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Invasive plant diseases threaten 
human lives indirectly

Jan 2020–Mar 2023（NIH）
Population：~8 billion
6.9 million people dead

1845–1846
Population：~1.25 billion
1 million people dead

Potato famine COVID-19
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Impact of plant disease in human 
history

Lucas (1998)



Fusarium diseases

Ascomycota
Perfect stage: Nectria、Gibberella等
More than 100 species
Classification is currently undergoing
     (F. oxysporum species complex, etc.)

Mycoprotein（F. venenatum）
Biocontrol agent（NPF）
Animal and human pathogen
Plant pathogens

F. oxysporum
F. solani
F. fujikuroi
F. graminearum→mycotoxin 4

The Genus Fusarium
Fungi/Ascomycota/Sordariomycetes/Hypocreales/Nectriaceae



Fusarium oxysporum

Fusarium oxysporum（species）Classification is currently undergoing

 forma specialis（f. sp., forms）
                  taxonomy based on host plant species
  f. sp. cubense (Banana wilt, or, Panama disease）
  f. sp. lycopersici (Tomato wilt)
  f. sp. conglutinans (Cabbage yellows)
  、、、（more than 120 forms）

 Race
                  taxonomy based on host plant varieties
  race 1（Incompatible with cv. Cavendish）
  race 4（Compatible with cv. Cavendish ）
   race SR4（Sub-tropical race 4, weak pathogenicity)
   race TR4（Tropical race 4, strong pathogenicity）

F. oxysporum f. sp. cubense race TR4:New FWB fungus
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Fusarium oxysporum f. sp. cubense (Foc) 
the pathogen of Fuasrium wilt (FWB) 
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Soilborne pathogen
Difficult to control



7Dita M et al. (2018) Front Plant Sci 9:1468Wiki

The pandemic history of FWB



Switching to resistant variety 
Cavendish
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Miami fruits
Ohho Express

Race 1
Race SR4
Race TR4

cv. Gros Michel cv. Cavendish
(resistant to race 1)

Race 1
Race SR4 (weak pathogenicity)

Race TR4 (strong pathogenicity)



Fusarium oxysporum f. sp. cubense race TR4

The Pandemic of New FWB
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How is Foc transmitted?
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Transmission through
• Soil
• Air

• Water (Flood, irrigation)
• Human foot and equipment
• Seedling plants

Countermeasures 

• Isolation of fields

• Hygiene management (Shoes, Equipment)
• Prohibition of movement of Seedlings, Fruits, 

Residues
• Pathogen-free seedlings
• Soil disinfection, etc.
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https://www.sciencemag.org/news/2019/07/devastating-banana-disease-may-have-
reached-latin-america-could-drive-global-prices

New FWB has arrived in
South America (Colombia)

2019
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New FWB has arrived in
South America (Piura, Peru)

2021



2019 Colombia (García-Bastidas et al., 2019)

2021 Peru (Acuña et al., 2020) 
2023 Venezuela (Herrera et al., 2023)

Colombia

Peru

Venezuela

New FWB has arrived in
South America (Venezuela)

2023
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¿Qué es Fusarium Raza 4 Tropical – Foc R4T?

✓ Hongo del suelo que sobrevive por décadas.
✓ No tiene control químico eficaz.

✓ Afecta todas las variedades de banano y

plátano.

✓ Causa marchitez hasta la muerte de la planta.

✓ No existen variedades comerciales resistentes
ni tolerantes.

✓ No afecta la fruta ni a las exportaciones.

✓ No afecta la salud humana.

Countermeasures in Peru
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Foc R4T - Piura - Perú - 2022

Mapa de sitios de prospección y positivos a 

Foc R4T a nivel nacional (2021 – 2022)
Ubicación de reportes positivos a Foc R4T 

(Sullana – Piura) (Abril 2021 – Agosto 2022)

Countermeasures in Peru
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Contención – manejo de Foc R4T en Piura

Countermeasures in Peru
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New FWB has arrived Japan
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Diagnose by LAMP using TR4-specific primer set
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Foc-specific
(Ce15)

Race 4-specific
(SIX8)

Race SR4-specific
(SIX7)

Race TR4-specific
(SIX6)
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New FWB has arrived Japan



The pathogen of the 
FWB found in 

Honshu, Japan, is in 
the same cluster III 

as race TR4 (the 
new FWB pathogen) 
reported overseas
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New FWB has arrived Japan



Mock

Race 1
160527
Miyako

Race SR4
23TM22-4

Tingo Maria

TKS1-1

MAS1-1

Race
TR4

cv. Cavendish
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New FWB has arrived Japan
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The Pandemic of New FWB

https://www.cabidigitallibrary.org/doi/full/10.1079/cabicompendium.59074053#REF-DDB-206236



2023–
2027

Establishment of an Alert System for Fusarium 
oxysporum f. sp. cubense, the Banana and 

Plantain Wilt Pathogen, and Mitigation of the 
Disease

A JST/JICA SATREPS Project
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Tomato wilt

One of the most 
devastating 
soilborne diseases 
of tomato   
caused by F.  
oxysporum f. sp.

