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Fusarium diseases are significant hindrances to food plant production and are very difficult to control, especially soilborne dis-
eases caused by F. oxysporum. First I outline the Fusarium diseases and introduce examples of the recent outbreak of Fusarium 
diseases in Japan. Then I summarize my studies on (1) the control of Fusarium diseases by biological agents and by inducing 
resistance to diseases in plants, (2) the specific detection of forms and races in F. oxysporum using immunological measures 
and molecular measures based on phylogeny and pathogenicity-determining genes, and (3) molecular and genetic studies on 
Fusarium diseases, including evolutionary, genetic, and genomic analyses of the emergence and divergence of forms and races in 
F. oxysporum.
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Introduction

For three decades, I have studied epidemics, control techniques 
such as biological control and inducing disease resistance in 
plants with chemical and physical stimuli, and specific detection 
techniques of Fusarium diseases, mainly of diseases caused by 
soilborne F. oxysporum. In addition, I have analyzed the mecha-
nisms of pathogenic evolution and differentiation in F. oxyspo-
rum by molecular, genetic, and genomic methods.

In the 1980s, biochemical techniques, such as electrophore-
sis to separate proteins, and immunological techniques could be 
used for fungal studies. In the 1990s, we began using molecular 
techniques, for example, polymerase chain reaction (PCR), DNA 
sequencing, and gene targeting, to analyze the genes and their 
function in fungi. In the 2000s, project consortia sequenced the 
genomes of several fungal species, including Fusarium spp., and 
in the 2010s, the comparative analyses of genomes of Fusarium 
spp. revealed their genome and chromosomal structure and 

function. The finding of an accessory chromosome from F. oxys-
porum was one of the outcomes. For these several years, SMRT® 
sequencing has allowed us to analyze and compare the genomes 
of isolates of Fusarium spp. easily. Advances in technology have 
enabled us to try innovative methods to accelerate Fusarium re-
searches.

1.  Fusarium diseases

1.1.  Fusarium spp.
Fusarium is a fungal genus belonging to Phylum Ascomycota, 
Subphylum Pezizomycotina, Class Sordariomycetes, Order 
Hypocreales, and Family Nectriaceae.1) Fusarium is a huge genus 
in which more than 1,500 species are estimated.

Fusarium spp. are ubiquitous in the environment, and several 
strains presenting pathogenicity to plants or animals and pro-
ducing mycotoxins are reported. Fusarium oxysporum, F. solani, 
F. fujikuroi, and F. graminearum are the representative species 
known as plant-pathogenic Fusarium.

1.2.  Fusarium oxysporum
Fusarium oxysporum produces a white, pale blue, purple, or 
light orange mycelial colony on standard media such as pota-
to dextrose agar. Slightly arched macroconidia, usually with 1 
to 4 septa, are mainly formed in sporodochia, and unicellular, 
colorless, and oval microconidia are formed in a false-headed 
manner on short conidiophores branching from the mycelium. 
The cell wall of mycelial cells and/or some macroconidial cells 
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becomes thickened to form chlamydospores, which are durable 
and survive for several decades in soil.2) When a shake culture is 
performed in a liquid medium such as potato dextrose broth, a 
large number of yeast-like bud cells are formed, which are con-
sidered to be equivalent to the transfer form in plant vessels. The 
perfect stage of this fungus has not yet been found.

Fusarium oxysporum is also a ubiquitous fungus widely dis-
tributed in the environment. Although F. oxysporum was re-
ported to be an airborne fungus in Shosoin in Nara, one of the 
oldest buildings in Japan built in the eighth century AD and one 
of the world heritages3) and as a pathogen of humans who have 
lost immunity,4) the fungus is famous as a soilborne pathogen of 
plants.

Soilborne plant diseases are those caused by infection of 
pathogens in soil via the roots. F. oxysporum is representative 
of soilborne pathogens. It inhabits the soil for a long time in the 
form of chlamydospores, penetrates the roots, extends in the 
tissues, colonizes and metastasizes in xylem vessels, and causes 
systemic yellowing, wilting, and death in plants.

1.3. � Differentiation of forms and races in phytopathogenic 
F. oxysporum

Since F. oxysporum causes diseases in various plants, it is often 
thought to be versatile; however, the range of plant species that 
can host each isolate of F. oxysporum is strictly and clearly de-
fined. More than 120 forms (formae speciales; ff. spp.) have been 
determined based on the range of plant species that can be hosts 
(Table 1). For example, the isolates that causes tomato wilt are 
determined to be f. sp. lycopersici, and this form never causes 
disease in the other plant species, such as cabbage and banana. 
Similarly, f. sp. cubense, the banana Panama pathogen, never 
causes disease in tomato or cabbage plants.

