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1 in vitro

Potato dextrose agar PDA Fusarium oxysporum f. sp. 

asparagi Foa : MAFF 305556 Czapec-Dox 1 , Czapek, 1902-1903; Dox, 1910

25 Foa

Czapek-Dox

0.01 0.1% w/v

Czapec-Dox Foa

25 1 100rpm 5

2 in vitro

Knop’s Blok and Bollen, 1996,  2 1

0.01 0.1% w/v Knop’s Asparagus 

officinalis L., ‘Welcome’ 70 10

1% 15 Knop’s

20 2 Knop’s

LPH-241SP, 25

25 16 4 Foa

PDA 5×5mm 1 Foa 2

IDL Index of diseased length in total storage root 

length
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0 0% 1 ~20% 2 20~40% 3 40~60% 4 60~80% 5 80~100% 

 

× 5 ( ) × 5 ( )
IDL × 100DL

∑ ×   



NaNO            
KH PO                      
MgSO 7H O         
KCl                   
FeSO 7H O                   
Sucrose  

Table 1. Composition of Czapek-Dox medium.

pH                                                       5.8 

3g/l 
1g/l 

0.5g/l 
0.5g/l 

0.01g/l 
30g/l 

5 



KNO                     
Ca(NO ) 7H O       
KH PO                 
MgSO 7H O                 
FeSO 2H O         
Sucrose  
Agar  

Table 2. Composition of Knop’s medium. 

0.2g/l 
1.15g/l 
0.2g/l 
0.2g/l 

0.12g/l 
30g/l 

12.5g/l 
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Fig.1 Asparagus seedlings inoculated with Fusarium oxysporum f. sp. asparagi (Foa).  

Foa 
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1 in vitro

100

2 Foa

4

0.01% 0.1%

2 in vitro

4

0.01 3

0.1% 0.01% 0.1%

2

IDL 5

0.01% IDL 60  
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Fig. 2. Influence of allechemicals on propagation of Foa (Fusarium oxysporum f. 
sp. asparagi; MAFF305556).       , 0.01%; , 0.1%.  Bars represent standard 
errors (n=3). Columns denoted by different letters indicate significant difference 
according to Tukey's test (P<0.05).       
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Fig. 3.  Dry weight of asparagus seedlings 4 weeks after sowing in allelochemical-
added Knop’s media.    , control;    , 0.1%;     , 0.01%. Bars represent standard 
errors (n=5). Columns denoted by different letters indicate significant difference 
according to Tukey's test (P<0.05).   
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Fig. 4. Incidence of Fusarium root rot in asparagus plants 2 weeks after Fusarium 
oxysporum f. sp. asparagi (MAFF305556) inoculation. Ratio of diseased storage roots 
in a root system;  , -20;       , 20-40;       , 40-60;       , 60-80;        , 80-100 (%).  
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Fig. 5. Index of diseased length to total root length (IDL) in asparagus plants 
cultured by allelochemical-added media.     , control;      , 0.1%;        , 0.01%. 
Bars represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).       
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in vitro Czapek-Dox 4

Hong-sheng 2010 Fusarium 

oxysporum f. sp. niveum in vitro

4

2 in vitro

0.01

1

Miller 1991

1999

Cheaves 2003

IDL

1

0.1%

0.01%
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Sang 2002

Glycine max

Gisele . 2011 

1 2

Hartung 1990 Miller 1991  Inderjit 1995 1999 Hong-sheng 2009

Fusarium Hong-Sheng 2010 Hong-Sheng

2012 Citrullus lanatus Fusarium

Fusarium

Blok

1997

Fusarium
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Weber 2006

Vujanobic 

2006 Fusarium oxysporum f.sp. asparagi F. proliferatum

Fusarium crown and root rot FCRR

Nahiyan 2008

Fusarium Fusarium oxysporum AMF arbuscular 

mycorrhizal fungi Damicone and Manning, 1982; 

Schneider, 1984; , 1984; Paulitz 1987; Park 1988; , 1991; Akköprü and 

Demir, 2006 AMF Matsubara 1995, 2004; Wu 

2006 Ozgonen and Erkiric, 2007

Hirrel and Gerdemann, 1980; El-Kherbawy 1989; Ruiz-Lozano 

1996; Al-Karaki, 2000; Matsubara 2000

AMF

AMF

Marschner and Dell 1994; Smith 2003

NaCl
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FCRR Reid 2001 Elmer 2002

NaCl (Okada and Matsubara 2012)

F. oxysporum

1984 Nahiyan (2010) AMF

(Nahiyan 2010)

