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Studies on the Genetics of Resistance to Fusarium Head Blight Caused
by Fusarium graminearum Schwabe in Wheat ( Triticum aestivum 1..)

I.

Introduction

Tomohiro BAN"
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Synopsis

Tomohiro BAN (2001) Studies on the Genetics of Resistance to Fusarium Head Blight Caused

by Fusarium graminearum Schwabe in Wheat ( Triticum aestivum L.). Bull. Kyushu.Natl.
Agric.Exp.Stn.38:27-78.

Fusarium head blight (FHB) caused by Fusarium species, is one of the most destructive
diseases of wheat, in areas where the weather is warm and humid after the heading of wheat. No
accession has yet been found to be completely immune to FHB, although the resistance to FHB
varies not only among wheat cultivars but also among some of their wild relatives. The results
of repeated screening of genetic resources led to the identification of several resistant cultivars.
However, the resistance of these cultivars has not been satisfactory under conditions that are
optimal for the pathogen. It is necessary to identify more effective genetic resources among
relatives of wheat for the breeding of FHB-resistant wheat. Furthermore, lack of knowledge of
the mode of inheritance of the resistance has hampered significant progress in the breeding of
FHB-resistant wheat cultivars for a long time. In this study, wheat relatives of indigenous
Japanese Agropyron (Elymus ) were screened for resistance to FHB to identify more effective
genetic resources. The criteria for genetic analysis of the reaction to FHB in doubled haploid
lines (DHLs) and recombinant inbred lines (RILs) were developed. The genetic constitution
of resistance to FHB in resistant wheat cultivars, Sumai 3 and its derived line Saikai 165, using
DHLs and RILs was then clarified, and a linkage analysis of the resistance genes was conducted.
Furthermore, the author tried to analyze quantitative trait loci (QTLs) associated with resistance
to FHB in DHLs using random amplified polymorphic DNA (RAPD) markers to evaluate the
effect of minor genes. Finally, the relationship between the characteristics of FHB caused by F.
grainearum and resistance mechanisms in wheat was analyzed. The results suggested that
breeding strategies including pyramiding of resistance genes and introgression of additive minor
genes in an adapted background may enable to make rapid progress in the breeding of FHB-
resistant wheat.

Key words: Triticum aestivum L., Fusarium head blight, Fusarium graminearum, Elymus,

doubled haploid, recombinant inbred, resistance gene, QTL analysis.
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Introduction

Plant diseases caused by Fusarium species are widespread throughout the world and
occasionally destructive. Most genera of cultivated plants are affected by diseases caused by
Fusarium species, including all the members of the Gramineae." Fusarium species cause
diseases such as head blight, seedling blight, stem and leaf bleach and root rot in small grain
cereals.® Fusarium head blight (FHB) , caused by Fusarium species, is one of the most
destructive diseases of wheat, where the weather is warm and humid after the heading of wheat. It
affects heads (ears or spikes) of wheat, and reduces grain yield and quality due to grain
discoloration and shriveling. FHB also produces mycotoxins harmful to animals and human health,
such as deoxynivalenol (DON) , nivalenol (NIV) , T-2 toxin, zearalenone (ZEA) and their
derivatives, in the grain % * 101114 15,12
FHB has been recorded in most of the wheat-growing areas of the world, and has been

designated as wheat scab, head blight, Fusarium blight and ear blight."*

These reports have
shown that up to 17 causal fungi have been associated with FHB, although the most common fungi
linked with FHB are Fusarium graminearum Schwabe (Gibberella zeae (Schw.) Petch, formerly
known as G. saubineti (Mont.) Sacc.), F. culmorum (W. G. Smith) Sacc., F. avenaceum

(Fr.) Sacc., F. poae (Peck) Wollenw. apud Lewis and Microdochium nivale (Fr.) Samuels
& Hallet (telemorph Monographella nivalis (Schaffnit) E. Muller, formerly classified as F. nivale

(Fr.) Ces.). The predominant species recently causing FHB worldwide has been F.

graminearum 1,41, 43, 47, 48, 53, 55, 56, &1, 106)

Recent articles have reviewed the history of FHB outbreaks and their economic importance.***
In the mid-to lower Yangtze River Valley of China, outbreaks of FHB have occurred on average
every two to four years for the last 30 years and have reduced wheat yields 30 to 40%. ¥ Losses of
the Hungarian wheat crop due to FHB were estimated at 40 to 5026 in 1970 (Kukedi 1972)
Investigations in Germany from 1987 to 1995 and in France since 1995 showed an increase in the
incidence of Fusarium spp.”” In 1993, FHB struck the tri-state areas of Minnesota, North Dakota,
and South Dakota (United States) , and the Canadian prairie province of Manitoba, which is one
of the major wheat and malting barley production areas in North America affecting 4 million
hectares. Yield and quality losses in this region were estimated at one billion dollars, making it one
of the greatest losses due to any plant disease in North America in a single year.”**™ The worst
outbreaks occurred in 1945-46, 1978, 1985, and 1993 in Argentina, and the highest estimated
losses of wheat grains reached 50%6. * The first serious epidemic in Uruguay occurred in 1977,
and severe FHB epidemics tend to occur approximately every 11 years.” In western Japan, FHB
affected 20 to 90% and 10 to 25%6 of wheat production areas in an average year in the 1960s and
1990s, respectively. Historically, outbreaks of FHB occurred in 1963 and 1998 in Japan. FHB
struck almost all areas in Japan, covering more than 400,000 hectares (71.5% of wheat production)

and estimated yield losses reached 53.7% in 1963. This outbreak of FHB devastated the
production of wheat and barley in western Japan. Farmers in western Japan, particularly in the
Kyushu district, which is one of the main wheat production regions in Japan, experienced serious

epidemics of FHB in 1998, with damage equivalent to 20 to 10026 decrease in wheat production.'” ™
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Symptoms of FHB infection caused by I. graminearum on wheat initially appear as small,
water-soaked brownish spots at the base or in the middle of the glume (Fig. 1-H). Water soaking
and discoloration spreads in all directions from the point of infection. A salmon-pink to red fungal
growth may be seen along the edge of the glumes or at the base of the spikelet. Premature death or
bleaching of spikletes is a common symptoms (Fig. 1-A, B and D-G). Infected grains, which
shrink and become white to pale pink in color with a floury discolored interior, are referred to as

“tombstone” kernels (Fig. 1-L). At harvest time, FHB eventually develops blue-black perithecia
on infected spikelets, giving the “scabbed” appearance (Fig. 1-C). ™

Early epidemics of FHB occur through wind and rain-splash dissemination of ascospores, which
are initially released from perithecia by rain or heavy dew.* The wind-borne conidia of FHB
infect wheat spikes during a rain event. Infection of FHB usually occurs at the time of flowering,
or shortly after, through extruded or retained anthers.””" Warm and humid conditions are
essential for FHB inoculum to germinate and grow by infecting wheat spikes.”™* Hence, the
environmental conditions around flowering time and during the ripening period become one of the
limiting factors of FHB epidemics.

To reduce the risk of an FHB epidemic, several measures of control may be employed, including
the use of cultural control techniques, the growth of resistant cultivars and the use of fungicides or
biological antagonists.” ™ * ¥ Because of the ubiquitous nature and wide host range of Fusarium
species, adequate cultural control by crop rotation with non-host crops alone is not effective.
However, crop rotation, coupled with plowing to bury infested crop residues and weed hosts, can
reduce the source of primary inoculation.” FHB was more severe in wheat following maize and,”
or chisel plow and no-tillage treatment in Minnesota, USA.”*® The highest disease score was also
recorded in the no-tillage system and following maize cropping in Argentina.”>"® Chemical
control of FHB is inconsistent with their effectiveness in this situation, although triazole fungicide
tebuconazole appeared to be one of the more effective fungicides along with prochloraz.”*- "
Benomyl, thiophanate ethyl and propiconazole have also been widely used recently by Japanese
farmers, but tolerance of F. graminearum to benomyl and thiophanate ethyl has been reported.”
' Treatment cost and difficulty in determining the optimum application time also make these
methods of control less attractive to farmers.” Control of FHB of wheat by fungicide application is
neither practical nor sustainable.

The best way to prevent wheat from being affected by this disease is to develop resistant
cultivars. Previous studies have indicated that the resistance to FHB varies not only among wheat
cultivars but also among some of their wild relatives.” ™ '™ No accession, however, has yet been

B 35,52, 57,99, 112)

found to be completely immune to FH Furthermore, it is known that durum wheats

(Triticum turgidum L. durum Desf.) are consistently more susceptible to FHB caused by F.

83,64)

graminearum and F. culmorum than common wheat. It has also been demonstrated that

resistant wheat germplasm could be divided into three gene pools: winter wheats from Eastern
Europe, spring wheats from China and Japan, and spring wheats from Brazil and Italy.*"™
Repeated screening of genetic resources led to the identification of several cultivars of spring

wheat, such as Shinchunaga, Nobeokabouzu-komugi and Nyubai from the Japanese gene pool.
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Fig. 1. Symptoms of Fusarium head blight caused by
F. graminearum on wheat spikes and kernels

A-H : symptoms on spikes of cv. A) Gamenya, B) Emblem,

D) Sumai 3, E) Saikai 165, F) Frontana and G) Nobeokabouzu-

komugi; C : perithecia on glumes (“scabbed” appearance) ;

H : initial symptoms of FHB on spiklets;

I : mycelium development on oat meal agar; J : macroconidia for

inoculation; K : germination of macroconidium;

L : scabby “tombstone” kernels mixed with healthy hard red

spring kernels.
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Sumai 3, Ning 7840 and Cltr 11028 were identified as cultivars resistant to FHB caused by F.
graminearum from the Chinese gene pool.**'**" %™ Of the idntified wheats, Nobeokabouzu-
komugi is highly resistant to FHB.”™® *%-% 1% The spike shape of Nobeokabouzu-komugi, which
carries long and drill-formed spikes with hard glumes, seems to be responsible for the high
resistance to FHB infection in breeding fields (H. Gocho, personal communication).
Unfortunately, this cultivar possesses unfavorable agronomic characteristics such as late maturity,
lodging and poor quality of flour. One Chinese wheat cultivar, Sumai 3, is considered to be the
most useful genetic source for resistance to FHB in Japan. It is also used extensively as a breeding
parent elsewhere in the world, resulting in the production of many resistant lines such as the

1019156 Similarly, the resistant line Saikai 165 was developed from

“Ning" selections in China.
a cross between Sumai 3 and a leading Japanese cultivar Asakaze-komugi (moderately resistant;
MR). ** Several cultivars resistant to FHB have been developed, but their resistance level is not
satisfactory under conditions that are optimal for the pathogen. The best introductions and derived
lines break down under high-inoculum and high-humidity conditions because wheat has no

* Therefore, it is necessary to identify more effective materials and additional

immunity to FHB.
resistance genes in wild relatives and to transfer them to wheat. Wild species of Triticeae have
been sources of resistance genes for wheat breeding in the past.™® Species of Agropyron that are
indigenous to Japan (Elymus) are well adapted to a humid climate that differs considerably from

the climate in the region from which wheat originated.”