Within a forma specialis, races are frequently distinguished by 
their specific pathogenicity to different cultivars. For example, 
three races (1–3) have been reported in f. sp. lycopersici, the to-

mato wilt fungus, which are classified based on their virulence 
on tomato cultivars carrying different resistance genes (I, I2, and 
I3; Table 2). The relationship between tomato cultivars and races 
of the tomato wilt pathogen can be explained by the “gene-for-
gene theory” (Table 2).5) Original descriptions of races 1, 2, and 
3 of f. sp. lycopersici appeared before 1895 in England, in 1939 in 
the USA, and in 1978 in Australia, respectively. In Japan, races 
1, 2, and 3 were first reported, all in Fukuoka, in 1905, 1966, and 
1997, respectively.6)

1.4.  Examples of recent outbreaks of F. oxysporum diseases
An emergence of wilt caused devastating damage to tomato pro-
duction in greenhouses in Hidaka, Kochi, Japan, in 2008. The 
genotype of the affected tomato cultivar was I I2 i3, suggesting 
the presence of F. oxysporum f. sp. lycopersici race 3 (Table 2), 
which had not previously been reported in Kochi. Certain char-
acteristics of the pathogenic isolates from Kochi differed from 
those of reported Japanese race 3 isolates from Fukuoka, Hok-
kaido, and Kumamoto, and we determined the Kochi isolate to 
be a new biotype of race 3.6)

Panama disease caused by F. oxysporum f. sp. cubense is one of 
the most destructive diseases of banana plants and has affected 
production worldwide. Three races, 1, 2, and 4, have been re-
ported. In the 1950s, production of the cultivar ‘Gros Michel’ in 
Central America dramatically decreased due to an epidemic of 
race 1. Because race 1 affected this cultivar severely, ‘Gros Mi-
chel’ has been replaced with the cultivar ‘Cavendish,’ which is re-
sistant to race 1. Currently, ‘Cavendish’ accounts for about 99% 
of banana trading. Race 4, which is pathogenic to ‘Cavendish,’ 
was first reported in the 1960s in subtropical areas, such as Tai-
wan, and now it is designated subtropical race 4 (SR4). Since the 
late 1980s, devastating damage by F. oxysporum f. sp. cubense to 
the cultivar ‘Cavendish’ has been reported not only in subtropi-
cal areas but also in tropical areas. The pathogen of this severe 
epidemic was genetically distinct from SR4 and has been des-
ignated tropical race 4 (TR4). At present, TR4 is causing severe 
damage to banana plantations in Asia, such as the Philippines.

Although there had been no official record of Panama disease 
in Japan, in 2016, yellowing, browning, and wilt were observed 
on the cultivar ‘Shima-banana’ in Okinawa. We determined that 
the disease is caused by a Panama disease fungus, though fortu-
nately not by TR4. This was the first official report of an occur-
rence of Panama disease in banana plants in Japan.7)

Table  1.	 Examples of forms (formae speciales) in plant pathogenic 
Fusarium oxysporum

Form (forma specialis) Example of host plant

apii Celery
cepae Onion, Green onion
conglutinans Cabbage
cubense Banana
cucumerinum Cucumber
lycopersici Tomato
melongena Egg plant
melonis Melon
niveum Water melon, Melon
pisi Pea
raphani Daikon radish
rapae Brassica campestris
spinaceae Spinach
tulipae Tulipe

Table  2.	 Relationship between the tomato wilt fungus, Fusarium oxys-
porum f. sp. lycopersici (FOL) races and tomato cultivars

FOL race (AVR genes)
Tomato cultivar (R genes)

Ponderosa 
(i i2 i3)

Momotaro 
(I i2 i3)

Walter 
(I I2 i3)

Block 
(I I2 I3)

1 (AVR1  AVR2  AVR3) S R R R
2 (—        AVR2  AVR3) S S R R
3 (—        avr2     AVR3) S S S R

S, compatible; R, incompatible
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Although F. oxysporum is known as a soilborne pathogen, the 
pathogen is initially transmitted with seeds to the field and colo-
nizes the soil. The pea wilt pathogen, F. oxysporum f. sp. pisi, is a 
famous seedborne disease occurring mainly in North America, 
Europe, Australia, and New Zealand and is monitored by the 
Plant Protection Station (PPS), Ministry of Agriculture, For-
estry and Fisheries (MAFF), of the Japanese government as a 
potentially invasive disease. Since 2002, occurrences of the dis-
ease have been reported in several parts of Japan, and MAFF has 
been attempting to eradicate this disease under the Plant Protec-
tion Act. In cooperation with the PPS, we have established a spe-
cific detection system for f. sp. pisi, which will be described later.