O2
- H2O2

OH 1O2 (Foyer 1994; Asada, 1999)

SOD APX

CAT

1990; 1999;  2002

DNA

Kaiser, 1976; Dhindsa 

1981; McRae and Thompson, 1983; Powles, 1984; Panavas and Rubinstein 1998; Asada, 1999;  

2001; Sohal 2002

SOD APX Foster 

and Hess, 1982; Feierabend 1992; O’kane 1996; Fadzillah 1996; Asada, 1999; Kang and 

Saltvait, 2002; Gulen and Eris, 2004

HWC O2
-

Doke, 1983

O2
- H2O2 Apostol 1989; , 

1992; Sanchez 1993; Tenhaken 1995
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SOD O2
-

Zacheo 1988 Botrytis cinerea

SOD Kuźniak and Skłodowska, 2004

SOD

Buonaurio 1987; Ehsani-Moghaddam 2006; Sahoo 2007

30%

β PR-1

PR-2 PR pathogenesis-related

Pastori 2003

PR-1 Pastori 2003

APX APX

1999

AMF AMF 23

30 SOD (Arines 1994) 5 APX CAT

Blilou 2000 AMF

5 10 SOD APX

Li 2008 AMF

2007

AMF NaCl

AMF

3 2 AMF
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split root system AMF NaCl

DPPH AMF

NaCl SOD
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1 AMF

1. AMF

(120 1.2kg/cm2 20 ) SM-2

13.5×27.0×15.5cm 3 ‘ ’

 2

AMF  Glomus intraradices Gi 2g /

AMF 20

70 N : P : K 13 : 11 : 13 0.1g/

 

2.

AMF 10 10

3.

PDA Fusarium oxysporum f. sp. asparagi Foa : 

MAFF 305556 potato sucrose PS 25

Foa 105 AMF 10

50ml/

5.

6 10

6
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0 0% 1 ~20 2 20~40 3 40~60% 4 60~80% 5 80~100% 

 

 

 

2 Split root system

2-1 Split root system

1

TM 1

19.0×33.5×15.5cm Asparagus officinalis L., ‘Welcome’

180 N:P:K 13:11:13

50ml 2 day

2 AMF, NaCl

6 8 2 R L

split root system 7 20 AMF Glomus 

intraradices Gi 8 R 2g

AMF 8 1 NaCl 50mM R 1 10ml

Potato dextrose agar PDA 25 14

Non-pathogenic Fusarium oxysporum NPFO, NF1 potato sucrose PS

25 2 NPFO 105 /ml

AMF 19 R 50ml

× 100
∑ ×  

×
× 5  
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3

2 F. oxysporum f. sp. asparagi, MAFF305556

Foa 106 /ml AMF 21

50ml

4

AMF 21 4

5

5 AMF

Phillips and Hayman 1970 AMF 21 4

10 KOH 120 1.2kg⁄cm2 15

50ml 50ml 50ml 1g

70% 500ml 0.5 1.0cm

AMF

3

6

4 10

6

0 0% 1 20% 2 20% 40% 3 40% 60%

4 60% 80% 5 80%
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× 100 

2-2

1

2-1 AMF 21 4

2 SOD

SOD Beauchamp and Fridovich 1971 8

0.1g 50mM pH7.0 3.0ml

EF 1300 13,000rpm 5 5

50mM pH10.2 2.3ml 10mM NBT 0.1ml 4.0mM 0.1ml

3.0mM EDTA 0.1ml 0.15% w/v BSA 0.1ml

0.1ml 6.0 units/ml 100 0.1ml

30 30 14mM CuCl2 0.2ml

560nm U 1900

50% SOD

1unit

3 DPPH

DPPH 1999 9

0.1g 80 3ml 13,000rpm 5 5

400μM DPPH 0.2M MES pH6.0 20%

0.9ml 80% 0.75ml 0.15ml 30 30

 

5  
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80% 0.15ml

520nm Trolox 0 150μg⁄ml

DPPH

Roe 1948 10

0.1g 5 5g 100ml

3ml 13,000rpm 5 5

2 0.5ml 0.03%DCIP 2,6 15mg

50ml 1ml 2% 5

5% 100ml 2g 0.5ml

2 DNP 9N 100ml 2,4

2g 0.25ml 50 70

85% 30

2%DNP 2%DNP 0.25ml

520nm L-

10 25μg⁄ml

5

Folin and Denis 1915 11

0.1g 80% 4ml

13,000rpm 5 5 3ml

0.4ml 70ml
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10g 12 n 2g 5ml

2 100ml 0.2ml

0.4ml 30

0.2ml 30

700nm

25 100μg⁄ml

3 AMF SOD

1 AMF

TM 1 19.0×33.5×15.5cm

‘Welcome’ AMF2 Glomus intraradices Gi  

Gigaspora margarita GM 2g

AMF 20

180

2

2 2-1 2 Foa; MAFF305556

106 /ml AMF 8

50ml/

3

AMF 8 8

5
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4

8 10

2-1 6

5

8 1g

10-3 10-4 3

25 5

1g 10x x:

6. 