Lycopersici (Fol)

Browning of vascular, wilt, death 



modern tomato

pathogen

domestication & breeding

acquisition of pathogenicity 

coevolution in agriculture

wild tomato

non-pathogen 

How and when did Fol emerge?

Hypothesis: Fol emerged from a mutualistic non-
pathogenic F. oxysporum on tomato, during 
domestication and breeding of tomato

To verify the hypothesis, we tried to make a collection of F. 
oxysporum from tissues and rhizosphere of wild, transition, 
and modern tomatoes for phylogenetic analysis



Domestication in 
Mexico

Wild tomato

Transition tomato

S. chilense, S. peruvianum, S. chmielewskii,                

S. habrochaites, S. neorickii, S. pennellii,                          

S. cheesmaniae, S. galapagense, S. pimpinellifolium

S. lycopersicum var. cerasiforme

S. lycopersicum jitomate criollo

Modern tomato

S. lycopersicum

History of tomato 
domestication and breeding 



S. pennellii

S. pimpinellifolium S. peruvianum

Sampling wild tomatoes in Peru, 
2010–2018



Collection of tomatoes

Wild tomatoes
S. chilense    Chile, Peru
S. Peruvianum   Chile, Peru
S. habrochaites  Peru
S. pennellii    Peru
S. pimpinellifolium  Ecuador, Peru

Transition tomatoes
S. lycopersicum var. cerasiforme  Mexico
S. lycopersicum (jitomate criollo)  Mexico

Modern tomatoes   
  S. lycopersicum  Chile, Mexico, Italy, 

       Afganestan, Japan

None of the wild and transition tomatoes 
presented wilt disease symptoms



from rhizosphere soil 
isolated by soil-plate method (Warcup, 1950) using Fusarium selective 

medium （Komada 1975）

incubate for     
3 to 5 days

from tomato tissues

Place the piece of tissues on 
Potato sucrose agar medium    
and Fusarium selective 
medium 

isolation

isolation

incubate for     
3 to 5 days

Isolation of F. oxysporum



All the isolates collected were 
non-pathogenic to tomato

S. chilense

S. peruvianum

S. pimpinellifolium

S. Lycopersicum  var. cerasiforme

jitomate criollo

S. lycopersicum

30

134

0 44

16

23

26 77

42 392

1

1

12

0

S. habrochaites

S. pennellii 0 13

2 55

Wild tomato（Chile, Ecuador, Peru）

Transition tomato（Mexico）

Modern tomato（Chile, Mexico, Italy, Afghānestān, Japan）

Plant tissues Rhizosphere



18S rDNA 18S rDNA28S rDNA

5.8S rDNA

rDNA-IGS region（~2.6kb）

Phylogenetic analysis

primers

 Many polymorphisms are conserved in ribosomal DNA-
intergenic spacer (rDNA-IGS) region of F. oxysporum            
(Appel and Gordon 1996)

construction of the phylogenetic tree of
 F. oxysporum isolates



JIE-20s 
JIE-17s 

JIE-4s 
851209e (f. sp. fragariae)

JIE-13s 
851209m (f. sp. glycines)

JTE-5s 

JTE-15s 

JIE-1s 
CP4-4510s 

PPp10-36223s 
MAFF 103051 (f. sp. melongenae)

JTE-2s 
SUF 1017 (f. sp. apii) 
JKE-28s 
JIE-16s 
Rif-1 (f. sp. cucumerinum) 

JTE-4s 
JIE-19s 
JKE-11s 

JKE-26s 
JKE-5 

101-2 
JTE-18s 
F4 

PP10-3021s 
PP11-7049s 

PH11-606s 
JKE-15 

Cong: 1-1 (f. sp. conglutinans)
ME-8s 

MAFF 305608 (f. sp. niveum)
ItE-4s 

ItE-10s 
EPp40-4s 
EPp43-2s 
MCE10-J58s 
EPp41-15rs 
EPp40-5s 
EPp41-14rs 
ME9-67111s 

ItE-5s 
880116a (f. sp. matthioli)