Screening them, therefore, should reveal
a considerable variability for resistance to FHB. In the current study, germplasm was screened for
resistance to FHB to identify more effective genetic resources among wheat relatives of
Agropyron (Elymus) indigenous to Japan.

Three types of genetic resistance to FHB in common wheat ( Triticum aestivum L.) have been
described: resistance to initial penetration (Type I) ,” resistance to fungal spread within plant
tissues (TypeIl)” and resistance based on the ability to degrade the mycotoxin (Typelll). ® It
is also recognized that the resistance involves active, passive and or tolerance mechanisms.”
Active resistance involves physiological processes, and passive resistance morphological features,
such as avoidance, when genotypes allow the plant to escape infection during its most susceptible
stage. However, the lack of knowledge of the mode of inheritance of the resistance has hampered
significant progress in the breeding of FHB-resistant wheat cultivars for a long time. What the
environmental condition influence FHB-infection causes breeders and researchers trouble to access
stable reaction of wheat to FHB. Hence, it is necessary to carry out experiments using several
replications and preferably under various environments. Although it is essential to develop
methods to evaluate the reaction to FHB within individuals of segregated populations to analyze
the mode of inheritance of the resistance, it may be more effective to use fixed lines derived from
segregated populations. Doubled haploid lines (DHLs) and recombinant inbred lines (RILs)
developed from F; plants are useful tools for assessing the reaction and evaluating genetic
variation due to FHB, because such lines are homozygous and the number of replications can be
reduced. This allows selection for resistance to FHB in multi-environmental tests with maximum

genetic variance between homogeneous entries and, therefore, a precise estimation of the
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genotypic value. DHLs and RILs in wheat have been developed for studies on the genetics of
resistance to FHB."" '™ For the second objective of this study, we developed criteria for genetic
analysis of reactions of DHLs and RILs to FHB.

Inheritance of resistance to FHB in wheat has been studied extensively over the last five
decades. Various studies have determined the mode of inheritance and number of genes involved
in the resistance, depending on the materials and methods used. However, the genetic constitution
of sources for resistance to FHB originating from different gene pools has not yet been clarified.”
" A difference in four resistance genes between Ning 7840 and Frontana was only recently
revealed using RILs, showing that the two resistant parents harbor two unique dominant genes

" Resistance of wheat

each, but the chromosomal location of these resistance genes is not known.
to FHB is expressed as a quantitative character with a low heritability in the early generations.”
Hence, analyses of quantitative trait loci (QTLs) associated with resistance to FHB have been
conducted. Using monosomic and backcross reciprocal monosomic analysis to study the
inheritance of resistance, several researchers reported that five or more chromosomes were
associated to enhance the resistance to FHB." "™ Five genomic regions of both parents
containing putative QTLs associated with Type II resistance to FHB were detected using molecular
markers in a population of RILs from the cross Sumai 3(resistant) / Stoa (moderately
susceptible) . ¥

It is essential to study the genetics of the resistance to FHB, including the identification of the
genes for resistance to FHB in several gene pools, so that different genes can be combined to
improve the overall resistance of wheat, and to perform a linkage analysis of the resistance genes.
Analysis of QTLs associated with resistance to FHB could be used to determine the number of
genes involved, to assess gene action and interaction, and to investigate the relation between FHB

%% The objectives of the present study are therefore as

resistance and other agronomic traits.
follows:
1. Screening of germplasm for resistance to Fusarium head blight (FHB) in indigenous
Japanese species of Agropyron (Elymus ),
2. Development of criteria for genetic analysis of the reaction to FHB in wheat,
3. Studies on the genetic mode of resistance to FHB and linkage analysis of resistance
genes using doubled haploid lines (DHLs) and recombinant inbred lines (RILs) in wheat.
Finally, the genetics of resistance to FHB was examined to identify the relationship between the
characteristics of FHB and resistance mechanisms in wheat and thus to develop FHB-resistant

wheat.
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II. Screening of Germplasm for Resistance to Fusarium Head Blight (FHB) in
Indigenous Japanese Species of Agropyron (Elymus).

1. Introduction

Several commercial cultivars and parental lines of wheat with high resistance to FHB have been
developed, for example, Sumai 3 and Saikai 165. However, the resistance of these cultivars is not
satisfactory under conditions that are optimal for the pathogen. It is necessary to identify more
effective genetic resources among relatives of wheat to breed of FHB-resistant wheat.

Species of Agropyron indigenous to Japan (Elymus ) are well adapted to a humid climate that

" Therefore, such

differs considerably from the climate in the region from which wheat originated.
species might be useful as genetic resources for introducing FHB resistance into wheat."™ In this
study, 17 accessions of four indigenous Japanese species of Agropyron, collected in northern
Kyushu (Japan), were examined to determine their resistance to FHB.
2. Materials and methods

Accessions of the indigenous Japanese species of Agropyron , listed in Table 1, were collected
from nine sites in northern Kyushu, Japan. Plants were grown in pots under natural conditions in
Chikugo, Fukuoka prefecture. Levels of resistance to FHB were estimated at the flowering stage
and compared with those of the six wheat cultivars listed in Table 1. One strain of Fusarium
graminearum Schwabe, strain G87-36B, was used to estimate FHB resistance. It was derived
from a single spore that had been isolated from an FHB-affected wheat spike in the field.”

Individual plants of each accession were transferred to a humid chamber, which was kept at
25°C and 100% humidity, with a day length of 14 h and a light intensity of 1,000 lux, for infection
with the fungus. On the first and second days, the spikes at the flowering stage were sprayed with a
conidial suspension of G87-36B obtained from a suspension culture® that had been adjusted to
approximately 40 conidia per 200-fold magnified microscopic field. After three days under humid
conditions, each plant was transferred to another chamber where the temperature was maintained
at 23°C, with 80 to 90% humidity and a 14 h day length with light at 30,000 lux to favor
development of the disease. The diseased parts of the florets and rachis became brownish or
whitish in color. Two aspects of resistance were evaluated two weeks after the first inoculation: 1)
the extent of penetration of spikelets by FHB (i. e. the frequency of diseased spikelets, total
number of spikelets) ; and 2) the extent of fungal spread within rachis internodes (i . e .the number
of diseased rachis internodes total number of diseased spikelets). Top and bottom spikelets were
excluded from the analysis. These parameters were found to be useful for evaluating the resistance
level to FHB of wheat varieties." ™ "’ Both parameters, calculated for each spike, were transformed
by angular transformation and averaged for each accession to give indices of resistance to
penetration and spreading. Analysis of variance was performed for these indices, then the
statistically significant difference was evaluated by the Tukey-HSD test."™

In this study, the accessions of indigenous Japanese species of Agropyron were assigned into
the genus FElymus, as described in previous studies.”* ™ A single exception was A .

mayebaranum , which is a natural hybrid of E. humidus and E. tsukushiensis.
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Table 1. Accessions of indigenous Japanese species of Agropyron (Elymus) and wheat cultivars
used in this study

Species Accession Source

AG.91-1 Kue, Chikugo, Fukuoka Prefecture
AG.91-2  Kue, Chikugo, Fukuoka Prefec.
AG.91-3  Kue, Chikugo, Fukuoka Prefec.
Elymus humidus (Ohwi et Sakamoto) ~ AG.91-33 Izumi, Chikugo, Fukuoka Prefec.
Osada AG.91-35 Izuminishi, Chikugo, Fukuoka Prefec.
(2n=42, SHHYY) " AG.91-37 Tzuminishi, Chikugo, Fukuoka Prefec.
AG.91-38 Tzuminishi, Chikugo, Fukuoka Prefec.
AG.91-39 Tzuminishi, Chikugo, Fukuoka Prefec.
AG.91-41 Nagasaki, Chikugo, Fukuoka Prefec.

AG.91-7 Kue, Chikugo, Fukuoka Prefec.
E tsulushiensis Honda AG.91-8 Tachlbapa, Yame, Fukuoka Prefec.
. AG.91-16 Wakamiya, Kurate, Fukuoka Prefec.
var. transiens (Hack.) Osada 1 .
(9n=42. SSHHYY) " AG.91-18 Wakamiya, Kurate, Fukuoka Prefec.
> AG.91-20 Tonda, Kitakyushu, Fukuoka Prefec.
AG.91-31 Kanzaki, Kurate, Fukuoka Prefec.

E. racemifer (Steud.) Tsvel.
(2n=28, SSYY) " AG.91-24

Agra g D.
gropyroi macbaranuimn AG.91-36 Tzumi, Chikugo, Fukuoka Prefec.
var. intermedium Hatusima

Chiyomaru, Onga, Fukuoka Prefec.

cv. Nobeokabouzu-komugi (VR) ? Accessions of
Sumai 3 (R) KNAES’
Triticum aestivum ssp. vulgare Norin 61 (MR)
(2n=42, AABBDD) Chinese Spring (S)
Emblem (vs)
Gamenya (vs)

" Sakamoto and Muramatsu (1966), Dewey (1984).

* Resistance level to Fusarium head blight in the field: (VR) very resistant; (R) resistant; (MR) moderately resistant;
(S) susceptible; (VS) very susceptible.

¥ Kyushu National Agricultural Experiment Station, MAFF, Japan.

3. Results and discussion

The index of resistance to penetration of spikelets by FHB in each accession is shown in Table
2. The index varied among the accessions, and no accession was completely resistant to F.
graminearum . The variance of the index was statistically significant, with a negligible effect (F
=2.96%*; Table 3). It appears that the spikes were randomly infected with spores of Fusarium ,
with resultant large standard errors in the index for each of the accessions. Due to the favorable
conditions for infection in the humid chamber during inoculation, all the spikelets of the moderate
to very susceptible cultivars of wheat were infected with FHB. Among the accessions of
indigenous Japanese species of Agropyron, AG.91-35 of E. humidus expressed a statistically
significant higher level of resistance to penetration than the resistant wheat -cultivar,
Nobeokabouzu-komugi. AG.91-24 of E.racemifer showed the same level of resistance as
Nobeokabouzu-komugi and a higher level than Sumai 3. The other four accessions of E. humidus
and E. tsukushiensis (i.e., AG.91-7, AG.91-37, AG.91-20 and AG.91-41) were as resistant as
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Sumai 3. These accessions seem to be suitable genetic sources of resistance to penetration by FHB.
By contrast, all the spikelets on every spike of four accessions, namely, AG.91-38, AG.91-16,
AG.91-18 and AG.91-36, were infected, as well as the susceptible wheat cultivars. Wheat pollen
plays an important role in the initial penetration of FHB.™® Although AG.91-36 of A.
mayebaranum was completely sterile, it was highly susceptible to penetration. The spores of
Fusarium can easily remain in the glumes of AG.91-36 as a result of the opening of florets caused
by sterility and, thus, subsequent invasion of AG.91-36 by FHB should be facilitated. Cleistogamy
might be one factor that protects plants from fungal penetration, but no such tendency was
observed among the resistant accessions. Further studies are required to evaluate the additive

19,92
,)0

effects of genetic cleistogamy, as reported in several varieties of durum and common wheat, n

the genetic background of resistant accessions.