(1)

AMF 8 8

(2)SOD

SOD 2 2-2 2

(3) APX

APX Wu 2006 12 0.1g 50mM

pH7.0 3.0ml 13,000rpm 5

5 0.2ml pH7.0 3.0ml 10mM

0.2ml 290nm 10mM H2O2 0.2ml
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1 290nm APX Nakano and Asada

1981 2.8mM/cm

1 APX

(4) DPPH

DPPH 2 2-2 3

(5) SOD

SOD Davis (1964) Sahoo (2007) Native PAGE 

13 0.5g Extraction buffer (PVPP 

75mg/l, Tris 12.1g/l, sucrose 68g/l, EDTA 170mg/l, Tween80 0.031ml/l, 

800mg/l, pH7.8) 3ml (13,000rpm, 5 , 15

) 18μl 40%  2μl, BPB 10mg

1ml 9ml) 1μl AE-6500,

Tris Glycine buffer (Tris 3.0g/l, 14.4g/l) 12.5%

e-PAGEL E-T 12.5L, 20μl

:100V, :20mA, 130 Beauchamp and Fridvich (1971)

A (Tris 1.97g, NBT 50mg, 1.0M 80ml, 170ml, pH 7.5 8)

30 B (Tris 1.97g, 1.0M 

80ml 0.15mg, EDTA 5mg, TEMED 25μl, 170ml, pH7.5 8)

SOD Rf

Manganris and Alston (1992) BPB

1

 



Fig. 6. Split root system method. 
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Fig. 7. Treatments of split root system. 

Control AMF NPFO 

NaCl AMF NPFO AMF NaCl 

L R L R L R 

AMF NPFO 

L R L R L R 

NaCl 

AMF 

NPFO 

AMF 

NaCl 
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Table  3.  Composition of Komada’s medium. 
 

Media Chemicals/compounds 
 

Quantities 
(g/l) 

Remarks 

Komada’s 
medium K2HPO4 1.0  

KCl 0.5  

Pentachloronitrobenzen, 

Na2B4O7 10H2O, cholic 

acid sodium salt and 

streptomycin sulphate 

was added finally when 

the medium was 

autoclaved in 1.0 lit, of 

distilled water and 

cooled. Finally pH has 

adjusted to 3.8 0.2 with 

10% H3PO4.  

MgSO4 7H2O 0.5  
Fe-Na-EDTA   0.01  
L-asparagine 2.0  

D-galactose 20.0  

Agar 15.0  

Pentachloronitrobenzene  1.0  

Na2B4O7 10H2O 10.0  

Cholic acid sodium salt  0.5  

Streptomycin sulphate  0.3  

30 



Test tube for 
extracted 
enzyme 

Test tube for blank (absence 
of extracted enzyme) 

2.3 ml of 50 mM sodium carbonate buffer  

0.1 ml of 1.0 mM NBT solution   

0.1 ml of 4.0 mM xanthine solution   

0.1 ml of 3.0 mM EDTA solution   

0.1 ml of 0.15% BSA solution (100-fold dilution)  

0.1 ml of  xanthine oxidase solution   

0.1 ml of extracted enzyme 0.1 ml of distilled water 

30 minutes keep at room temperature in dark condition   

0.2 ml of 14 mM copper chloride solution     

Measure absorbance of the reaction mixture at 560 nm wave length  

Fig. 8. Flow diagram of the procedures in SOD analysis. 
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Test tube Test tube (Blank) 

0.9 ml of DPPH solution  

0.9 ml of MES buffer   

0.9 ml of 20% ethanol  

0.75 ml of 80% ethanol  

0.15 ml of  extracted sample 0.15 ml of 80% ethanol  

30 minutes keep at 30 oC in dark condition   

Measure absorbance of the reaction mixture at 520 nm wave length  

Fig. 9. Flow diagram of the procedures in DPPH radical scavenging activity. 
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Test tube Test tube (Blank) 