PPp11-801s 

PH11-6025s 
ItE-31s 

ItE-3s 
ItE-15s 

9901 
PP10-326s 

MCE10-F16s 
PC11-7731s 
MCE10-C5s 
PC11-7744s 

CE4-3917s 
ME-19s 

CC361-14s 

EPp45-4s 
PH11-585s 

PH11-605s 
MP-2 
ME-54 
CE4-3924s 
CE4-16 

ME-53 
PP10-3026s 
PPp11-8021s 
EPp41-11rs 

MAFF 103070 (f. sp. batatas )
JKE-3 
CE2-17 
CP4-453s 
CE2-28DE 
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JKE-27 
CE4-3912s 
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ME9-6713s 
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EPp43-3s 
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Non-pathogenic F. oxysporum isolated 
from wild tomato
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from transition tomato
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from modern tomatoes

Phylogeny revealed
three clades including
Fol and non-pathogenic
isolates from Peruvian 
wild tomato and Mexican 
transition tomato



Clade A1 

Clade A2 

Clade A3 

CP2-1
PPp11-802s
PP11-8422s
PP11-8328s
PH11-613s

JTE-3s

MAFF 103038
Saitama-ly2
JCM 12575

Fo304

MAFF 103043
NBRC 6531

ItE-2s
ME-2m

OSU-451B

MCE-9515s
PH11-572s
PP11-7035s
4287
CT-1
mx-13
mx20
MAFF 103036

NRRL 26034
F240

MN-66

F-1-1

MCE10-F12s
CE4-3916s

ME-44s
MCE10-E14s

tomino1-c
Chz1-A

MCE10-F11s

DA-1/7

FOL

Non-pathogenic F. oxysporum isolated 
from wild tomato

Non-pathogenic F. oxysporum isolated 
from transition tomato

Non-pathogenic F. oxysporum isolated 
from modern tomatoes



Non-pathogenic F. oxysporum isolated from 
wild tomato in Peru, from transition tomato, 

and from modern tomato were grouped 
together with Fol

The origins of Fol could be non-
pathogenic mutualistic F. 

oxysporum isolates on wild 
tomatoes in Peru



Pathogenic Fol has additional 
chromosomes than non-

pathogenic Fusarium sp. (NPF)
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Fol carries a dispensable and 
mobile small pathogenicity 

chromosome ch14

Ma et al. (2010) Nature 464: 367-373



Small chromosome ch14 is 
unique in Fol 

F
o
l 
 

F. verticillioides Ma et al. (2010) Nature 464: 367-373

Ch14 



Small chromosome ch14 
determines pathogenicity of Fol

Ma et al. (2010) Nature 464: 367-373

Non-pathogenic F. 
oxysporum (Fo47) 
gained pathogenicity to 
tomato (2A) by 
obtaining ch14 by 
protoplast fusion with 
Fol (Fol007)

Fo47
（Non-pathogenicF. oxysporum）

Fol007
（Fol race 2）

2A
(Fo47 obtaining ch14)

Fo
l0

07

Fo
4

7

2
A

SIX6



Non-pathogenic F. oxysporum from wild, 
transition, and modern tomato does not have 

ch14; Fol carries ch14,
Suggesting horizontal transfer of ch14 
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Non-pathogenic F. oxysporum gained 
pathogenicity to tomato by obtaining the 
small chromosome maybe by horizontal 

chromosomal transfer (HCT) 

Non-pathogenic F. oxysporum

F. oxysporum f. sp. lycopersici,
The tomato wilt fungus (Fol)

Small chromosome
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F4 

PP10-3021s 
PP11-7049s 

PH11-606s 
JKE-15 

Cong: 1-1 (f. sp. conglutinans)
ME-8s 

MAFF 305608 (f. sp. niveum)
ItE-4s 

ItE-10s 
EPp40-4s 
EPp43-2s 
MCE10-J58s 
EPp41-15rs 
EPp40-5s 
EPp41-14rs 
ME9-67111s 

ItE-5s 
880116a (f. sp. matthioli)

PPp11-801s 

PH11-6025s 
ItE-31s 

ItE-3s 
ItE-15s 

9901 
PP10-326s 

MCE10-F16s 
PC11-7731s 
MCE10-C5s 
PC11-7744s 

CE4-3917s 
ME-19s 

CC361-14s 

EPp45-4s 
PH11-585s 

PH11-605s 
MP-2 
ME-54 
CE4-3924s 
CE4-16 

ME-53 
PP10-3026s 
PPp11-8021s 
EPp41-11rs 

MAFF 103070 (f. sp. batatas )
JKE-3 
CE2-17 
CP4-453s 
CE2-28DE 
PPp11-8022s 
JKE-27 
CE4-3912s 
MCE-77 
CE4-398s 
JKE-1 
PP10-316s 
ME9-6721s 
CE4-392 
JKE-29s 
CE2-18 
CP4-4515s 
ME-23s 
PC11-7611s 
JKE-34s 
JKE-31s 

CP4-4310s 
CE4-3927s 
CP2-21G 
PH11-602s 
CP4-454s 
PH11-612s 
PH11-6021s 
PPp11-8121s 
CP-22B 
PH11-582s 
PH11-60212s 
PC11-7614s 

