genes increase the digestibility of fiber and palatability as {grell as the grain contents
in whole plants and non-structural carbohydrates in the stover'®. The bm» genes suppress lignification of
the fiber in sorghum®”®” and in a similar manner as brown midrib gene bm; in maize'®. The brown midrib
18 gene of sorghum (dmr-18) is notably more effective than other dmy genes and dm gene in increasing
apparent and true digestibility of fiber®"%%%9 and TDN content in whole crop silage'®. KASUGA et al. (1999)
released a new sorghum variety “Hazuki”, which is a homozygous bm»-18, and the TDN content in whole
crop silage of this variety is about 1094 higher than that of commercial varieties not retaining these
genes!h2s0s0,

However, there are apprehensions among breeders that these genes cause a decrease in the dry matter
yield per unit area and susceptibility to diseases, insects and lodging. However, there have been no reports

on the effects of the introduction of these genes to these agronomic traits. In this chapter, to clarify the
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effects of bmr-18 and bm genes on the resistance to sheath blight (Rhizoctonia solani Kiihn) in sorghum.
I compared the resistance to sheath blight of the plants for brown midrib 18 (bmr-18), for bloomless (bm),
for brown midrib 18 and bloomless (bmr-18+bhm) and normal (N} in an F, population developed by

crossing the double mutant (bm»—18 + bm) with normal lines.

6.1. Materials and methods

The materials were 335 plants of an F, population derived from a cross between an inbred line “F6-3A
-5”, a homozygote retaining bmr»-18 and bm genes as seed parent, and a normal inbred line “74L.H3213”
not possessing these two recessive alleles as pollen parent.

The field inoculation test was carried out in the nursery of Nagano Animal Industrial Experiment
Station in 1999. Barnyard manure at the rate of 10,000 kg per ha and chemical fertilizer N, P,Os and K,
O at the rate of 140, 160 and 120 kg per ha, respectively, were applied. Half of the N fertilizer was applied
as ammonium sulfate at the middle of the vegetative growth period. The F, plants were sown with an
interhill spacing of 8 cm and interrow spacing of 75 cm on May 26. The Strain of Rhizoctonia solani AG
-1%% which was the most pathogenic to sorghum and maize was obtained from sorghum at the National
Grassland Research Institute, were inoculated onto barley grains and incubated for two weeks. The grains
were spread on the hills of the nursery on July 21, and covered with a thin layer of soil*®.

Resistance to the disease was evaluated on September 12. The height of lesion on the sheath (HL) and
the height of flag-leaf collar (IIT) were determined. The relative lesion height (RLH)?*® was calculated

using the following equation as an indicator of the resistance to the disease and the degree of damage.

(height of lesion on the sheath, HL)

RLH= (height of the flag-leaf collar, HI)

X100 (%)

On September 12, 1999, the plants carrying alleles of for brown midrib 18 (bmr-18), for bloomless (bm),
for brown midrib 18 and bloomless (bmr-18-+bm) were identified by the color.of their leaf midrib and by

the wax and color on the surface of leaf sheath.

6.2. Results

The 335 plants in the F, population were classified according to their phenotype. 208 plants of normal
type (N), 65 plants of brown midrib type (bmr-18), 47 plants of bloomless type (bm) and 15 plants of brown
midrib and bloomless (bmr—18-hm) type were identified. The mean values of HL, HF and RLH represent-
ing each phenotype are shown in Table 6.1. The analysis of variance of RLH and HL was done using
natural logarithmic transformation, because the frequency distribution of RLH and HL did not fit a
normal distribution (Fig.6.1, Fig.6.2). However, the frequency distribution of HF fitted a normal distribu-
tion (Fig.6.3).

In N and bmr-18 types, the mean value of RLH was about 30% and the frequency distribution was

Table 6.1 Means of relative lesion height (RLH), height of lesion on the
sheath (HL) and height of flag leaf (HF) in each phenotype.

Phenotype RLH HL HF n*
N 29.6 a 41.7 A 145.6 a 208
bmr-18 32.8 a 42.8 A 133.6 b 65
bm 205 Db 27.8 B 139.3 ab 47
bmr-18§+bm 20,5 b 24.9 B 129.3 b 15

n* : number of plants investigated.
Means in each column followed by the same letter are not
significantly different. A and B at p<0.01, a and b at p<0.05.
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ranged from 6.49% to 10094. However, in bm and bmr-18-+bm types, the mean value of RLH was 20.5%,
which was lower than that in N and bmr types. In addition, the range of the frequency distribution in bm
and bmr-18+bm types was narrower than in N and bmr-18 types (Fig.6.1).

The frequency distribution pattern of HL was similar to that of RLH. The mode of the frequency
distribution of HL was about 30 cm in all types. However, the ranges of HL in the bm and bmr-18+bm
type were narrower than N and bmr-18 types (Fig.6.2). The mean values of HL were 27.8 and 24.9 cm in
bm and bmr-18-+bm respectively, which were significantly lower than in N and bmr-18 types (Table 6.1).