0.5 ml of extracted sample 

0.5 ml of 0.03% DCIP solution   

0.5 ml of 2% thiourea-5% metaphosphoric acid solution   

0.25 ml of 2% DNP solution   

Keep in water-bath at 50 oC for 70 minutes     

1.25 ml of 85% sulfuric acid solution   

0.25 ml of  2% DNP solution   

30 minutes keep at 30 oC in dark condition   

Measure absorbance of the reaction mixture at 520 nm wave length  

Fig. 10. Flow diagram of the procedures in ascorbic acid contents assay. 
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Test tube Test tube (blank) 

3.2 ml of distilled water 

0.2 ml of extracted sample 

0.2 ml of Folin-Denis solution 0.2 ml of distilled water 

0.4 ml of saturated sodium carbonate solution 

Keep  in dark at 30 oC for 30 minutes 

Measure absorbance of the reaction mixture at 700 nm wave length  

Fig. 11. Flow diagram of the procedures in polypehnol contents assay. 
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Test tube 

3 ml of 50 mM Phosphate  buffer  

0.2 ml of extracted enzyme solution   

0.2 ml of 10mM ascorbic acid solution   

Measure absorbance of the reaction mixture at 290 nm wave length  

0.2 ml of 10 mM Hydrogen peroxide solution  and keep 1 minutes in 
the room temperature  

Measure absorbance of the reaction mixture at 290 nm wave length  

Fig. 12. Flow diagram of the procedures in APX analysis. 
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0.5g of fresh 
sample 

Extraction buffer (pH 7.8) containing:  
75 mg/L PVPP 
 12.1 g/ L Tris 
 68 g/L sucrose 
170 mg /L EDTA 
0.031 mL/L Tween 80 
 800 mg/ L sodium-thioglycolate. 

Centrifuge the homogenate at 15 min in 5°C and use the supernatant 
for electrophoresis 

Run at 100V, 20mM and 130 min 

Mix extracted enzyme, 18 μl : sucrose, 2 μl : BPB, 1 μl. From there 
apply 20 μl for each well 

Staining A (pH 7.5 to 8) 
Tris, 1.97 g + NBT, 50 mg + HCl, 80 ml + D. water, 170 ml 
Duration 30 minutes in dark at room temperature then washed by 
D.water once. Use shaker during the time of staining. 

Staining B (pH 7.5 to 8) 
Tris, 1.97 g + HCl, 80 ml + D. water, 170 ml + ribo flavin, 1 mg + 
EDTA, 5 mg + TEMED, 25 μl  
Use shaker and 15W two florescent lamps during the time of staining. 
Stain until bands are visualized.    

Fig. 13. Flow diagram of the procedures in SOD isozyme analysis. 
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1 AMF

AMF 12 AMF

14,15 AMF

6

AMF 16

20 50%

6 AMF

17,18 AMF

2 Split root system

1 AMF

AMF NPFO

19

AMF 27 R

L NaCl AMF

2

70 AMF

NaCl
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24,25,26 AMF R L

40 NPFO R

L 50 NaCl R

L 50 AMF-NPFO

R L

AMF-NaCl R L

3

(1) SOD

SOD L R  SOD

AMF NPFO NaCl 20 AMF

NPFO SOD AMF

NPFO NaCl SOD R L

28

(2) DPPH

DPPH AMF-NaCl

AMF NPFO NaCl AMF-NPFO

(R) (L) 21

(R) (L) 29

(3)

L R

AMF NPFO NaCl 22
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AMF NaCl AMF NPFO

NaCl R L

30

(4)

AMF NPFO NaCl

23 R L

AMF AMF-NaCl

R L

31

3 AMF SOD

1 AMF

AMF

Gi 32,33,39 8

Gi GM AMF

37,38 Gi 10

GM 20

2

Gi GM

GM 4

Gi GM GM
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3 SOD

SOD AMF

Gi 34

SOD Gi GM

40

 

4 APX

APX AMF

Gi 35

APX Gi GM

41

5 DPPH

DPPH AMF

GM 36

Gi GM DPPH

42

6. SOD

SOD Cu/ZnSODs Mn/Fe-SODs

AMF 43

Mn/Fe Cu/ZnSOD

Foa- SOD-1 Rf = 0.37, Cu/Zn-SOD

Gi GM 8 Foa+

SOD-1 -2 Rf = 0.37  0.33, Cu/Zn-SODs Gi GM
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Cu/Zn

SOD-3 (Rf = 0.25, Mn/Fe-SOD) GM

 



Fig. 14. Growth enhancement in mycorrhizal (Glomus intraradices, Gi) asparagus plants.   