MCE10-J52s 

F-1-1 
MCE10-F12s 
CE4-3916s 
ME-44s 
MCE10-E14s 
tomino1-c 
Chz1-A 

MCE10-F11s 

DA-1/7 
JIE-7s 
FokF233 (f. sp. asparagi) 
JIE-2s 
JTE-1s 
880803e-2 (f. sp．spinaciae)

ME-12s 

JKE-6 

MCE10-C3s 
ME9-67110s 
MCE10-F18s 
ME-7s 
ME-42s 

ItE-19s 
ItE-8s 

PPp11-8221s 
PH11-608s 
PP11-8421s 
PP11-8433s 
PP11-7044s 
PP11-7025s 
PP11-7035s 

MCE-9515s 
Saitama-rly2 (f. sp. radicis-lycopersici) 
PH11-572s 
CE4-391s (f. sp. radicis-lycopersici) 
NetRL (f. sp. radicis-lycopersici) 
Saitama-rly (f. sp. radicis-lycopersici) 
PP11-7035s 

MAFF 103047 (f. sp. radicis-lycopersici) 
4287 
CT-1 
mx-13 
mx20 
MAFF 103036 

NRRL 26034 
F240 

MN-66 
NRRL 26406 (f. sp. melonis)

PPp10-361s 
ItE-21s 
ItE-16s 
ItE-6s 
ME-55 

EPp41-110rs 
EPp45-7s 

PP11-7042s 
PH11-614s 
PP11-704s 
PH11-6022s 
PP11-7033s 
PP11-7022s 

CP2-1 

PPp11-802s 
PP11-8422s 
PP11-8328s 
PH11-613s 
JTE-3s 

MAFF 103038 
Saitama-ly2 
JCM 12575 
Fo304 
MAFF 103043 
NBRC 6531 
ItE-2s 
ME-2m 
OSU-451B 

CE4-19 
CP2-2OQ 
MCE-952s 
ItE-1 
ItE-14s 
ME9-67212s 

PH11-611s 
PH11-6029s 

PP11-7024s 
ItE-23s 
ItE-11s 

ME9-6713s 
EPp40-1s 
EPp411-2rs 
EPp411-13rs 
EPp45-5s 

PP11-70412s 
PP10-2710s 
PC11-7723s 
SB1-1 (f. sp. lactucae) 
AMEs 
AGEs 
ASEs 

PC11-7935s 
ME-51 

EPp412s 
EPp40-3s 
EPp411-8rs 
EPp43-3s 
EPp411-16s 
EPp411-16 

PP11-705s 

EPp40-2s 
EPp411-17 

EPp411-17 
PPp11-811s 
CE4-15 
EPp43-4s 

PH11-6026s 
PH11-603s 
PP11-712s 
PP11-7052s 
PC11-751s 
PP11-8431s 
PP11-7031s 
PP11-692s 
PP11-672s 
PC11-7933s 

PC11-7931s 
PP11-7021s 
PP11-7041s 
PP11-7053s 

CC161-12s 
MDI0312160 

CC161-4s 
ItE-29s 
MCE10-C2s 

MCE10-E19s 
EPp45-1s 
PC11-783s 

ME-15s 
EPp43-1s 

PP11-84219s 
CP4-46s 
CP4-45 
PPp11-8222s 
CE4-12 
CP4-4318s 
PPp10-351s 
PPn11-7321s 
PP11-8323s 
CE2-19 
PPn11-741s 
PPn11-721s 
CP4-4412s 
CP2-1AF 
CP4-4512s 
CP4-46s 
PPp11-5721s 
CE2-5 
PP10-314s 
PH11-583s 
PC11-7922s 
CP4-441s 
PP11-831s 
PP11-8321s 

PP11-841s 
PPp11-821s 
PP11-8423s 
PP11-843s 
PH11-60211s 

PC11-791s 
PC11-7613s 
PC11-7612s 

PP11-70411s 

PH11-601s 
PH11-6024s 

FGSC 7610 (F. sacchari) 
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69$$FOL Clade A1

FOL Clade A2

FOL Clade A3

0.5 substitutions/site

Fol is not 
monophylogenetic

Fol isolates are found in three 
distinctive clades (A1–A3)
=at least three independent 
events where non-pathogenic 
F. oxysporum gained 
pathogenicity
=at least three independent 
HCT

Kawabe (2005) JGPP 71:263

Small chromosome

Small chromosome

Small chromosome



How and when did Fol emerge?

Ancient Fol
(non-pathogenic 

mutualistic F. 
oxysporum )

Fol

Wild tomato Transition 
tomato

Modern tomato

Small chromosome ch14
by horizontal transfer

Peru Mexico Worldwide

F. oxysporum
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