The frequency distribution of HF was a normal distribution in all types (Fig.6.3), and the mean values
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of HL were 133.6 and 129.3 cm in bmr and bmr-18-+bm respectively. These values were significantly lower
than in N types (Table 6.1).

Fig.6.4 shows the distribution of heading date in each phenotype. The heading date of several plants in
each phenotype couldn’t be confirmed because of lodging and insects. However, all types seem to have two
peaks in the frequency distribution and the peaks occurred in late July and late August for each phenotype.
In addition, the mean values of heading date in bm and bmr-18-+bm types was later than the N and bmr
-18 types (Table 6.2).
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Table 6.2 Means of heading date in each phenotype.

Phenotype Heading date n*
N Aug. 15 a 201
bmr-18 Aug. 12 a 61
bm Aug. 19 b 41
bmr-18-+bm Aug. 22 b 14

n* : number of plants investigated.
Means in each column followed by the same letter are
not significantly different at p<0.05.

6.3. Discussion

In a field investigation testing the resistance to sheath blight in sorghum, the breeder needs to examine
the morphology and behavior of each genetic line to precisely decide the degree of resistance found each
line?®. If each plant of the F, population exhibits a different morphology and behavior, the resistance of
each plant may not be compared directly with other plants.

HF in the N type was taller than that in the bmr-18 type and bmr-18-+bm type. The difference among
the 4 phenotypes in their HF was about 16 cm. However, the difference of their HF in the F, population
was relatively small in the level of variation found in sorghum. Therefore, it is considered possible to
compare RLH and HL of each type without considering the effect of HF.

In addition to the HF effect, maturity may affect the result of resistance to sheath blight in the field
inoculation test?®. Therefore, the heading time should be compared among these types before the compari-
son of resistance to sheath blight. In plants used in this experiment, the range of heading date ranged from
late July to mid September. The difference among the 4 phenotypes in heading date was about 10 days.
However, the patterns of the distribution of heading date were similar in the 4 phenotypes. Therefore, it
is considered that the effect of maturity on RLH and HL is negligible in this population.

It is concluded that the effects of dmr-18 and bm genes on the resistance to sheath blight can be
evaluated by a simple comparison among 4 phenotypes without considering the effects of HF and
maturity.

The bmr-18 and bm genes, which improve the digestibility of cell wall and nutritive value of sorghum,
have been considered to have negative effects on the resistances to diseases, lodging and other agronomic
traits. However, RLH and HL in bm and bmr-18+bm types were significantly lower than those in the N
and bmr-18 types. In addition, there was no significant difference between the bmr-18 type and N Type
in the HL and RLH (Table 6.1). These data suggest that b gene increases the resistance to sheath blight,
and that bmr-18 gene have no negative effects on the resistances to sheath blight.

These results suggest that a new sorghum variety which has resistance to sheath blight and higher
nutritive value can be developed by using the bm»-18 and bm alleles. Recently, inbred lines and hybrids

have been developed using both characteristics.

6.4. Summary

Effects of brown midrib (bmr-18) and bloomless (bm) genes on the resistance to sheath blight were
investigated in a field inoculation test by using an ¥, population of the cross between “F6-3A~5” (bmr-18/
bmr-18 ; bm/bm) and “T4LH3213” (Bmr-18/Bmr-18 ; Bm/Bwm). The plants in the ¥, population were
classified according to their phenotypes : normal (N), brown midrib (bmr-18), bloomless (bm) and brown
midrib and bloomless (bmr-18+bm) types. There were no remarkable differences among these types in the
height of flag-leaf collar (HF), heading date, which may affect the result of resistance to sheath blight in
the inoculation test. However, the height of lesion (HL) and relative to the height of HF (RLH) in the bm
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and bmr-18+hbm types were significantly shorter than those in the N and bmr-18 types. In addition, there
was no significant difference between bmr-18 type and N Type in the HL and RLH data.

These results suggest that the bm gene increases the resistance to sheath blight, and that bmr-18 gene
have no negative effects on the resistances to sheath blight. Furthermore, varieties which are resistant to
sheath blight and also possess higher nutritive values can be developed by using dm and bmr-18 genes.

Key word : bloomless, brown midrib
Chapter 7. Summary and conclusion

In this study, I clarified the criteria for the selection of the resistance to sheath blight by the examina-
tions for the varietal difference and the yield loss by the infection in sorghum. The effectiveness of a
breeding system using the field inoculation test was evaluated by developing hybrids resistance to sheath
blight. Furthermore, the effects of brown midrib (bm#»-18) and bloomless (b) genes on the resistance to
sheath blight were investigated.

These results suggested that the breeding system with field inoculation test could develop the new
sorghum varieties, which have resistance to sheath blight and high forage quality.

The results obtained in this study are as follows.

1. In order to search for genetic resources of resistance to sorghum sheath blight, the varietal differences
in the resistance were examined by a field inoculation test in 1984 and 1985.