Table 2 . Indices of resistance to penetration of spikelets by Fusarium head blight for
accessions of indigenous Japanese species of Agropyron and common wheat,
obtained after inoculation with Fusarium graminearum G87-36B

. Index of
Accession Species! N(.)'Of resistance to SE? Tukey-g){SD
tested spikes . test
penetration

AG.91-35 Eh 10 62.87 25.90 a
AG.91-24 Er 7 68.57 6.27 ab
AG.91-7 Et 10 76.24 13.18 be
AG.91-37 Eh 10 7717 17.62 be
Nobeokabouzu-komugi ~ Ta 15 7742 14.87 be
AG.91-20 Et 10 7753 16.63 be
AG.9141 Eh 12 80.78 18.21 c
AG.91-31 Et 10 81.97 11.16 cd
AG.91-33 Eh 10 84.34 12.63 cd
AG.91-8 Et 10 84.47 12.20 cd
AG.I1-1 Eh 10 84.53 11.54 cd
AGI1-2 Eh 9 84.57 10.93 cd
AG.91-39 Eh 10 84.92 16.06 cd
AG.I91-3 Eh 5 85.86 9.26 cd
Sumai3 Ta 10 85.74 9.54 cd
AG.91-38 Eh 6 90.00 0.00 d
AG.91-16 Et 4 90.00 0.00 d
AG.91-18 Et 5 90.00 0.00 d
AG.91-36 Am 10 90.00 0.00 d
Norin61 Ta 10 90.00 0.00 d
Chinese Spring Ta 6 90.00 0.00 d
Emblem Ta 10 90.00 0.00 d
Gamenya Ta 7 90.00 0.00 d

VEh, E. humidus; Et, E. tsukushiensis; Er, E. racemifer; Am, A. maebaranum; Ta, T. aestivum .
*’ Standard error.
* Data with the same letter are not significantly different according to the Tukey-HSD test (p=0.05).
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Table 3. Results of analysis of variance(ANOVA)for indices of resistance to
penetration and spreading by Fusarium head blight in accessions of
indigenous Japanese species of Agropyron and common wheat inoculated
with Fusarium graminearum G87-36B

Source of variance df SS F

Index of resistance to penetration

Total 208
Accessions 22 469.89 2.96 p<0.01
Error 186 158.53

Index of resistance to spreading
Total 208
Accessions 22 7794.02 131.88 p<0.01
Error 186 59.10

The extent of spreading within rachis internodes by FHB also varied among the accessions (F
=131.88**; Tables 3and 4). The index of resistance to spreading is a suitable parameter for
expressing the level of FHB resistance in the field of the six wheat cultivars. All the accessions of
indigenous Japanese species of Agropyron that we examined, with the exception of AG.91-36,
had indices of resistance to spreading that were statistically similar to those of Nobeokabouzu-

komugi or Sumai 3. Weng and Liu'*

reported that . tsukushiensis and E. racemifer , collected
in China, also exhibited a high resistance to the spread of FHB within a spike, but they did not
examine E. humidus in their study. It is remarkable that there was no spreading of FHB within the
rachis internodes by the fungus was detected at all in all the strains of E.humidus with the
exception of AG.91-1, in accession AG.91-20 of E. tsukushiensis , and in E. racemifer (Table
4). Therefore, these species of Agropyron seem to be valuable genetic sources of resistance to
invasion by FHB, if such resistance could be introduced into wheat.

Three types of genetic resistance to FHB in wheat have been described: resistance to initial
" and resistance
based on the ability to degrade the mycotoxin (Typelll). ® Three accessions, AG.91-38, AG.91-16

and AG.91-18, exhibited a strong resistance to spreading by FHB (Table 4). However, they were

penetration (Type I ),” resistance to fungal spread within plant tissues (Type Il ),

as susceptible as susceptible cultivars of wheat to penetration by FHB (Table 2). By contrast,
AG.91-8 exhibited a reverse response to penetration and spreading by FHB (Tables 2 and 4).
From these examples, it appears that two aspects of resistance, resistance to penetration (Type I )
and resistance to spreading (Type Il ), are controlled by different genetic systems in the accessions
of indigenous Japanese species of Agropyron, as well as in resistant wheat cultivars®™'”.

Therefore, we should use germplasm associated with maximizing both aspects of resistance to FHB

(e.g., AG.91-35 and AG.91-24) as genetic resources for introducing resistance to FHB in wheat
(Fig. 2).
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Table 4 . Indices of resistance to fungal spreading of rachis internodes by Fusarium head blight for
accessions of indigenous Japanese species of Agropyron and common wheat, obtained
after inoculation with Fusarium graminearum G87-36B

. D Index of
Accession Species N(.)'Of resistance to SE? Tukey—gISD

tested spikes spreading test
AG.I91-2 Eh 9 0.00 0.00 a
AG91-3 Eh 5 0.00 0.00 a
AG.91-33 Eh 10 0.00 0.00 a
AG.I91-35 Eh 10 0.00 0.00 a
AG.91-37 Eh 10 0.00 0.00 a
AG.91-38 Eh 6 0.00 0.00 a
AG.91-39 Eh 10 0.00 0.00 a
AG.9141 Eh 12 0.00 0.00 a
AG.91-20 Et 10 0.00 0.00 a
AG.91-24 Er 7 0.00 0.00 a
AG.91-7 Et 10 1.95 6.16 a
AG.91-1 Eh 10 2.22 7.02 a
Nobeokabouzu-komugi ~ Ta 15 2.92 6.12 a
AG.91-31 Et 10 3.00 6.32 a
AG.91-16 Et 4 3.08 6.16 ab
Sumai3 Ta 10 5.68 1354 ab
AGI1-18 Et 5 8.16 7.66 ab
AGI1-8 Et 10 10.59 9.49 b
AG.91-36 Am 10 20.14 8.39 c
Norin61 Ta 10 43.13 20.97 d
Chinese Spring Ta 6 83.93 14.88 e
Emblem Ta 10 85.51 9.53
Gamenya Ta 7 90.00 0.00

" Eh, E. humidus; Et, E. tsukushiensis; Er, E. racemifer; Am, A. maebaranum; Ta, T. aestivum .
*’ Standard error.
¥ Data with the same letter are not significantly different according to the Tukey-HSD test (p=0.05) .

Although crossing of strains of F. humidus with wheat has been attempted, hybrids have yet to
be obtained. However, Fi hybrids and backcross offspring were obtained from crosses between
indigenous Japanese species of Agropyron and both tetra-and hexaploid wheats.”™ ' Furthermore,
disomic and double monosomic addition lines with high resistance to FHB have been
developed.” Similarly, hybrids between E. humidus and hexaploid wheat have been obtained,”
and disomic addition lines of E. racemifer have been developed."” It was also reported that the
backcross offspring of these crosses inherited resistance to FHB from the Agropyron species,
which are promising as crossing parents. Therefore, it may be possible to develop hybrids and to
transfer FHB-resistance genes into wheat from the accessions of indigenous Japanese Agropyron
selected in this study and, possibly, other relatives of wheat.”In summary, the accessions of
indigenous Japanese species of Agropyron identified in this study that exhibit enhanced
resistance to both penetration and spreading by FHB should be useful as genetic resources for

breeding FHB-resistant wheat.
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Fig. 2. Head and plant type of accessions of Agropyron indigenous to Japan
(Elymus) selected in this study
A and B : Elymus humidus (AG.91-35). C and D : Elymus racemifer (Ag.91-24).
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Ill. Development of Criteria for Genetic Analysis of Reaction to FHB in Wheat.

1. Introduction
Because warm and humid conditions are essential for FHB inoculum to germinate and grow by

infecting wheat spikes,”"*

it is difficult to compare the level of resistance to FHB among
cultivars with various heading dates. To set the heading date of cultivars, testing methods adjusting
sowing time and long day treatment in a vinyl film green house or greenhouse were developed for
artificial inoculation of FHB.®™ Furthermore, the method using “cut-spike” inoculation in a glass
chamber was provev effective for evaluating the variation of the resistance in wheat cultivars and,
determining the condition of spikes at the time of FHB infection.”""® Although both methods have
been used to evaluate hybrid populations or accessions of genetic resources, it is painstaking and
times consuming to apply them to individuals of segregating populations or to a large number of
samples at once. In contrast, field trials with artificial inoculation and mist irrigation are more
convenient for screening in practical breeding.” ™" In this section, I designed field trials with
artificial inoculation and mist irrigation to evaluate the resistance levels of wheat cultivars to FHB.
Effectiveness of the trials is discussed, then criteria for genetic analysis of reaction to FHB in

wheat were developed.

2. Materials and methods
Plant materials for assessing reaction to FHB

The 16 wheat cultivars listed in Table 5 were used as standard cultivars for checking the
uniformity of epidemics of FHB and reaction to FHB based on FHB severity in the field. Response

levels of the 16 cultivars were evaluated over three years in breeding fields.” ' ** 77

Inoculum of FHB

The strain of Fusarium graminearum ,G87-36B, used to evaluate the reaction of plant materials
to FHB was derived from a single spore isolated from an FHB-affected wheat spike in the field.”
Macroconidia of G87-36B were prepared using solid medium methods.” G87-36B was cultured
for four to five days on oat meal agar (oat meal 50 g, sucrose 20 g, agar powder 15 g, and water
17). The aerial hyphae on the media were removed by brushing, then the cultures were exposed
for three days to fluorescent light. Numerous macroconidia were produced on the surface of the
cultures. Subsequently, the macroconidia were suspended in water and adjusted to approximately

50 conidia per 200-fold magnified microscopic field.
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Table 5. Standard cultivars used for resistance tests to Fusarium head blight(FHB)caused by
Fusarium graminearum

41

Days to

Cultivar . Level of resistance to FHB™ ™ Pedigree
heading ™’

Nobeokabouzu-komugi 160 Very resistant (VR) Japanese local cultivar
Sumai3 143 (VR)- Resistant(R) Funo/ Taiwanmai
Saikail65 138 Resistant (R) Sumai3/Asakaze-komugi
Shinchunaga 140 Resistant (R) Selected from Nakanaga, Japanese local cultivar
Tokaif3 141  Resistant (R) Norin26/ Shinchunaga
Asakaze-komugi 137 Moderately resistant (MR) Hiyoku-komugi/Shirogane-komugi
Shirogane-komugi 138 Moderately resistant (MR) Shirasagi-komugi/Saikail04
Minamino-komugi 140 Moderately resistant (MR) Saikai 13/Fujimi-komugi
Norin61 141 Moderately resistant (MR) Fukuoka-komugil8/Shinchunaga
Norin PL-4 141 Moderately resistant (MR) Nobeokabouzu-komugi/Sumai3
Norin27 153 Susceptible (S) Igachikugo-oregon/Jarl Weizen
Chinese Spring 156 (S)- Very susceptible (VS) ~ Chinese cultivar
Chugokul41l 138 Very susceptible (VS) Norin72/Chugokul13/Saikail35/Omase-komugi
Norinl2 147 Very susceptible (VS) Shirodaruma/ Velvet
Gamenya 147 Very susceptible (VS) Gabo * 6/Mentana W1124//Gabo * 2/Kenyal 17AW1347
Emblem 151 Very susceptible (VS) Ghurka/Pusa4//2 * Insignia

' Average of field data in 1994, 1995 and 1996.
“" Refer to Nakagawa (1955), Ban and Gocho (1988), Fujita et al. (1988), Ban (1991), Gocho et al. (1992) and
Hirai et al. (1993) .