F. oxysporum f. sp. batatas is the causal agent of sweet potato 
wilt disease. Wilt was a big issue in sweet potato production in 
the 1980s, and it was controlled with the use of tolerant cultivars 
and benzimidazole fungicides. Recently, as a result of repeated 
use of benzimidazole fungicides to control the fungus in the 
vine cutting at transplanting, benomyl-resistant strains of f. sp. 
batatas have emerged in several parts of Japan, and the disease is 
again attracting attention as an obstacle to sweet potato produc-
tion.8)

2.  Control of Fusarium diseases

2.1.  Current general status of soilborne Fusarium disease control
Once soilborne fusaria pathogens spread in the field, their re-
moval is very difficult. Currently, in order to control the diseases 
caused by soilborne pathogens, soil disinfection using fumi-
gants, such as chloropicrin, hot water, or solarization, or using 
resistant cultivars is popular. However, the efficacy obtained 
with these treatments often is less sufficient than expected, or 
there is a need to reduce their usage because of adverse effects 
on the environment.

In order to solve these problems, research of other techniques 
to control fusarium diseases has been advanced. Here, studies 
on biological control and inducing disease resistance in plants as 
alternatives to control fusarium diseases are introduced.

2.2.  Biological control of Fusarium diseases
Biological control is a way of controlling plant diseases using live 
microorganisms. Trichoderma lignorum was registered as a fun-
gicide based on the Agricultural Chemicals Regulation Law in 
Japan in 1954 to control Rhizoctonia disease in tobacco. This was 
the first registered case of a biofungicide in the world.

In these 3 to 4 decades, many studies have been conducted, 
aiming to establish biocontrol of Fusarium diseases, includ-
ing soilborne F. oxysporum diseases and rice ‘Bakanae disease 
caused by F. fujikuroi. A nonpathogenic strain of F. oxysporum 
was registered in 2002 as a biofungicide to control soilborne wilt 
of sweet potato plants caused by F. oxysporum f. sp. batatas.9) On 
the other hand, in 2003, Trichoderma atroviride was registered as 
a biofungicide to control rice ‘Bakanae’ by seed or nursery-box 
treatment, and this was followed by Talaromyces flavus in 2007. 
Both have been in the market.

We have isolated a nonpathogenic Fusarium sp. W5 from a 

rice plant tissue that carries biocontrol activity against rice 
‘Bakanae.’ Using the isolate, we established a novel treatment 
method of biocontrol agent, spraying a spore suspension of W5 
onto rice flowers, and demonstrated its strong biocontrol effi-
cacy to reduce the seedborne ‘Bakanae’ (patents, Japan 6241001, 
Korea 10-1770656, Indonesia IDP000052506, United States 
10264796 B2). We visualized the interaction between W5 and 
the ‘Bakanae’ pathogen using transformants expressing fluores-
cent proteins on/in rice plant tissues. W5 inhibited hyphal ex-
tension of the ‘Bakanae’ pathogen on/in rice flowers and seed-
lings, possibly by competition, and survived on/in rice seeds for 
at least six months.

Recently, we also found that soil-drench application of the 
spore suspension of W5 reduced the incidences of soilborne Fu-
sarium diseases, such as tomato wilt and banana Panama dis-
ease.

2.3. � Possible application of induced resistance to control soilborne 
diseases

During growth, plants are continuously challenged by a wide 
spectrum of environmental stimuli, including abiotic (e.g., ex-
treme temperatures, drought, and mineral imbalance) and biotic 
(e.g., pests and microbes) ones. Plants recognize these stimuli 
and respond appropriately to them.

Plants usually protect themselves from microbes by activat-
ing defense reactions such as systemic acquired resistance (SAR) 
after recognizing microbial stimuli. However, pathogenic mi-
crobes can weaken or invalidate plant defenses against invasion. 
Therefore, improving the plant defenses prior to the approach 
of pathogenic microbes seems to be a good way to control the 
diseases.