Control Gi 

‘Manmi murasaki’ ‘Super welcome’ 

Control Gi 
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Fig. 15. Dry weight of shoots and roots in asparagus plants before Fusarium 
oxysporum f. sp. asparagi  (MAFF3055567) inoculation.      , control;     , Glomus 
intraradices. Bars represent standard errors (n=5). Columns denoted by different 
letters indicate significant difference according to Tukey's test (P<0.05).   
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Fig. 16. Disease incidece and index of Fusarium root rot in asparagus plants 6 weeks after 
Fusarium oxysporum f. sp. asparagi (MAFF 305556) inoculation. Ratio of diseased storage 
roots:    , ~20;      , 20~40;      , 40~60 ;     , 60~80;     , 80~100 (%).     , Control;     , Glomus 
intraradices. Bars represent standard errors (n=5). Columns denoted by different letters indicate 
significant difference according to Tukey's test (P<0.05).   
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Fig. 17 Asparagus plants (‘Welcome’) after Fusarium oxysporum f. sp. asparagi 
(MAFF 305556) inoculation. 

Control Glomus intraradices 
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Fig. 18. Dry weight of shoots and roots in asparagus plants after Fusarium 
oxysporum f. sp. asparagi (MAFF 305556) inoculation.      , control;       , Glomus 
intraradices. Bars represent standard errors (n=5). Columns denoted by different 
letters indicate significant difference according to Tukey's test (P<0.05).       
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Fig. 19. Dry weight of shoots and roots of asparagus plants before Fusarium 
oxysporum f. sp. asparagi inoculation. C, control; AMF, Glomus intraradices; 
NPFO, Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM 
NaCl.     , non-treated root parts with AMF, NPFO and NaCl;     , treated root 
parts with AMF, NPFO and NaCl. Bars represent standard errors (n =10). 
Columns denoted by different letters indicate significant difference according 
to Tukey's test (P<0.05). 
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Fig. 20. Superoxide dismutase (SOD) activity in shoots and roots before Fusarium 
oxysporum f. sp. asparagi  inoculation. C, control; AMF, Glomus intraradices; NPFO, 
Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl.     , non-
treated root parts;     , treated root parts. Bars represent standard errors (n=10). Columns 
denoted by different letters indicate significant difference according to Tukey's test 
(P<0.05).       
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Fig. 21. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity in shoots and roots 
before Fusarium oxysporum f. sp. asparagi inoculation. C, control; AMF, Glomus intraradices; 
NPFO, Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl.     , non-
treated root parts;     , treated root parts. Bars represent standard errors (n=10). Columns 
denoted by different letters indicate significant difference according to Tukey's test (P<0.05).    
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Fig. 22. Ascorbic acid contents in shoots and roots before Fusarium oxysporum f. sp. 
asparagi inoculation. C, control; AMF, Glomus intraradices; NPFO, Non-
pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl.      , non-
treated root parts;      , treated root parts. Bars represent standard errors (n=10). 
Columns denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).      

 A
sc

or
bi

c 
ac

id
 c

on
te

nt
s  

in
 ro

ot
s (

m
g/

g 
FW

) 
 A

sc
or

bi
c 

ac
id

 c
on

te
nt

s  
in

 sh
oo

ts
 (m

g/
g 

FW
) 

0

1

2

3

4

5

0

5

10

15

20

25

C AMF

b 

a 

b b 

a 
a 

0

1

2

3

4

0

5

10

15

20

C NPFO AMF+NPFO

b 
a 

c 

b b 

a 
a a 

a 

b a 

c 

b b 

a a 
ab 

a 

50 



0

10

20

30

40

0

20

40

60

C AMF

  P
ol

yp
he

no
l c

on
te

nt
s  

in
 sh

oo
ts

 (m
g/

g 
FW

) 
 P

ol
yp

he
no

l c
on

te
nt

s  
in

 ro
ot

s (
m

g/
g 

FW
) 