Inoculation methods and disease assessment

The reaction of the plant materials to FHB was examined in a field equipped with a sprinkler
system in both 1995 and 1996 (Fig. 3-A). The 16 standard cultivars were also examined in a
greenhouse, where humidity and night temperature were controlled to promote disease
development (Fig. 3-B). The experiment was conducted as a randomized block design with two
replications. For each treatment, 10 plants per line were grown at 20 cm spacing per plot. In 1996,
four plots of the 16 standard cultivars were replicated in both the field and greenhouse. After
heading, simulated rainfall (ca. 13 mm, day) in the form of a fine mist every 2 h was provided
intermittently to keep the spikes wet until maturity. The six-rowed barley cultivar Kashimamugi,
which is very susceptible to FHB and characterized by early maturity,” was planted in every fifth
row as a disease spreader. When the spreader reached the heading stage, the macroconidia
suspension of F. graminearum “G87-36B” was spread through the sprinkler. From the ripening
stage to full maturation of each line, FHB severity of representative sets of five spikes was scored
three times during three weeks to obtain a mean disease response based on the scoring by the
visual scale shown in Fig. 4. Mean values of FHB severity were compared among the 16 standard

cultivars using analysis of variance (ANOVA) and least significant difference tests (LSD).
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Fig. 3. Field (A) and greenhouse (B) trials for disease assessment of Fusarium head blight
caused by F. graminearum
Simulated rainfall in the form of a fine mist was provided intermittently to keep wheat spikes wet after
heading until maturity (A and B) .
Macroconidia of F. graminearum (G87-36B) were spread through the  sprinkler (A) or dried oat
meal agar, on which macroconidia were formed (S€é€ Fig. 1-I) , hanging over the wheat materials (B) .

3. Results

Differences in days to heading of the 16 standard cultivars grown in the greenhouse in 1995 and
1996 ranged from four to eight days; the mean difference was 0.7 days (Table 6). Because it
was seldom cool throughout the growing season in 1996, heading of all the standard cultivars in
the field was delayed from 1 to 16 days (mean 10.2 days) compared with 1995. In contrast with
the greenhouse, heading in the field experiment was delayed by a mean of 3.1 days in 1995 and
12.6 days in 1996.
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Fig. 4. Diagram of Fusarium head blight (FHB) severity on spikes for evaluating the resistance
to FHB caused by [". graminearum

*Description :0%, no disease symptoms; 5%6, single floret is diseased; 10%, single spikelet is diseased;
20%, 30%, 40% and 50%, of spikelets and rachis internodes diseased;

60%, 70%, 80% and 90%, of spikelets and excess number of rachis internodes diseased;

100%, spikes are completely diseased.

Results of the ANOVA indicated that the mean FHB severity varied among the 16 standard
cultivars over fields and years (Table6). Variance for cultivars was 11 fold for environmental
factors, including variance for fields and years (Table 7-A). In the greenhouse, variance for
cultivars was 18 times greater than variance for years (Table 7-B). The difference in FHB
severity of each cultivar between years caused a large variance in the field (Table 7-C). The
ANOVA between fields demonstrated that the variance for cultivars was significant in 1995 (Table
7-D), although the variance for fields was also significant in 1996 (Table 7-E). Differences in
the FHB severity were caused mainly by genetic variations of cultivars. Several cultivars
apparently escaped infection in the field test in 1996.

FHB severity among the 16 standard cultivars was compared using the LSD test (Table 6). The
results reflected the previously reported levels of response to FHB, except for the results of the
1996 field tests because the early flowering cultivars tended to escape infection. It was still
possible, however, to distinguish very resistant and susceptible wheats among the standard

cultivars.
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Table 6 . Fusarium head blight (FHB) severity and range for the 16 standard cultivars tested

in the greenhouse and field (172
Tests in the greenhouse,1995 Tests in the greenhouse,1996
Cultivar L.evel Of+ R R
resistance ]}?:;/;i:; L FI?(Z)seXirity Range LSD* ' }liz;}zisi ,:; FHB(g/i\)/enty Range LSD
Nobeokabouzu-komugi VR 29 2.5 0-5 a 29 3.8 0-5 a
Sumai3 VR-R 17 75 5-10 ab 13 16.3 5-20 ab
Tokai63 R 12 20.0 20-20 be 11 20.0 10-30 be
Saikail65 R 10 25.0 20-30 c 8 22.5 20-30 be
Shinchunga R 11 25.0 30-30 c 9 25.0 20-30 be
Asakaze-komugi MR 5 25.0 20-30 c 6 25.0 20-30 be
Shirogane-komugi MR 5 30.0 20-30 c 7 22.5 20-30 be
Norin61 MR 11 30.0 30-30 c 11 215 20-30 be
Norin PL-4 MR 15 35.0 30-40 c 11 32.5 30-40 c
Minamino-komugi MR 8 35.0 30-40 c 9 35.0 20-40 c
Norin27 S 17 70.0 70-80 d 23 62.5 60-80 d
Chinese Spring S-VS 17 85.0 70-70 de 25 60.0 50-80
Chugokul41 'S 5 75.0 70-100 de 7 70.0 50-80 de
Emblem VS 17 90.0 90-90 e 21 80.0 70-90 ef
Gamenya VS 17 90.0 90-90 e 17 875 80-100 f
Norinl2 VS 17 100.0 100-100 e 17 92.5 80-100 f
Table6. (2.7 2)
Level of Tests in the field,1995 Tests in the field,1996
Cultivar resistance Days to FHB severity Days to FHB severity
heading (%) Range  LSD heading (%) Range LSD
‘Nobeokabourukomugi VR 29 25 05 a 9 38 05 a
Sumai3 VR-R 19 75 510  ab 30 5.0 0-10 a
Tokai63 R 12 20.0 20-20  be 23 12.5 530 abe
Saikail65 R 19 20.0 20-20  be 20 5.0 0-10 a
Shinchunga R 11 30.0 30-30 cd 27 75 10-30  ab
Asakaze-komugi MR 6 25.0 20-30 cd 17 6.3 510 a
Shirogane-komugi MR 6 25.0 20-30 cd 18 5.0 55 a
Norin61 MR 13 30.0 30-30 cd 22 225 0-20 bed
Norin PL-4 MR 18 35.0 30-40 d 27 22.5 20-30  bed
Minamino-komugi MR 8 35.0 30-40 d 20 138 5-30  abc
Norin27 S 23 75.0 70-80 ef 31 65.0 50-90 e
Chinese Spring S-VS 29 70.0 70-70 e 39 30.0 20-50 d
Chugokul41l 'S 5 85.0 70-100 fg 18 23.8 10-40 cd
Emblem 'S 22 90.0 90-90 ¢h 36 72.5 70-80 e
Gamenya VS 20 90.0 90-90 ¢h 28 95.0 90-100 f
Norinl2 VS 22 100.0 100-100 h 30 95.0 90-100 f
“See Table 5.

"'Days from 1 April.
“""Mean value of FHB severity on five representative spikes from two and four replicated plots in 1995 and 1996.
“"""The values of FHB severity with the same letter are not significantly different (p=0.05) .
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Table 7 . Analysis of variance (ANOVA) for FHB severity of thelGstandard cultivars

Source d.f. Mean square F-value

A. Cultivars vs. Environment”

Cultivars 15 11065.80  110.30**
Environment 11 1022.40 10.19
Error 165 100.33

B. Between years (1995 and 1996) in the greenhouse
Cultivars 15 5254.93 92.17***
Years 5 284.79 5.00%**
Erro 75 57.01

C. Between years (1995 and 1996) in the test field.
Cultivars 15 1314.38 10.72%**
Years 5 6016.39 49.07***
Error ) 122.60

D. Between the fields (greenhouse and test field) in 1995.
Cultivars (C) 15 4256.56 90.81**
Fields (F) 1 1.56 0.03
CxF 15 1.56 0.03
Error 32 46.88

E. Between the fields (greenhouse and test field) in 1996.
Cultivars (C) 15 7124.79 85.90***
Fields (F) 1 4753.13 57.31***
CxF 15 303.96 3.66%"*
Error 96 82.94

+ Location-year combinations.
#x p<(0.01; *#*+p<0.001.

4. Discussion

Epidemics of FHB are initiated by ascospores, which are released from perithecia by rain or
heavy dew, through wind and rain-splash dissemination.”*® The wind-borne conidia of FHB
infect wheat spikes when it is raining. Infection with FHB usually occurs at flowering time or
shortly therafter, through the extruded or retained anthers.”** Warm (abovel5C) and humid
conditions are essential for spores to germinate and to infect wheat spikes.”"™*’ Humid conditions
for 5 h at 25 to 26°C or 10 h at 15.9 to 19.0°C also result in optimum infection of spring wheat.”
Hence, the environmental conditions around flowering time and during the ripening period are
limiting factors of FHB epidemics. Variability in these factors t causes unstable reactions of wheat
to FHB. Therefore, it is difficult to compare levels of resistance to FHB among cultivars with
various heading dates.

In the present study, the FHB severity of 16 standard cultivars was stable in the greenhouse,
where humidity and temperature were controlled to favor FHB development. However, under field
conditions, there were some differences in the response between 1995 and 1996. Escape from
infection seemed to be involved in some instances. The field trial with artificial inoculation and
mist irrigation was more convenient for evaluating a large number of samples with replications,

although information about environmental influences on FHB infection and development in the
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field is limited.” Therefore, the improved field inoculation resulted in a more accurate estimation
of the resistance to FHB in wheat. The parallel and independent use of several isolates differing in
aggressiveness, the accurate timing of inoculation and its evaluation contributed to that
improvement. This improvement, however, still required evaluating the exact levels of resistance
involving various components of resistance. Therefore, the assessment of the reaction by visual
evaluation of FHB severity was adopted in the present study as a convenient method to evaluate
the level of field resistance to FHB. It is generally assumed that the stability of reaction to FHB is
related to the level of resistance, the most resistant genotypes being the most stable, and the most
susceptible ones tending to show more unstable reactions under different epidemic conditions.”
The difference in FHB severity among the 16 standard cultivars reflected the level of resistance
to FHB previously reported in the present study. It was possible to distinguish the level of
resistance to FHB (very resistant or susceptible) among the standard cultivars based on the reaction

to FHB for evaluating FHB severity.
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IV. Studies on Genetic Mode of Resistance to FHB and Linkage Analysis of
Resistance Genes Using Doubled Haploid Lines (DHLs) and Recombinant
Inbred Lines (RILs) in Wheat.

1. Genetic analysis of resistance to FHB in Chinese wheat cultivar Sumai 3 and the
Japanese cultivar Saikai 165.
1) Introduction

Inheritance of resistance to FHB in wheat has been studied extensively over the last five
decades. Various studies have determined the mode of inheritance and numbers of genes involved
in resistance depending on the materials and methods used. The genetic constitution of sources for
resistance to FHB originating from different gene pools, however, has not yet been clarified.”'"”
A difference in four resistance genes between Ning 7840 and Frontana was only recently revealed
using recombinant inbred lines (RILs) , indicating that the two resistant parents harbor two unique
dominant genes each'”. Furthermore, the chromosomal location of the resistance genes is not
known. It is essential to identify the genes for resistance to FHB in the gene pools, so that different
genes can be combined to improve the overall resistance of wheat.