Interestingly, plants’ response pathways to abiotic and biotic 
stimuli partly overlap. Thus, when plants are exposed to abiotic 
stimuli, the plants can acquire an improved defense by chance. 
For example, chemical stimuli, such as probenazole (PBZ), 
acibenzolar-S-methyl (ASM), tiadinil (TDL), and isotianil, have 
been used as plant activators that do not have direct antipatho-
gen activity but can induce disease resistance in plants.

We found that foliar spray with validamycin A (VMA) ef-
fectively controls soilborne Fusarium diseases such as tomato 
wilt10) and banana Panama disease11) by inducing SAR.12)

Recently, we reported that ultrasound, which refers to fre-
quencies above the limit of human hearing, is a candidate for 
inducing resistance to pathogens in plants.13) We revealed that 
an aerial ultrasound of 40.5 kHz could induce disease resistance 
in tomato and rice plants when they were irradiated with an ul-
trasound of ca. 100 dB for 2 weeks during nursery season, and 
it reduced the incidence of wilt and blast diseases, respectively, 
when plants were inoculated with a pathogen 0 or 1 week after 
terminating irradiation. Quantitative reverse transcription PCR 
(RT-qPCR) showed that SAR was induced in the ultrasound-
irradiated tomato tissues.
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3.  Diagnose of Fusarium diseases

3.1. � Importance of diagnosis in a Fusarium disease management 
program

Earlier detection of plant pathogens in the field is essential for 
plant health certification and appropriate disease management, 
for example, soil disinfestation, the use of disease-resistant culti-
vars, and the application of fungicides. However, there had been 
no practical procedure to detect Fusarium spp. except the isola-
tion and inoculation test using test plants.

What needs to be differentiated in disease diagnosis? In 
F. oxysporum, for example, there are several forms, each of 
which has a different host plant species, as I wrote in 1.3. More-
over, there are races, each of which has different host cultivars 
within a form. The question usually posed by farmers is whether 
they can grow, for example, tomatoes and also cultivar A of the 
tomato in their fields. This indicates that we need to differentiate 
the forms and races of F. oxysporum in the soil.

3.2.  Immunological detection
Immunological detection is based on the specific reaction be-
tween antibody and antigen. Immunology provides rapid, spe-
cific, and sensitive tools for the detection of pathogens. In fact, 
various immunological procedures have been used commonly 
against human pathogens and plant viruses. Improved proce-
dures tailored to specific applications are needed for the diagno-
sis of plant diseases caused by various pathogens.

I developed a monoclonal antibody (MoAb) that reacts spe-
cifically to Fusarium spp. and studied on the application of the 
MoAb to detect F. oxysporum.14) A direct tissue-blotted immu-
nobinding assay (DT-IBA) was applied to transverse sections 
from the stems or crowns of tomato and cucumber plants. In 
this assay, samples of plants infected with F. oxysporum showed 
a positive reaction within 4 hr, suggesting the possibility using 
the MoAb for disease diagnosis in the field and in quarantine.14) 
I also established a gel penetrate-blotted immunobinding assay 
(GP-IBA) to detect Fusarium spp. in soil using the MoAb.15) The 
mycelia of F. oxysporum in infected stems, crowns, and roots of 
tomato and Japanese honewort plants were effectively detected 
by immunofluorescence assay (IFA) with a combination of the 
MoAb and FITC-conjugated anti-mouse IgM-sheep IgG, indi-
cating that the IFA is a useful tool to observe the behavior of 
Fusarium spp. in plant tissue.

Although detection using an antibody has advantages such as 
low cost and ease of use, the MoAb recognized all of the isolates 
of Fusarium spp., including nonpathogenic strains, and it turned 
out that the immunological detection methods cannot satisfy 
the needs of farmers.

3.3.  Detection based on phylogeny
The evolution of technology in the 1990s has enabled molecular 
biological tools, such as PCR, to be used for the detection of spe-
cific plant pathogens. Because we supposed that specific patho-
gen types, such as forms and races, correlate with molecular 

phylogenetic relationships, we attempted to design PCR primer 
sets that recognize the differences in the nucleotide sequences 
of the genes. We compared the partial nucleotide sequences of 
endo-polygalacturonase gene (pg1) and exo-polygalacturonase 
(pgx4) genes from isolates of F. oxysporum ff. spp. lycopersici and 
radicis-lycopersici and designed specific primer sets based on 
the nucleotide differences that appeared among the pathogenic 
types. A combination of amplifications with these primer sets 
seemed to effectively differentiate the two forms and races in 
f. sp. lycopersici.6,16) Kashiwa (2016) successfully detected f. sp. 
conglutinans, the cabbage yellows pathogen, specifically and rap-
idly via PCR and real-time PCR using the primer and probe set 
designed on pg1 gene.17)