The materials used were 72 varieties and lines, which were classified into grain, dual purpose (F;) and
sorgo types. Barley grains were inoculated with anastomosis gl‘OLlp 1 (AG-1), which was the most
pathogenic to sorghum, and the grains were spread on the hill and covered with soil two months after the
seeding of the test plants. Resistance to the disease was evaluated by the relative lesion height (RLH),
which is the ratio of the height of the lesion on the sheath (HL) to the height of the flag leaf collar (HF)
at maturity.

The varietal differences of HL, HF and RLH were similar in both years. The relationship between HL
and RLH in each of the three groups, grain type including male sterile lines, dual-purpose type including
Korean type and sorgo type including Indian type, was regressed to a linear equation. More highly
resistant resources were found in every type, and the common criteria of the resistance were considered
to be'an RLH of less than 209 and HL of less than 20 cm.

2. To clarify the selection criterion of the resistance to sheath blight in Sorghum, the field inoculation test
was carried out in 1985,

The materials used were 72 varieties and lines, which were classified into grain types, dual-purpose
types and sorgo types. Resistance to the disease was evaluated by RLH at maturity. Yield loss by the
disease was evaluated by the relative dry matter weight (RDM), which is the ratio of the dry matter weight
of inoculated plants to non-inoculated plants.

There were varietal differences in the yield loss in 72 varieties by sheath blight, The relationship
between RLH and RDM was fitted well a reciprocal model. The reciprocal model for RDM based on the
relationship between RLH (x) and RDM (y), was as follows: 1/y=0.01-+0.0002(x —14.2).

The common criteria of the resistance, which are considered to be RLH of less than 209% and HL of less
than 20.cm from the relationship between RLH and HL, is effective from the viewpoint of the relationship
between RLH and RDM.

3. Diallel analysis of the resistance to sheath blight was performed using 5 X5 reciprocal crosses of lines
belonging to the grain type by a field inoculation test to clarify the inheritance of the resistance to sheath
blight.

The mean additive effect, mean dominance and remaining dominance appearing in a specific combina-

tion were significant for RLH at the 1 9§ level of probability. The results of the analysis for RLH could
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fit the additive and dominant model without an epistasis effect. The heritability was high in a narrow (0.
773) and broad sense (0.935). The additive effect for HL was significant at the 1 9 level, while the dominant
effect was not. The results of the analysis for HF did not fit the additive and dominant model. There was
a significant correlation between the average RLH of better resistant and mid parent (BP +MP)/2) and
that of the hybrids (r=0.942, p<0.001). The additive effect was stronger than the dominant effect for RLH.
Therefore, the selection for RLH in an early generation is effective to develop inbred lines rapidly.

4. The effectiveness of a breeding system using a field inoculation test was evaluated by developing hybrids
resistant to sheath blight. F, plants were obtained from 3 cross combinations using a resistant line as a
seed parent. The selection by a field inoculation test was started for about 200 individuals in the F,
generation of each combination. Resistance to the disease was assessed by RLH at maturity. The plants
with an RLH under 209 were selected from F, to F,. From the F; to Fy generation, the plants with HL
under 30 cm in addition to RLH under 209 were selected by the head-to-row-testing. The rate of
selection was 259 on the average.

The RLH of the selected Fy lines was lower than or the same as that of the parents. The RLH of F,
lines obtained by the cross between Redbine selection 3048A as a seed parent and F; lines as a pollen
parent was the same as that of the Fy lines or slightly higher. The mean value was about 159 lower than
that of the commercial variety Suzuho which was derived from the same seed parent, Redbine selection
3048A. Hybrids with resistance to Rhizoctonia sheath blight can be developed by selecting inbred lines
based on RLH and HL at maturity in the field and by evaluating the combining ability of the inbred lines
selected.

5. Effects of brown midrib (bmr-18) and bloomless {(bm) genes on the resistance to sheath blight were
investigated in a field inoculation test by using an F, population of the cross between F6-3A-5 (bmr-18/
bmy—18:bm/bm) and T4LH3213 (Bmr-18/Bmr-18 ; Bm/Bm).

The plants in the F, population were classified according to their phenotypes : normal (N), brown midrib
(bmr-18), bloomless (bm) and brown midrib and bloomless (bmr-18-+bm) types. There were no marked
differences among these types in HF, heading date, which may affect the result of resistance to sheath
blight in the inoculation test. However, the HL, RLH in the bm and bmr-18-+bm types were significantly
shorter than those in the N and bmr-18 types. In addition, there was no significant difference between bmr
-18 type and N Type in the HL and RLH data.

These results suggest that the bm gene increases the resistance to sheath blight, and that the bmr-18
gene has no negative effects on the resistance to sheath blight. Furthermore, varieties which are resistant
to sheath blight and also possess higher nutritive values can be developed by using bm and bmy-18 genes.

From these results, 2 new varieties, “Hazuki” and “Akidachi” could be released in 1998 and 2001. These
varieties have homozygote for bm»-18 and sufficiently higher resistance to sheath blight under field
condition.
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