The objectives of the present study were to analyze the genetic constitution and to conduct a
linkage analysis of resistance to FHB in Sumai 3 and its derived line, Saikai 165, using doubled
haploid lines (DHLs) and RILs.

2) Materials and methods
Plant materials for assessment of reaction to FHB

DHLs and RILs, together with the respective parents, were examined to assess the frequency
distribution of FHB severity. DHLs were developed from two crosses, Sumai 3 (very resistant to
resistant; VR-R) / Gamenya (very susceptible; VS) and Sumai 3, Emblem (VS), by applying

1910 These lines were abbreviated to DHL (Sumai 3, Gamenya or

the wheat x maize system.
Sumai 3, Emblem). Second and third generations propagated through selfing of DHLs,
abbreviated as DH: and DHs, were used to assess the reaction to FHB. Fs and F7 populations of
RILs were developed from the cross Emblem,Saikai 165 by single seed descent. Saikai 165 is
one of the FHB-resistant lines derived from the cross of Sumai 3, Asakaze-komugi (Table 5).
Inoculum of FHB and inoculation method

One strain of Fusarium graminearum Schwabe, G87-36B, was also used as inoculum. The
inoculation method, including experimental design and scoring methods, followed those
previously described in the Chapter]ll.
Disease assessment

The FHB severity of each DHL or RIL was averaged in each generation across years. The
results were compared using combined scores of a parent-offspring relationship, excluding lines
tested in a single generation, to deduce balanced values for each DHL and RIL across years and
generations. Finally, reactions to FHB in DHLs and RILs were classified into three groups using
the criteria shown in Table & : resistant (R) , moderately resistant (MR) and susceptible (S).
These criteria used for assessment were based on the mean values and ranges of FHB severity of
16 standard cultivars in the field (Table 6).
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Table 8. Criteria used to assess of reaction to Fusarium head blight (FHB) in doubled haploid lines
and recombinant inbred lines

FHB severity Reaction Description

*Equally resistant or more resistant to FHB
than Sumai 3 in the field test (in 1995 and 1996).

o .
0-10% Resistant (R) *Equally resistant or more resistant to FHB
than Saikai 165 in the field test (in 1996).
N . .
11-50% Moderately resistant (MR) Intermediate level of reaction between R and S.

*Less than 50%6 of spikelets and rachis internodes diseased.

*Equally susceptible or more susceptible to FHB than standard
cultivars with the level of susceptible or very susceptible.

*50% or more of spikelets and excess number of rachis
internodes are diseased.

51-100% Susceptible (S)

"’ Mean value of FHB severity for five representative spikes with two replicated plots.

Allelism test for awnedness

Sumai 3, which is fully awned, has the genotype hid b1 b2 for awnedness. Gamenya is tip-
awned, and the genotype for awnedness was unknown. Segregation of awnedness in 103 F: plants
and F; populations derived from the cross, Chinese Spring”Gamenya, permitted the identification
of the genotype for awnedness in Gamenya. Chinese Spring, which is awnless, has the genotype
Hdbl B2

3) Results

Distribution of heading dates can be summarized as follows: in DHL (Sumai 3,/ Gamenya) from
13 April to 6 May 1995 (DH>) and from 18 April to 10 May 1996 (DH;) ; in DHL (Sumai 3,
Emblem) from 18 April to 29 April, 1995 (DH.) and from 25 April to 15 May 1996 (DHs). There
was no consistent relationship between days to heading and FHB severity. In both populations of
DHLs, days to heading of the DH; lines were delayed in 1996 compared with the DH: lines in
1995.

The frequency distribution of FHB severity in both populations of DHLs was mainly continuous
and within the limits of the parents (Figs. 5and 6). Because there were high correlation
coefficients in FHB severity between generations across years (r=0.75 and 0.60) , FHB severity

was compared with a parent-offspring relationship (excluding lines tested in a single generation)
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to evaluate the balanced value of each DHL across years and generations. Segregation of DHLs for
reaction to FHB classified as R, MR and S fitted a tri-modal distribution (Table 9), although it was
not clearly distinguished in DH; of DHL (Sumai 3,/ Gamenya) and combined data of both DHLs

(Fig. b and 6). Chi-square tests indicated that the segregation fitted a 1 R : 2 MR : 1 S ratio in

both DHLSs, indicating that the resistance of Sumai 3 was controlled by two major genes, each
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Table 9. Segregation for reaction to Fusarium head blight (FHB) in doubled haploid lines (DHLSs)
and recombinant inbred lines (RILs) developed from crosses between FHB-resistant and
susceptible cultivars

2

Line (cross) Reaction to FHB™ X Correlation
1:2:1 for DHLs coefficient of
Year (generation) R MR S Total ~ 7(R+MR):1S for RILs  FHB severity "
DHL (Sumai3,Gamenya)
1995 (DH,) **° 33 60 33 126 0.286 (P=0.1-0.9)
1996 (DH») 37 64 36 137 0606 (P=0.1-0.9) r=0.75
Combined95-96" " 24 69 33 126 2429 (p=0.1-0.9)
DHL (Sumai3, Emblem)
1995 (DH.) 18 37 18 73 0.014 (P>0.95)
1996 (DHs) 18 45 21 84 0629 (P=0.9-0.95) r=0.60
Combined 95-96 20 32 21 73 1137 (P=0.1-0.9
RIL (Emblem, Saikai 165)
1996 (Fs) 31 48 10 89  0.130 (P=0.9-0.95) 0.9
1996 (F7) 39 51 12 102 0.050 (P=0.9-0.95) =
Combined Fe-Fr 25 53 11 89 0.002 (P>0.95)

Resistant parents: Sumai3 and Saikail65. Susceptible parents: Gamenya and Emblem.

R, resistant; MR, moderately resistant; S, susceptible.

"“Correlation coefficient of FHB severity between generations across years.

“**DH:, DH3: Second and third generations through selfing of DHLs.

“*""Combined scores of each line with a parent-offspring relationship, except for the lines tested in a generation.

expressing the reaction of MR to FHB, with additive effects.

In the RIL (EmblemSaikai 165) population tested in 1996, FHB severity was also distributed
continuously in both Fs and F:(Fig. 7). Heading dates ranged from 18 April to 13 May 1996 in
Fs and 18 April to 20 May 1996 in Fr. Segregation for reaction to FHB in both RILs deviated from

1 R: 2 MR: 1 S, but corresponded to a three-gene model of 7(R+MR) : 1 S. The ratio
observed in the average number of Fs and F; lines was 78 (R+M) :11'S (x*=0.002, P>0.95;
Table 9). Furthermore, the high correlation of FHB severity between the Fs and F; generations (r
=0.92) indicated that the residual heterozygosity caused by a dominance effect in the RILs was
negligible.

In both DHL populations, there was a relationship between the reaction to FHB and awnedness

(Table 10). Fully awned lines were more resistant than tip-awned lines. The awned character in
both populations segregated into a 1 : 1 ratio for fully awned : tip-awned or awnless phenotypes.
The Fi plants were tip-awned, indicating that awnedness in these DHLs was controlled by one of
the suppressor genes B I or BZ2.*

A weak relationship was also detected between the reaction to FHB and culm length in both
DHLs with coefficients of r=-0.57 and -0.43, suggesting that shorter plants are likely to

experience FHB infection due to the moist conditions in the test block.



Ban: Genetic studies of resistance to Fusarium head blight in wheat

g8 Salical 158 1896 (F&)
N S

Sxikai 165
0, 1956 (F7)
e “'i ]
= E =
& =
',_r! 1wy
d
z 10—
s
T Sniaal 168 Cambinad score
] F& - F7
m- ]
T “_
Cmitlam
104 -
=]

i §F " 13 30 & 3 8 7 2 %1

FHE sevearlty ()

Fig. 7. Frequency distribution of Fusarium head blight (FHB) severity and reaction to FHB in
recombinant inbred lines (RILs) developed from the cross between Emblem,Saikai 165
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Tablel0. Relationship between reaction to Fusarium head blight(FHB)and awnedness (Awn)in
DHLs developed from crosses of Sumai 3 /" Gamenya and Sumai 3 /" Emblem

51

Reaction to FHB ™" x?

Cross of DHLs 1:1for Awn Recorfl:matmn

,,,,,,,,,,,,,,,,,,,,,,,,,, R MR S Towl gpiforpms M
Sumai3 (fully awned)  Gamenya (tip-awned)

Fully awned 20 42 9 71 x? (Awn) =2.0322 15.1+£3.3%
_____Tipawned 421 24 55 x* (FHB) =24292

Total 24 69 33 126 x? (linkage) =16.810
Sumai3 (fully awned) ,Emblem (tip-awned)

Fully awned 14 18 6 38 x? (Awn) =0.123 21.4+4.3%
_____Tipawned 6 14 15 35 x*(FHB) =1137

Total 20 32 21 73 x? (linkage) =82603

“Combined data from 1995 (DHz) and 1996 (DH) .
**Calculated with the column of moderately resistant (MR) for the reaction to FHB omitted.
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Allelism test for awnedness

In the cross Gamenya,” Chinese Spring, there were two fully awned F: plants in a population of
103 plants. This segregation ratio was consistent (P=0.1-0.9) with the expected segregation ratio
of 1 (fully awned) : 63 (tip-awned and awnless), indicating differences between the parents at all
three loci for awnedness. Gamenya has therefore the genotype hd Bl b2 and it can be assumed
that one of the FHB resistance genes of Sumai 3 is linked in repulsion to BI, which is located on
the long arm of chromosome HA. After the plants with a moderately resistant (MR) reaction to
FHB were eliminated, recombination values between the resistance level to FHB and awnedness
were estimated, at 15.12 = 3.31% in DHL (Sumai 3 / Gamenya) and 21.43 +4.32% in DHL

(Sumai 3 Emblem) , respectively.

4) Discussion

Resistance to FHB in wheat is expressed as a quantitative character with low heritability in the
early generations.” Thus, it is necessary to conduct experiments with several replications and
preferably under a range of environments, which is difficult in segregated populations. DHLs and
RILs developed from Fi plants are useful genetic materials for assessing the reaction to FHB.
Because such lines are homozygous, the number of replications can be reduced and dominance
effects can be excluded. Although the weather conditions in 1996 were unusual, it was cooler than
normal years throughout the growing season, and different from the condition in 1995, FHB
severity of the DHLs was correlated between years (r=0.75 and 0.60).

Previous investigators reported that the mode of inheritance of resistance to FHB was
adequately described by an additive-dominance model, with additive gene action being the
essential factor of resistance.” ™ * Transgressive segregation for resistance to FHB caused by
F. graminearum and F. culmorum often occurs when wheats with varying levels of resistance to
FHB are crossed. It is assumed that the resistant parents differed in one or two resistance genes.”
17 The numbers of genes were estimated to be three, with epistatic effect, in Japanese wheat,”

and fewer than five in Chinese wheat for response to F. graminearum "'

and to vary between
one and six in winter wheat for the response to F. culmorum.® Two or three resistance genes are
considered to contribute to the resistance in the Brazilian cultivar Frontana.™"” In contrast, some
researchers have speculated that the resistance to FHB is conditioned by polygenes.” In the
present study, we observed that the FHB resistance of Sumai 3 was controlled by two major genes
with additive effects using DHLs. These findings are consistent with a previous study of Sumai 3"
and Ning 7840, derived from Sumai 3, using random F:-derived F7 lines."”