Fig. 23. Polyphenol contents in shoots and roots before Fusarium oxysporum f. sp. 
asparagi inoculation. C, control; AMF, Glomus intraradices; NPFO, Non-
pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl.      , non-
treated root parts;      , treated root parts. Bars represent standard errors (n=10). 
Columns denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).       
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Fig. 24. Incidence of Fusarium root rot in asparagus plants 4 weeks after 
Fusarium oxysporum f. sp. asparagi (MAFF305556) inoculation. C, control; 
AMF, Glomus intraradices; NPFO, Non-pathogenic Fusarium oxysporum f. sp. 
asparagi; NaCl, 50 mM NaCl; L, non-treated root parts with AMF, NPFO and 
NaCl; R, treated root parts with AMF, NPFO and NaCl. Ratio of diseased 
storage roots;       , -20;      , 20-40 ;      , 40-60;      , 60-80;   , 80-100 ( % ).  
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Fig. 25. Disease index of Fusarium root rot in asparagus plants 4 weeks after 
Fusarium oxysporum f. sp. asparagi (MAFF305556) inoculation. C, control; 
AMF, Glomus intraradices; NPFO, Non-pathogenic Fusarium oxysporum f. 
sp. asparagi; NaCl, 50 mM NaCl; L, non-treated root parts with AMF, 
NPFO and NaCl; R, treated root parts with AMF, NPFO and NaCl. Bars 
represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).       
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Fig. 26. Asparagus roots after Fusarium oxysporum f. sp. asparagi inoculation.  
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Fig. 27. Dry weight of roots in asparagus plants 4 weeks after Fusarium 
oxysporum f. sp. asparagi inoculation. C, control;   AMF, Glomus intraradices; 
NPFO, Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM 
NaCl.     , non-treated root parts with AMF, NPFO and NaCl;      , treated root 
parts with AMF, NPFO and NaCl. Bars represent standard errors (n =10). 
Columns denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).  
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Fig. 28. Superoxide dismutase (SOD) activity in roots 4 weeks after Fusarium 
oxysporum f. sp. asparagi  inoculation. C, control; AMF, Glomus intraradices; NPFO, 
Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl;      , non-
treated root parts;      , treated root parts.  Bars represent standard errors (n=10). 
Columns denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).       
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Fig. 29. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity in roots 4 
weeks after Fusarium oxysporum f. sp. asparagi inoculation. C, control; AMF, Glomus 
intraradices; NPFO, Non-pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 
mM NaCl;     , non-treated root parts;     , treated root parts.  Bars represent standard 
errors (n=10). Columns denoted by different letters indicate significant difference 
according to Tukey's test (P<0.05).    
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Fig. 30. Ascorbic acid contents in roots 4 weeks after Fusarium oxysporum f. sp. 
asparagi inoculation. C, control; AMF, Glomus intraradices; NPFO, Non-
pathogenic Fusarium oxysporum f. sp. asparagi; NaCl, 50 mM NaCl;     , non-
treated root parts;      , treated root parts.  Bars represent standard errors (n=10). 
Columns denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).       

 A
sc

or
bi

c 
ac

id
 c

on
te

nt
s  

in
 ro

ot
s 

(m
g/

g 
FW

) 

0

1

2

3

C AMF

c c 

b 

a 

0

1

2

3

4

C NPFO AMF+NPFO

e e 

d 

c 

b 

a 

0

1

2

C NaCl AMF+NaCl

d d 

bc 
b 

c 

a 

58 



0

5

10

15

20

C AMF P
ol

yp
he

no
l c

on
te

nt
s  

in
 ro

ot
s 

(m
g/

g 
FW

) 

Fig. 31. Polyphenol contents in roots 4 weeks after Fusarium oxysporum f. sp. asparagi 
inoculation. C, control; AMF, Glomus intraradices; NPFO, Non-pathogenic Fusarium 
oxysporum f. sp. asparagi; NaCl, 50 mM NaCl;      , non-treated root parts;      , treated 
root parts.  Bars represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).       
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Fig. 32. Dry weight of shoots and roots in asparagus plants before 
Fusarium oxysporum f. sp. asparagi  inoculation. C, control; Gi, Glomus 
intraradices; GM, Gigaspora margarita. Bars represent standard errors 
(n=10). Columns denoted by different letters indicate significant 
difference according to Tukey's test (P<0.05).  