However, additional phylogenetic analyses using numerous 
isolates let us know that the forms and races of the pathogen 
may not always correlate with molecular phylogenetic relation-
ships.18)

3.4.  Detection based on pathogenicity-related genes
As I describe in 4.4, we recently identified the genes determin-
ing forms and races in F. oxysporum. Based on this information, 
we have designed primer sets that specifically determine race 
119) and race 320) by loop-mediated isothermal amplification 
(LAMP) using special primers and probes sets designed at the 
SNPs in the avirulence genes determining races.

We also developed three primer sets targeting SIX6, SIX13, 
and pisatin demethylase (PDA) genes for the specific determina-
tion of F. oxysporum f. sp. pisi, the pea wilt pathogen (1.4), by 
PCR and LAMP. Almost all of the isolates of f. sp. pisi carry SIX6 
and SIX13 genes sharing by several formae speciales other than 
f. sp. pisi. The PDA gene is possessed only by f. sp. pisi. A closely 
related species, F. solani f. sp. pisi, the root rot disease pathogen, 
carries PDA but not SIX6 or SIX13. Now we can specifically dis-
tinguish F. oxysporum f. sp. pisi from other F. oxysporum and 
F. solani f. sp. pisi by PCR and LAMP, and these techniques are 
useful for sanitary testing of seeds at plant quarantine facilities 
and for pathogen survival assessment after soil disinfection in 
the field.21)

4.  Molecular and genetic studies on 
Fusarium diseases

4.1.  From biochemical research to molecular biological research
Researchers have long attempted to understand the mechanisms 
by which Fusarium causes symptoms such as wilt in plants and 
presents host specificity such as forms (formae speciales) and 
races. Beckman (1983) suggested several pathogenicity-related 
factors, such as polygalacturonase produced by F. oxysporum.22) 
Biochemical and cytological approaches predominated in 1980s.

In the 1990s, molecular techniques, such as the cloning of 
genes, PCR amplification of DNA fragments, gene disruption, 
and gene expression analyses, were developed and became ap-
plicable to fungal study. In 1998, pg1 was reported as the first de-
termined pathogenicity-related gene in F. oxysporum.23,24) After 
that, many studies were performed, focusing on the genes that 
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relate to pathogenicity and host specificity in F. oxysporum.

4.2. � Coevolution of the tomato wilt pathogen with the tomato 
plant

The tomato (Solanum lycopersicum) originated in Andean South 
America and spread prehistorically to Mexico, where it was do-
mesticated. During the Spanish conquest in the 16th century, 
tomatoes were transmitted to Europe, where modern breeding 
of the tomato began. Today, the Andes continues to sustain wild 
Solanum species. Solanum lycopersicum var. cerasiforme, an ap-
parent intermediate between wild and cultivated tomatoes, is 
currently found as a native-grown tomato in Mexico (transition 
tomato).

“When, where, and how did the tomato wilt pathogen (F. 
oxysporum f. sp. lycopersici; FOL) emerge?” This is a fundamen-
tal but difficult question to address. We hypothesized that FOL 
emerged from a mutualistic nonpathogenic F. oxysporum on the 
tomato during the tomato domestication and breeding process-
es. To verify the hypothesis, we collected more than 400 isolates 
of F. oxysporum from the tissues and rhizosphere of wild and 
transition tomatoes and compared them with FOL. They were 
all nonpathogenic to tomato cultivars tested. In the phylogenetic 
tree containing the F. oxysporum and FOL isolates, FOL isolates 
were found in three clades, which was consistent with the find-
ings by Kawabe (2005).18) Several nonpathogenic isolates from 
the wild and transition tomatoes were grouped in FOL clades, 
whereas most of the F. oxysporum isolates were not, suggesting 
that these nonpathogenic isolates share common origins with 
FOL and that the origin of FOL existed with the wild tomato in 
the Andes.25)

4.3.  Accessory chromosomes
Ma et al. (2010) found that FOL has a small chromosome (ca. 

2.0 Mb) that is not necessary to survive.26) They also showed 
that a nonpathogenic F. oxysporum isolate gains virulence when 
it obtains the small chromosome from FOL. Now these small 
chromosomes are designated accessory chromosomes. They also 
found that the AVR genes determining races in FOL are located 
on the accessory chromosomes.