Furthermore, a relationship between the reaction to FHB and awnedness was detected. Fully
awned lines were more resistant than tip-awned lines. A similar relationship was obtained for the
response of winter wheat to F. culmorum®. One of the FHB resistance genes of Sumai 3 appears
to be linked to the BI gene in the repulsion phase with recombination values of 15.1 & 3.3% and
214 = 4.3% (Table 10). Due to this linkage, we assumed that the resistance gene is located
on the long arm of chromosome DA. A monosomic analysis of the resistance to FHB in Sumai 3

indicated that at least five chromosomes, 1B, 2A, bA, 6D and 7D, carried genes for resistance to
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the spread of FHB in spikes.” Further studies are required to determine the locations of other
resistance genes.

The resistance of Saikai 165to FHB was derived from Sumai 3, and thus the genetic
constitution for resistance was identical to that of Sumai 3. The results of the present study,
however, indicate that Saikai 105 carries three resistance genes. Therefore, at least one of the
resistance genes of Saikai 165 must have been introduced from Asakaze-komugi, which is
moderately resistant. The segregation ratio for the reaction to FHB in the RILs fitted a three-gene
model with a ratio of 7(R+M) : 1S. Assuming that the three resistance genes have additive
effects of similar magnitude, the RILs should have segregated into 4 R : 3 MR : 1 S. The observed
segregation was 25 R : B3 MR : 11 S, however, based on the combined score between Fs and F;
lines, fitting well to 2R : 5MR : 1S (x*=0.456, P>0.95). These results suggest that the
resistance gene introduced from Asakaze-komugi expresses a weak resistance or has no additive
effect on the FHB response. The Japanese wheat cultivar, Shinchunaga, was a parent of Asakaze-
komugi.” Shinchunaga is resistant to FHB and has a high general combining ability and good
agronomic traits, as does Sumai 3. Shinchunaga is considered to be one of the main genetic
sources for moderate resistance to FHB in many Japanese commercial wheats.”™ " Another
Japanese genetic source of resistance is Nobeokabouzu-komugi, which shows an outstanding
resistance to FHB, but its genetic constitution in terms of FHB resistance has not yet been
determined. Further comparative studies of Nobeokabouzu-komugi might explain the variation
among resistance genes in the Japanese gene pool.

Three types of genetic resistance to FHB in wheat have been described: resistance to initial
penetration (Type I ) " resistance to fungal spread within plant tissues (Type Il )" and resistance
based on the ability to degrade the mycotoxin (Typelll).® It was reported that Frontana,
representing the Brazilian gene pool for FHB resistance, carries two or three genes for Type Il
resistance, and Ning 7840, representing the Chinese pool, also carries two genes for Type Il

%10 YWe detected two resistance genes in Sumai 3 from

resistance. All four genes are different.
China and one or more new genes in a Japanese cultivar representing the Japanese gene pool. Field
tests of the DHLs and RILs based on FHB severity mainly evaluate Type Il resistance. Based on
the natural infection with FHB, field tests enable assessment of Type I resistance. Field
observations suggest that the two resistance genes of Sumai 3 are associated with both types of
resistance. It is necessary to identify FHB resistance genes from various gene pools in order to
incorporate them into a leading cultivar.

Mesterhazy™ reported that the genetic basis for resistance to F. graminearum and F. culmorum
was identical in winter wheat cultivars. Snijders™ also reported that spring wheat genotypes
resistant to FHB caused by F. graminearum were also resistant to I. culmorum. No evidence has
been presented for strain-specific resistance in wheat to F. graminearum or F. culmorum, ™' or
to other Fusarium species.”"™ It would be useful to test the postulated genetic constitution of our
materials with regard to other Fusarium species. We are currently performing studies to identify
the chromosomal locations of genes using molecular markers. The information obtained might

provide a better understanding of the genetic resistance to FHB, and thereby enhance the
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likelihood of improved resistance levels in wheat using marker-assisted selection.

2. Analysis of quantitative trait loci (QTLs) associated with resistance to FHB.
1) Introduction

Resistance to FHB is expressed as a quantitative character and is affected by environmental
conditions. Experiments with several replications and under various environments are essential to
obtain an accurate evaluation. This is difficult to achieve in a breeding program. Molecular
markers used as indirect selection markers may enable us to overcome this problem, resulting in a
more convenient selection of desired genotypes at quantitative trait loci (QTLs) for resistance to
FHB.” The first report using molecular markers, restriction fragment length polymorphism

(RFLP), to identify genomic regions associated with resistance to Fusarium disease dealt with

¥ Using RFLP markers and composite interval mapping, 10 QTLs associated with

maize.
resistance to FHB, 11 QTLs associated with deoxynivalenol (DON) accumulation, and four QTLs
associated with kernel discoloration (KD) caused by F. graminearum were identified in barley.”
Markers flanking these QTLs should be useful for introgressing resistance to FHB, DON
accumulation, and KD into elite barley cultivars. Random amplified polymorphic DNA (RAPD)

could also allow the description of QTL regions in the genome that can not be studied by RFLP
alone. In this chapter, QTLs associated with resistance to FHB were analyzed conducted and

screening of RAPD markers associated with resistance to FHB using DHLs is discussed.

2) Materials and methods
Assessment of reaction and resistance to FHB in DHLs
DHLs were successfully developed from the Fi cross, Fukuho-komugi (moderately susceptible:

Ppeside developing

MS) Oligo culm (very susceptible: VS), through the wheat x maize system,
DHLs from the F; crosses combining the resistant cultivar Sumai 3 was difficult."” In 1993, we
examined the resistance to FHB of 110 DHLs in a field equipped with a sprinkler system using an
inoculation method including the experiment described in Chapter 3. At the ripening stage of each
line, we scored the FHB incidence and severity of five representative spikes three times to obtain
a stable reaction. FHB severity was scored according to the extent of fungal spread of rachis
internodes (i.e ., the number of diseased rachis internodes,” total number of diseased spikelets)

as described in Chapter 2. This parameter, calculated for each spike, was transformed by angular
transformation and averaged for each accession to produce an index of resistance to invasion of
FHB (IRIF) in order to analyze Type Il resistance to FHB. The level of resistance of each DHL

was then determined using the index shown in Table 11.
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Tablel1. Criteria used in assessing of level of Type Il resistance to FHB in DHLs

Index of resistance to
invasion of FHB (IRIF)

Level of Type II resistance

0-15 Very resistant (VR)

16-25 Resistant (R)

26-30 Moderately resistant (MR)
31-40 Medium (M)

41-50 Moderately susceptible (MS)
51-60 Susceptible (S)

61-90 Very susceptible (VS)

Screening' of random amplified polymorphic DNA (RAPD)

Genomic DNA of 110 DHLs was extracted from three to four weeks old seedlings by the
potassium acetate and SDS methods (T.Ishige, personal communication). Polymerase chain
reaction was performed using genomic DNA as the template. Each reaction comprised: 1 unit Taq
polymerase (Promega), 50 to 70 ng genomic DNA, 0.4 mM oligonucleotide primer (10-mer Kits,
Operon Technologies), 200 mM each dNTP, 1.5 mM MgClz, 50 mM KCI, 10 mM Tris-HC1 (pH
9.0) and 0.1% Glycerol."” The temperature and cycling parameters were as follows: pre-heating
2 min at 94°C, 60 cycles of 1 min at 94°C, 1 min 40°C and 2 min at 72°C, and one final step of 7
min at 72°C. Linkage groups and recombination values of RAPD markers and other markers, 7. e.
red glume color, esterase isozyme, hairy glume and black awn (Ban and Suenaga 1993), were
calculated using the computer program “MAPL". ¥

The association between the level of resistance to FHB and RAPD markers was evaluated by
comparing the means of IRIF between two groups of DHLs, classified according to each marker

type, with a /-test.

3) Results

Incidence of FHB in most of the DHLS, both parents and F plants was detected in over 60% of
the spikes. However, FHB severity of many DHLs was too unstable to evaluate the frequency of
diseased spikelets. Hence, five representative spikes of each line were used to score IRIF. The
frequency distribution of 110 DHLs in terms of IRIF fitted a normal distribution, indicating that
IRIF was a quantitative character (Fig. 8). The index values of the parents were 49.7 in Fukuho-
komugi and 77.0 in Oligo culm. The F; plants showed intermediate levels of IRIF (61.7).
Transgressive segregation was detected in the DHLs with R, MR, M and VS levels of resistance to
FHB, suggesting that the genetic constitution for FHB resistance genes differs between Fukuho-

komugi and Oligo culm.
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=110 Fukuho-komugl F1 Oligo culm
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IRIF and level of Type Il resistance to FHB

Fig. 8 . Frequency distribution in relation to index of resistance to invasion of FHB (IRIF) and level
of Typell resistance to FHB in doubled haploid lines (DHLs) lines developed from a cross
between Fukuho-komugi~ Oligo culm

Polymerase chain reaction was first performed to survey the extent of polymorphism between
the parents of DHLs. Out of 501 oligonucleotide primers, 50 primers (10%) yielded a
polymorphism between Fukuho-komugi and Oligo culm with a total of 65 polymorphic bands.
Consequently, segregation of these 65 RAPD markers was investigated in DHLs. The segregation
ratios of these RAPD markers fitted a 1: 1 ratio, except for one marker, OPAN-19 «, which
showed a distorted segregation (¥ *=7.127**) in favor of Fukuho-komugi type.” A linkage map
containing 18 apparent linkage groups of loci for 53 RAPD markers (82%96) and four other markers
was constructed from the data of 110 DHLs (Fig. 9).

The 110 DHLs were then classified into two groups based on the parental types with respect to
each RAPD marker. Classification of DHLs by four RAPD markers, OPZ-10 ¢, OPAG-18 30,
OPAF-06 35 and OPW-13 4, revealed significant differences in the averaged IRIF between the
two groups at the 5% significance level (Fig. 10). Three RAPD markers were linked with
recombination values of 6.4 and 11.8%. Values of averaged IRIF in each group of DHLs classified
by each RAPD marker reflected the level of resistance to FHB. This suggests that the RAPD

markers selected were associated with susceptibility to FHB.
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Fig. 9. Linkage map of 53 RAPD markers and four other markers in DHLs developed from a cross
between Fukuho-komugi~ Oligo culm
Rg :Red glume color. ESt : Esterase isozyme. 118" : Hairy glume. bla : Black awn (one of two recessive
genes; Ban& Suenaga, 1993) .

Distorted segregation of the four markers associated with IRIF was detected in the R and MR

levels of resistance to FHB (Table 12). Because lines with a type of RAPD marker similar to

that of Oligo culm mainly segregated into R and MR classes, the resistance to FHB associated with

the four RAPD markers is considered to be carried by Oligo culm, the susceptible parent.