D
ry

 w
ei

gh
t o

f s
ho

ot
s (

g)
 

D
ry

 w
ei

gh
t o

f r
oo

ts
 (g

) 

C Gi GM 

60 



Control Gi 

Fig. 33.  Growth enhancement in mycorrhizal (Glomus intraradices, Gi) plants. 
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Fig. 34. Superoxide dismutase (SOD) activity in shoots and roots before 
Fusarium oxysporum f. sp. asparagi  inoculation. C, control; Gi, Glomus 
intraradices; GM, Gigaspora margarita. Bars represent standard errors 
(n=10). Columns denoted by different letters indicate significant difference 
according to Tukey's test (P<0.05).  
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Fig. 35. Ascorbate peroxidase APX  activity in shoots and roots before 
Fusarium oxysporum f. sp. asparagi  inoculation. C, control; Gi, Glomus 
intraradices; GM, Gigaspora margarita. Bars represent standard errors 
(n=10). Columns denoted by different letters indicate significant 
difference according to Tukey's test (P<0.05).  
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Fig. 36. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity in 
shoots and roots before Fusarium oxysporum f. sp. asparagi  inoculation. C, 
control; Gi, Glomus intraradices; GM, Gigaspora margarita. Bars represent 
standard errors (n=10). Columns denoted by different letters indicate 
significant difference according to Tukey's test (P<0.05).  
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Fig. 37. Incidence of Fusarium root rot in asparagus plants 8 weeks 
after Fusarium oxysporum f. sp. asparagi (MAFF305556) 
inoculation. C, control; Gi, Glomus intraradices; GM, Gigaspora 
margarita. Ratio of diseased storage roots;      ,  0-20 ;      , 20-
40 ;      , 40-60;      , 60-80;   , 80-100 ( % ).  
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Fig. 38. Disease index of Fusarium root rot in asparagus plants 8 weeks 
after Fusarium oxysporum f. sp. Asparagi (MAFF305556) inoculation.C, 
control; Gi, Glomus intraradices; GM, Gigaspora margarita. Bars represent 
standard errors (n=10). Columns denoted by different letters indicate 
significant difference according to Tukey's test (P<0.05).  
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Treatments 

 
CFUx104 /g fresh root 

 
CFUx106 /g dry soil 

 
C 

 
51.8  1.4 a* 

 
97.1  1.3 a 

 
Gi 

 
27.9  0.8 b  

 
63.8  1.1 b 

 
GM 

 
20.7  0.9 c 

 
53.6  1.7 c 

Table 4. Number of colony forming units (CFU) of Fusarium oxysporum f. sp. 
asparagi from roots and rhizospheric soil of mycorrhizal aspargus plants. 

*Values are means  SE (n = 10). Data within the same column followed by 
different letters indicate significant difference according to Tukey’s multiple 
range test (P<0.05). 
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Fig. 39. Dry weight of shoots and roots in asparagus plants 8 weeks after 
Fusarium oxysporum f. sp. asparagi (MAFF305556) inoculation. C, 
control; Gi, Glomus intraradices; GM, Gigaspora margarita. Bars 
represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).  
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Fig. 40. Superoxide dismutase (SOD) activity in  roots 8 weeks after 
Fusarium oxysporum f. sp. asparagi (MAFF305556) inoculation. C, 
control; Gi, Glomus intraradices; GM, Gigaspora margarita. Bars 
represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).  
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Fig. 41. Ascorbate peroxidase APX  activity in roots 8 weeks ater 
Fusarium oxysporum f. sp. asparagi (MAFF305556) inoculation. C, 
control; Gi, Glomus intraradices; GM, Gigaspora margarita. Bars 
represent standard errors (n=10). Columns denoted by different letters 
indicate significant difference according to Tukey's test (P<0.05).  
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Fig. 42. 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging 
activity in roots 8 weeks after Fusarium oxysporum f. sp. asparagi 
(MAFF305556) inoculation. C, control; Gi, Glomus intraradices; GM, 
Gigaspara margarita. Bars represent standard errors (n=10). Columns 
denoted by different letters indicate significant difference according to 
Tukey's test (P<0.05).  
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Fig. 43. Changes in superoxide dismutase (SOD) isozyme of mycorrhizal 
asparagus roots before and after Fusarium oxysporum f. sp. asparagi (Foa) 
inoculation. Gi, Glomus intraradices; GM, Gigaspora margarita; Foa-, before 
Fusarium oxysporum f. sp. asparagi inoculation; Foa+, after Fusarium oxysporum 
f. sp. asparagi inoculation. Rf = relative mobility (i.e., relative electrophoretic 
mobility with respect to the bromophenol blue band). 
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Fig. 44. Asparagus (‘Zenyu Guliber’) treatment in field 1. 

         , dummy;         , non-pathogenic Fusarium oxysporum (NPFO) ;         , 50mM 

NaCl;          , 100mM NaCl;          , control.  
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Fig. 45. Asparagus (‘Super welcome’) treatment in field 2. 