Interestingly, the FOL isolates in the three distinct clades 
(3.2)18) carry an identical set of AVR genes on accessory chro-
mosomes. On the other hand, all of the nonpathogenic isolates 
from the wild and transition tomatoes in the same clades as FOL 
carry no AVR genes. Thus, the horizontal mobility of the acces-
sory chromosome carrying pathogenicity-related genes has been 
hypothesized to be the driving force of the emergence of FOL in 
F. oxysporum (Fig. 1).

Other forms of F. oxysporum have an accessory chromosome(s) 
that carries pathogenicity-related genes in its own manner.27)

4.4.  Mechanisms of race diversity
The relationship between the three races in FOL and tomato cul-
tivars is explained in 1.3 (Table 2). The races are differentiated 
by the possession of AVR genes, and it was suggested that FOL 
races emerged as follows: race 1 (AVR1 AVR2 AVR3) lost the 
AVR1 locus and became race 2 (avr1null AVR2 AVR3), which es-
caped recognition by the I gene; a nucleotide substitution in race 
2 AVR2 resulted in emergence of race 3 (avr1null avr2 AVR3), 
which evaded recognition by both I and I2.28) The arms race, 
or the “boom-and-bust” cycle between tomato and tomato wilt 
pathogen (FOL), might be continuing.

4.5.  Evolution of races in the field
The 2008 outbreak of tomato wilt in Kochi was caused by a new 
biovar of race 3 of FOL (1.3). Inami (2012) found that although 
the pathogen was race 3, it has an AVR1 gene that is truncated 

Fig.  1.	 Pictorial explanation of coevolution of the tomato wilt fungus, Fusarium oxysporum f. sp. lycopersici (FOL), and the tomato. The origin of FOL 
was the mutualistic nonpathogenic F. oxysporum that existed with the wild tomato in the Andes. During breeding, FOL emerged from the mutualistic non-
pathogenic F. oxysporum by gaining accessory chromosomes carrying pathogenicity-related genes. The divergence of races in FOL occurred via mutations 
in avirulence genes (Table 2).
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by the insertion of a transposon hormin, which belongs to the 
hAT family.29) This provides evidence that mobile genetic ele-
ments may be one of the driving forces underlying race evolu-
tion and proposes an additional path for the emergence of FOL 
races: race 2 emerged from race 1 by transposon insertion into 
AVR1, not by deletion of the AVR1 locus; then a point mutation 
in race 2 AVR2 resulted in the emergence of the new biovar of 
race 3 (avr1th380 avr2G121A AVR3).

An additional collection of isolates of races 2 and 3 of FOL 
obtained from fields in Japan from 2000 to 2017 was subjected 
to analysis of their AVR genes. Among the eight isolates ana-
lyzed, we found 4 kinds of mutations (avr1null, avr1th685, avr1tf-380, 
and avr15′-ND) in AVR1, and 5 kinds (avr2null, avr2G121A, avr-
2T122A, avr2G134C, and avr2C146T) in AVR2. None of the eight 
isolates had the same combination of mutations in AVR1 and 
AVR2, even though some of them are phylogenetically very 
close. This suggests that the race differentiation of FOL in the 
field is more diversified than expected. This may relate to the 
fact that the avirulence genes exist on accessory chromosomes.

Concluding remarks

Era of genome analysis—In the 2000s, large consortial genome 
analysis projects for fungi were conducted, and the genome se-
quencing of several plant pathogenic fungi was achieved. One of 
them is the genome sequence project of Fusarium spp., and the 
genome data set of the tomato wilt fungus (F. oxysporum f. sp. 
lycopersici) has been opened to the public.26) Genomic informa-
tion greatly contributes to clarifying the onset mechanism of Fu-
sarium diseases and the host determination mechanism and to 
elucidating the substantial avirulence genes, discovering acces-
sory chromosomes, and revealing the interaction with the host 

(Fig. 2).30,31) Additionally, in the last few years, with the remark-
able progress of SMRT® sequencing technology, comparative ge-
nome analyses among strains have become easy, and even in a 
small laboratory like ours, genome sequencing can be used as a 
research tool. In fact, twelve supercontigs were obtained as a re-
sult of the SMRT® sequencing of a banana Panama disease fun-
gus (F. oxysporum f. sp. cubense) genome, suggesting that it has 
become easy to to understand the essence of chromosomes.32) I 
predict that such innovation in research techniques will further 
accelerate Fusarium studies and reveal biologically significant 
findings.
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