However, three linking markers on provisional “linkage group ¢’ amplified the DNA bands when

Fukuho-komugi was used as a template, indicating that the lack of the template of Fukuho-komugi

results in the increase of FHB resistance. Therefore, these RAPD markers seem to be associated

with a latent susceptible modifier carried by Fukuho-komugi.
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Fig.10. Linkage groups of RAPD markers significantly associated (*; P<<(0.05) with index of
resistance to invasion of FHB (IRIF) in DHLs developed from F1 plants between Fukuho-
komugi (P1) Oligo culm (P2)

- markers associated with IRIF. /g : Red glume color.
( ) t-values of Pl type-P2 type” .

Tablel2. Segregation of RAPD marker types, Fukuho-komugi type./ Oligo culm type'
associated with susceptibility to FHB in doubled haploid lines developed
from the cross Fukuho-komugi (MS) / Oligo culm(VS)

Linkage group i 77777777777777777777777777 0
RAPD marker

Level of Type II

resistance
R+MR (13) ' 1.12* 1.12* 3./10* 3./10*
M 13) 7.6 8 /b 8./5 6.7
MS 3D 17714 1714 1615 318
S @27 7./20* 10716 12715 12715
VS (26) 16,710 1779 16,710 16710

"No.of DHLs, * Significantly different with 1:1 ratio at 5% level.

4) Discussion

The present study analyzed DHLs developed from the cross combination between susceptible
parents to FHB. A high incidence of FHB was detected among the materials, but the reaction to
FHB of each spike varied. This made it difficult to evaluate the extent of penetration of the
spikelets by FHB, which indicates the resistance to initial penetration (Type I ). Our study assume
that the most susceptible genotypes tend to exhibit more unstable reactions under different
epidemic conditions.”” One of the parents, Oligo culm, carryies a trait of tiller inhibition and it
segregated in DHLs. We suggest that this trait resulted in a large difference in heading and
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flowering time of each spike even in a plant, and different conditions of FHB infection due to the
unstable reaction.

Evaluation of the resistance using IRIF explains the level of Typell resistance to FHB.
Transgressive segregants of 26 lines with R, MR and M levels of resistance were detected in this
110-DHL population using the parental values as standards. I contrast, seven lines with a VS level
of resistance also segregated over the level of Oligo culm. We suggest that the unique
configurations of resistance genes are causing the skewed distribution to the low IRIF in this cross.

Molecular markers are useful tools for tagging the resistance genes or QTLs and conducting
indirect assisted selection. QTL analysis using 65 RAPD markers in the DHLs developed from the
cross of Fukuho-komugi x Oligo culm enabled us to detect four RAPD markers associated with
IRIF. These RAPD markers were individually selected by the ¢-test. Hence, we suggest that the
specific regions of provisional group 3 of the wheat genome are associated with Type Il resistance
to FHB. As a result, it is possible to detect the latent susceptible modifier of Fukuho-komugi using
three of them. One RAPD marker associated with IRIF (OPW-13 4,) was linked with Rg for
the red glume color on provisional linkage group f. The loci for Rg are located on homoeologous
group 1; 7. e. Rg ] on1BS, RgZ on 1DL and Rg'3 on 1AS.” Therefore, one of the genomic
regions associated with Type Il resistance to FHB from Oligo culm is located on a chromosome of
homoeologous group 1, although no association between Rg and IRIF was detected.

Using monosomic and backcross reciprocal monosomic analysis to study the mode of
inheritance of the resistance, several researchers reported that five or more chromosomes are

127)

associated to enhance the resistance to FHB.""* '™ *” Based on published data, chromosomes 6D, 6

B, DA and 7A have frequently been associated with the resistance to FHB in several wheat

cultivars.””

These monosomic analyses revealed that chromosomes were associated with the
reaction to FHB as quantitative character, but loci, harboring resistance genes controlling the
reaction, and their chromosomal location have not been determined. Five genomic regions of both
parents containing putative QTLs associated (P<<0.01) with Type Il resistance to FHB were
detected using molecular markers, amplified fragment length polymorphism (AFLP) and RFLP
in a population of RILs from the cross Sumai 3 (resistant) /“Stoa (moderately susceptible),” Three
of the QTLs were derived from Sumai 3, and the most significant genomic region associated with
resistance to FHB in this population was located on the short arm of chromosome 3. The AFLP
markers flanking the genomic region explained 16.2% of the variation of the resistance. We may
thus be able to detect putative genomic regions associated with resistance to FHB, including
differences in genome constitution, even in the analysis of QTLs using molecular markers. Useful
tools of molecular markers like microsatellites must be developed to analyze the genome
constitution and QTLs in hexaploid wheat."” Further comparative studies of several cross
combinations may enable us to explain the variation among genomic regions including QTLs
associated with resistance to FHB. Studies on genetics with both quantitative and qualitative
analyses are considered to be effective not only for tagging the resistance genes but also for

estimating the interaction between resistance genes in the selection process with marker assistance.
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V. General Discussion

For optimum economic control, genetic resistance should be used to develop resistant cultivars.
However, it is difficult to improve the resistance since Fusarium species causing FHB are
saprophytic pathogens exhibiting a broad host range, with small host-specific variation compared
with the variation in general pathogenicity.”* """ Furthermore, no accession among wheat,
barley and their wild relatives has yet been identified to be completely immune to FHB. Since
species of Agropyron that are indigenous to Japan (Elymus ) are well adapted to a humid climate,
they were collected and examined for use as genetic sources for resistance to FHB in terms of two
components of resistance, /. €. initial penetration (Type I resistance) and hyphal spreading (Type
Il resistance). Almost all the accessions of Agropyron possessed both types of resistance to a
degree equal to or greater than that resistant wheat, Nobeokabouzu-komugi and Sumai 3, but no
accession was free from infection with FHB. Variance for the index of Type Il resistance among
the accessions was larger than that of Type I resistance under the controlled conditions used in
this study, and the index of Type Il resistance reflected well the levels of FHB resistance among
wheat cultivars. As the accessions demonstrated a unique reaction to each type of resistance, we
concluded that the resistance to penetration and spreading in Japanese Agropyron are controlled
separately by different genetic systems, as in the case of wheat.”™ """ In contrust, several accessions
of E. humidus, E. tsukushiensis and E. racemifer with complete Typell resistance were
identified to explain the immunity to hyphal spreading within a plant. Their Typell resistance
should be useful for increasing the resistance level of wheat by introducing a resistance gene (s)
to wheat. Initial penetration of FHB can be easily influenced by environmental conditions at the
time of FHB infection and by the morphological features of spikes.”” For example, dwarf
genotypes were more severely infected with FHB than tall genotypes under natural conditions, but
genotypes of different plant height classes were similarly susceptible after artificial inoculation. In
contrast to our results, it was also reported that genotypes with awns were more susceptible to FHB
when tested under natural epidemic conditions in the field; but this trait did not influence head
blight severity in artificial inoculation. Compact, erect spikes were found to be more susceptible to
FHB than loose, nodding spikes.” It is also known that cultivars with hairy glume or retaining
anther wreckage are more susceptible.” Hence, we assumed that Type I resistance may involve
escape from FHB infection by a passive mechanism. As a result, Typell resistance can be
improved more easily in practically all breeding programs. Meanwhile, avoidance by physiological
defensive reactions may increase Type | resistance. Transgenic wheat plants into which antifungal
protein genes obtained from plant and microbial sources had been introduced, which disturbed the
germination of FHB spores, exhibited lower level of spreading of FHB symptoms than the

1% Therefore, improving protection by Type I resistance, including both

susceptible contro
components of the escape and physiological defensive reactions, may prevent FHB infection,
germination of FHB spores, and colonization of FHB. It is necessary to combine Type I and Il
resistances in FHB-resistant wheat. Two accessions of E. humidus and E. racemifer, AG.91-35

and AG.91-24, were selected as genetic resources associated with maximizing both Type I and Il
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resistances.

Resistance to FHB expressed under natural conditions integrates all the reactions controlled by
different mechanisms of genetic resistance. This study suggested that evaluating wheat reactions to
FHB under conditions similar to those of natural behavior could be applied to practical breeding.
We therefore conducted field trials with mist irrigation to study the genetic resistance of Sumai 3
and Saikai 165 for the reaction of DHLs and RILs. The frequency distribution of FHB severity in
DHLs and RILs was generally continuous within the limit of each parent, which suggested that the
resistance to FHB was a quantitative trait. However, the classification of DHLs and RILs in terms
of the reaction to FHB showed that Sumai 3 harbors two major genes and Saikai 165 harbors
three major genes for resistance to FHB. We believe that the resistance of these cultivars can
mainly be attributed to two or three major genes with additive effects, and that the variation of
FHB severity may be governed by several minor genes.

Inheritance of resistance to FHB in wheat was described by the additive-dominance model with
additive gene action being the essential factor of resistance based on the results of diallel analysis.™
%% 1t was also reported that the resistance was generally expressed by partial dominance effects
and that the general combining ability played a major role in the resistance. Since transgressive
segregation of resistance to FHB has often been observed in various cross combinations, we
assume that the number of resistance genes was low, five or less. Accumulation of resistance genes
has been shown to be possible. Obviously, transgressive segregation became the source of
resistance to FHB in the improved Chinese cultivars: e. g . Sumai 3 was developed from the cross
Funo (MS) Taiwanxiaomai (MS).*” At this stage, it is essential to identify major genes for
resistance to FHB in the various gene pools and to analyze the genetic constitution in resistant
cultivars so that the genes can be combined to improve the overall resistance of wheat. A
difference in the four resistance genes of the Sumai 3 derivative, Ning 7840, and the Brazilian
cultivar Frontana revealed that the two resistant parents harbor two unique dominant genes each."”
This study has also revealed that Saikai 165 carried three resistance genes introduced from Sumai
3 and the Japanese gene pool, Meanwhile, a difference in the genetic constitution for resistance
The results

15)

genes between Nobeokabouzu-komugi and Sumai 3 was observed using their DHLs.
showed that Nobeokabouzu-komugi also harbored two major genes for resistance to FHB caused
by F. graminearum and that one of them was identical to that of Sumai 3. These results indicate
that the three resistant cultivars of spring wheat from different gene pools, Sumai 3(China),
Frontana (Brazil) and Nobeokabouzu-komugi (Japan) , possess two unique dominant genes each,
and four or five genes could be available among them. However, genetic resources that combine
good agronomic characters with resistance to FHB are scarce. Further comparative studies of
genetic constitutions for resistance to FHB among genetic resources may enable us to explain the
variation among resistance genes in various gene pools. The use of QTL analysis is important in
genetic and breeding studies to confirm the presence of minor genes and their effects associated
with resistance to FHB in terms of interaction and suitable combinations among the resistance
genes.