         , dummy;         , non-pathogenic Fusarium oxysporum (NPFO) ;         , 50mM 

NaCl;          , 100mM NaCl;          , control.  
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Asparagus plants are collected from  each
decline field, 10 roots are taken from each 
plant and surface sterilized (70% ethanol 
for 10 seconds, 10% NaClO for 15 
minutes). 

Denaturing: 95ºC for 45 sec. 
Annealing: 50ºC for 1 min. 
Polymerization Step: 72ºC for 3 min. 

SSCP sequence analysis 

PCR 

Electrophoresis by agarose gel 

PCR 

35 Cycles 

Isolation of Fusarium from 
asparagus roots by  Komada’s  
medium and subculture 
by PDA medium. 

DNA extraction 

Denaturing (95ºC for 2 min) 

Fig. 46. Flow diagram of the procedures in PCR-SSCP (single stranded conformational polymorphism) analysis. 
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(5 -TCCTCCGCTTATTGATATGC-3 ) 

(5 -GCATCGATGAAGAACGCAGC-3 ) 

ITS1  

Fusarium in Komada’s  medium 
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360 bp Verification of PCR                     
products with agarose gel 
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Foa Fp 

Fig. 47. Representative SSCP (single-stranded conformational 
polymorphism) gel showing the typical results of Fusarium isolates. Foa, 
Fusarium oxysporum f. sp. asparagi; Fp, Fusarium proliferatum.
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Fig. 48. Fusarium population in the decline fields.   
 , Fusarium oxysporum f. sp. asparagi (Foa);      , Fusarium proliferatum (Fp) 
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Fig. 49.  Growth of  asparagus 12 weeks after replanting.   
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Field 1 

Field 2 

Control Glomus intraradices  

89 



R
at

e 
of

 w
ith

er
ed

 p
la

nt
s (

%
) 

0

20

40

60

80

NaCl 50 NaCl 100 NPFO 

Fig. 50.  Rate of withered plants 12 weeks after replanting in field 1.       
    , control;     , Glomus intraradices;     , Gl. fasciculatum;      , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 51.  Rate of fern yellowing 12 weeks after replanting in field 1. 
    , control;     , Glomus intraradices;     , Gl. fasciculatum;      , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 52. Plant height 12 weeks after replanting.in field 1. 
    , control;     , Glomus intraradices;     , Gl. fasciculatum;      , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 53. Number of  ferns 12 weeks after replanting.in field 1. 
    , control;     , Glomus intraradices;     , Gl. fasciculatum;      , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 54.  Rate of fern yellowing 12 weeks after replanting in field 2. 
     , control;      , Glomus intraradices;      , Glomus fasciculatum;     , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. . Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 55. Plant height 12 weeks after replanting in field 2. 
     , control;      , Glomus intraradices;     , Glomus fasciculatum;     , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-pathogenic 
Fusarium oxysporum. . Bars with different letters indicate significant difference by 
Tukey's test (P<0.05). 
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Fig. 56. Number of  ferns 12 weeks after replanting in field 2. 
     , control;      , Glomus intraradices;     , Glomus fasciculatum;      , Gigaspora 
margarita. NaCl50, 50mM-NaCl; NaCl100, 100mM-NaCl; NPFO, non-
pathogenic Fusarium oxysporum. Bars with different letters indicate significant 
difference by Tukey's test (P<0.05). 
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Fig. 57. Number of  harvested ferns 1 year after replanting. 
     , Control;     , Glomus intraradices;    , Gl. fasciculatum;     ,Gigaspora 
margarita; NaCl50, 50mMNaCl; NaCl100, 100mMNaCl; NPFO, non-pathogenic 
Fusarium oxysporum. Bars with different letters indicate significant difference by 
Tukey's test (P<0.05). 
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Fig. 58. Superoxide dismutase (SOD) activity, ascorbate peroxidase APX  activity, 1,1-
diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity, polyphenol contents and 
ascorbic acid contents in harvested ferns 1 years after replanting in field 2.  
    , control;     ,Glomus intraradices;      , Gl. fasciculatum;     , Gigaspora margarita; 
NaCl100, 100mMNaCl. Bars with different letters indicate significant difference by Tukey's 
test (P<0.05). 
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Fig.59. Growth of  asparagus after harvesting in field 2.   
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Fig. 60. Plant height after harvesting in field 2.   
     , Control;     , Glomus intraradices;     , Gl. fasciculatum;     , Gigaspora margarita; 
NaCl50, 50mMNaCl; NaCl100, 100mMNaCl; NPFO, non-pathogenic Fusarium 
oxysporum. Bars with different letters indicate significant difference by Tukey's test 
(P<0.05). 
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