Chromosomal location of the FHB resistance genes is also necessary to improve FHB-resistant
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wheat by integrating resistance genes. A relationship between the reaction to FHB and awnedness
was detected in DHLs from the cross Sumai 3 Gamenya and Sumai 3" Emblem. One of the
resistance genes of Sumai 3 appeared to be located on the long arm of chromosome DA, linked to
the B 1 gene in the repulsion phase. It was pointed out that chromosomes 6D, 6B, DA and 7A
have frequently been associated with resistance to FHB in several wheat cultivars.”” Meanwhile, it
is also known that durum wheats (7Triticum turgidum L. durum Desf.) are consistently more
susceptible to FHB caused by F. graminearum and F. culmorum than common wheat.**™ The
importance of the D genome in conferring resistance to FHB* has been emphasized. Synthetic
bread wheats, which were developed from crosses between Triticum turgidum and 7T. tauschii

(Aegilops squarrosa) , and derived lines have been developed at CIMMYT to increase the
genetic diversity.” Types I andIl resistances to FHB were present in some synthetic bread
wheats, and the incorporation of different types of resistance from various sources into well-
adapted bread wheat genotypes is now being considered.”

Reaction to mycotoxins produced by Fusarium species is also considered to be another
component of resistance to FHB. Miller et al .* reported that cultivars of wheat, rye and triticale
resistant to FHB contained low concentrations of deoxynivalenolenol (DON), produced by F.
graminearum, in the kernels, whereas susceptible ones contained much higher concentrations. It
was also reported that, using a suspension culture of embryo callus, the resistant wheat cultivar
Frontana was able to degrade 18% radioactive (*C) DON into two breakdown products and a
possible DON glycoside, while the susceptible cultivar Casavant degraded only 5% "*C DON into
the possible glycoside. This ability to degrade DON was described as Typelll resistance to FHB.™
% The resistant cultivars Sumai 3 and Nobeokabouzu-komugi also were reported to have
genotypes with the ability to degrade DON in addition to their very high resistance to FHB.*
Furthermore, based on a coleoptile bioassay, Wang and Miller"” reported that FHB-resistant
cultivars Frontana and Sumai 3 could tolerate high mycotoxin concentrations, compared with
susceptible cultivars, with no effect on growth. They postulated that, in these resistant cultivars,
peptidyl tansferase enzyme was modified so that the cultivars became tolerant to DON. This

119)

tolerance to mycotoxins was reported as TypelV resistance."” Another type of resistance occurs at

the seedling stage and in the spike.”” Using mutants of F. graminearum, Desjardins et al *
reported that trichothecene-nonproducing (775-) mutants were less virulent than trichothecene-
producing (7r5+) parental and revertant strains in their ability to cause FHB in field-grown
wheat. This evidence indicates that trichothecenes, including DON, were virulence or
aggressiveness factors in FHB, although 775- mutants of F. graminearum colonized wheat
spikes. In Fusarium isolates producing both DON and nivalenol (NIV) , the pathogenicity
correlates much better with total trichothecene production (DON-+NIV) than with the production
of DON alone.” It was also mentioned that DON accumulation is not only a consequence of the
disease, but it might also be a component of the aggressiveness.

Furthermore, it was reported that the trichothecene target site in plants is likely to be associated
with protein synthesis, but this hypothesis remains to be confirmed in plants in an in vitro

translation system.”*’ Snijders and Krechtingmz\’ reported that DON appears to be transported
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from the infected chaff to the young kernel and the pathogen then colonizes the kernel. In the
resistant line, DON translocation from chaff to kernel was inhibited, and minimal fungal
colonization occurred, suggesting that this phenomenon is based on a membrane-based
trichotecene tolerance associated with Type II resistance. This supports the evidence of systematic

® F. graninearum

fungal invasion of FHB into wheat, which was investigated anatomically.
initially invaded the lemma through stomata, then hyphae destroyed the tissues of the lemma and
palea prior to extension. Shortly thereafter, hyphae reached the young kernel, and invasion
occurred through the parenchyma or pericarp near the embryo with the presence and colonization
of a large number of hyphae as a prerequisite. Another report of enhanced resistance to I
graminearum in transgenic wheat plants, into which pathogenesis-related (PR) protein genes, a
rice thaumatin-like protein (TLP) gene (¢Ip ) and a rice chitinase gene (chil] ) had been introduced,
showed that the delay in FHB symptom development (Typell resistance) due to TLP over-
expression in susceptible wheat cultivar was significant, although the effects were quantitative
rather than qualitative.”’ Chitinase acting in the cell-wall polysaccharide (chitin) may contribute
to Type I resistance, whereas TLPs, which are considered to alter the membrane permeability and
/ or cellular signal transduction cascades,” may enhance TypelV resistance. These data suggest
that the ability of DON degradation (Typelll resistance) and tolerance to DON (TypelV resistance)
play an important role in quantitatively enhancing the disturbance of hyphal growth (Type Il
resistance) and of fungal colonization (Type I resistance) with synergistic effects. This suggests
a relationship between FHB characteristics and resistance in wheat (Fig. 11).

In addition to the work involving cultivar tolerance to DON, there were reports regarding the
tolerance of kernel weight reduction to FHB.™*** 1% Tt was indicated that the host plant was able
to withstand the effects of parasitic infection and disease, which, if they had occurred at equivalent
levels in other plants of the same and similar species, would have considerably impaired growth or

20)

yield.”" Careful investigations of field trials also revealed that an additional factor of resistance to
kernel infection was present in wheat.”>*” Therefore, some genotypes display a significantly lower

kernel infection than postulated from FHB-infected values.
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The most serious lack of knowledge in the resistance to FHB deals with host resistance and

pathogen aggressiveness. Analysis of QTLs associated with each type of resistance and tolerance

could be used to determine the number of genes involved, and to reveal the components and

factors of resistance to FHB in wheat. Breeding strategies using pyramiding resistance genes and

introgression of additive minor genes in an adapted background have been proposed.® Further

studies on resistance mechanisms and genetic control combined with breeding stratrgies should

contribute to rapid progress in the breeding of FHB-resistant wheat cultivars.
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VI.Conclusion

Fusarium head blight (FHB) caused by Fusarium species, is one of the most destructive
diseases of wheat in areas where the weather is warm and humid after the heading of wheat. The
optimum way to prevent wheat infection is to develop resistant cultivars. No accession has yet
been found to be completely immune to FHB, although the resistance to FHB varies not only
among wheat cultivars but also among some of their wild relatives. Repeated screening of genetic
resources, led to the identification of several resistant cultivars. However, the resistance of these
cultivars has not been satisfactory under conditions that are optimal for the pathogen. It is thus
necessary to identify more effective genetic resources among relatives of wheat for the breeding of
FHB-resistant wheat. Furthermore, lack of knowledge of the mode of inheritance of the resistance
has hampered significant progress in the breeding of FHB-resistant wheat cultivars for a long time.

In this study, I screened germplasm for resistance to FHB to identify more effective genetic
resources among wheat relatives of indigenous Japanese Agropyron (Elymus). 1 developed
criteria for genetic analysis of the reaction to FHB in doubled haploid lines (DHLs) and
recombinant inbred lines (RILs). Finally, I clarified the genetic constitution of resistance to FHB
in resistant wheat cultivars, Sumai 3 and its derived line Saikai 165 using DHLs and RILs, and
conducted a linkage analysis of the resistance genes. Furtherore, I tried to analyze quantitative trait
loci (QTLs) associated with resistance to FHB in DHLs using random amplified polymorphic DNA

(RAPD) markers to evaluate the effect of minor genes.

1. Four species of indigenous Japanese Agropyron, Elymus humidus Osada (= Agropyron
humidum ), E. tsukushiensis Honda var. transiens (=A. tsukushiense), E. racemifer
Tsvel. (=A. ciliare ) and A. mayebaranum var. intermedium Hatusima were collected and
evaluated for their resistance to FHB after inoculation with a conidial suspension of
Fusarium graminearum Schwabe at the flowering stage. The resistance to the initial
penetration of FHB (Type I) and to fungal spread of rachis internodes (Typell) was
evaluated in each accession compared with six wheat cultivars. The results demonstrated that
AG.91-35 of E. humidus and AG.91-24 of E. racemifer possessed a higher resistance to
penetration than the resistant wheat cultivars Nobeokabouzu-komugi and Sumai 3.

2. All the accessions of the indigenous Japanese species of Agropyron examined, with the
exception of A. mayebaranum, exhibited a resistance to invasion statistically similar to that
of Nobeokabouzu-komugi or Sumai 3. In all the accessions of E. humidus, with only one
exception, no fungus spread from the infected spikelets to the rachis internodes. Since the
accessions exhibited a unique reaction to each type of resistance, I concluded that Type I
resistance and Typell resistance in Japanese Agropyron are controlled separately by
different genetic systems.

3. 1 designed field trials with mist irrigation to study the genetic resistance of Sumai 3 and
Saikai 165 for the reaction of DHLs and RILs. It was possible to distinguish the level of
resistance to FHB (very resistant or susceptible) among 16 standard cultivars based on the

reaction to FHB by evaluating FHB severity. I then developed the criteria shown in Table 8
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for genetic analysis of the reaction to FHB in DHLs and RILs.

4. The frequency distribution of DHLs derived from two Fi crosses, Sumai 3 (very resistant to
resistant; VR-R) / Gamenya (very susceptible; VS) and Sumai 3 Emblem (VS), fitted a
1: 2 : 1 (resistant : moderately resistant : susceptible) ratio well for the reaction to FHB in the
field. This suggested that the resistance of Sumai 3 was controlled by two major genes with
additive effects.

5. A relationship between the reaction to FHB and awnedness was detected in DHLs from the
crosses Sumai 3, Gamenya and Sumai 3, Emblem. One of the resistance genes of Sumai 3
appeared to be located on the long arm of chromosome DA, linked to the B I gene in the
repulsion phase with recombination values of 15.1 = 3.3% and 21.4 & 4.3%, respectively.

6. Segregation for the reaction to FHB in the RILs, derived from the cross Emblem x Saikai 165,
deviated from 1 R : 2 MR : 1 S. It better fit rather three-gene model with 7(R+MR) : 18
as the expected ratio, indicating that three resistance genes controlled the resistance of Saikai
165.

7. QTLs associated with Type Il resistance to FHB in DHLs developed from the cross Fukuho-
komugi (moderately susceptible) /" Oligo culm (very susceptible) were analyzed using RAPD
markers. Transgressive segregants of 20 lines with R, MR and M levels of resistance were
detected in this population of 110 DHLs, using the parental values as standards. In contrast,
seven lines with a VS level of resistance also segregated over the level of Oligo culm. This
suggested that the unique configurations of resistance genes cause the skewed distribution to
the low IRIF in this cross.

8. From the results of QTL analysis using 65 RAPD markers in DHLs developed from the cross
of Fukuho-komugi x Oligo culm, four RAPD markers, OPZ-10 s, OPAG-18 340, OPAF-06
5 and OPW-13 45, associated with Type Il resistance were identified. Three RAPD markers
were linked with recombination values of 6.4 and 11.8%. These RAPD markers were
individually selected by the f-test. Hence, this suggested that the specific regions of
provisional group 3 of the wheat genome are associated with Type Il resistance to FHB. As
a result, it may be possible to detect the latent susceptible modifier of Fukuho-komugi using
three of them.

9. Finally, the relationship between the characteristics of FHB caused by F. grainearum and
resistance mechanisms in wheat was analyzed based on the results of this study and data from
the literature for the resistance to FHB (Fig.11). It is suggested that breeding strategies
including pyramiding of resistance genes and introgression of additive minor genes in an

adapted background may enable rapid progress in the breeding of FHB-resistant wheat.
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