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Genetic diversity of Fusarium oxysporum f. sp. cubense (FOC) isolates were analyzed using 
enterobacterial repetitive intergenic consensus PCR (ERIC-PCR), random amplified microsatellites 
(RAMS) and restriction fragment length polymorphism of Intergenic Spacer (RFLP-IGS) . The three 
molecular techniques showed intraspecific variations and the banding patterns generated using each 
technique were highly variable. UPGMA cluster analysis of the combined data of the three techniques 
showed 35.7 - 100% genetic similarity among the FOC isolates. Based on the dendrogram, most of the 
isolates including four isolates from Indonesia were clustered together in two main clusters. Sequence 
analysis of TEF-1 gene of some of the isolates of FOC using parsimony and distance methods also 
showed intraspecific variations. The highly variable banding patterns shown by using molecular 
methods supported the hypothesis that the isolates of FOC co-evolved with the edible bananas and 
dissemination of the pathogen was probably through infected rhizomes. 

 
Key words: Fusarium oxysporum f.sp. cubense, enterobacterial repetitive intergenic consensus PCR, random 

amplified microsatellites, restriction fragment length polymorphism of Intergenic Spacer. 
 
 
INTRODUCTION 

 
Fusarium wilt or Panama disease caused by Fusarium 
oxysporum f. sp cubense (FOC) is the most destructive 
disease of banana ( Musa spp.) worldwide. The disease 
occurs essentially in every banana-growing region except 
in the South Pacific Islands, Somalia, Mediterranean and 
Melanesia (Stover and Simmonds, 1987; Ploetz, 1992).  

Panama disease has been a threat to banana industry 
since 1900s, especially in the developing countries where 
banana is one of the important staple foods. In 1940s, 
banana industry based on Gros Michel banana cultivar 
was almost crippled due to it’s susceptibility to the 
pathogen in which almost 40,000 ha of the plantation 
were affected (Ploetz and Pegg, 2000) . As a result, virgin 
lands had been developed to ensure continuous supply of 
the fruit. However, poor handling and management led to 
the infestation of these new plantations and Gros Michel 
cultivar was replaced by resistant Cavendish cultivar. 
Unfortunately, a new race of FOC, that is, Race  
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4 emerged and was found to be virulent towards 
Cavendish in addition to the existing race 1, 2 and 3 (Su 
et al., 1986).  

Among the 4 races, races 1 and 2 are virulent to Gros 
Michel and Bluggoe banana cultivars while race 3 is a 
pathogen of Heliconia sp. and only has mild effects on 
Musa sp. Race 4 is the most virulent and affects 
Cavendish and other banana cultivars susceptible to 
races 1 and 2 (Stover, 1972). Race 4 was first reported in 
1980s in Taiwan and subsequently in South Queensland, 
Australia and Africa. In 1990s, the pathogen was found in 
Malaysia. However, different variants of Race 4 have 
been recognize and designated as tropical race 4 and 
subtropical race 4 (Ploetz, 2006). Tropical race 4 infected 
Cavendish bananas in the tropical regions such as 
Southeast Asia and Australia (Bentley et al., 1998, Pegg 
et al., 1994) and sub-tropical race 4 infected Cavendish 
bananas in South Africa, Australia, Taiwan and Canary 
Island (Su et al., 1986; Ploetz et al., 1990).  

In Malaysia, banana is a popular crop, planted for local 

consumption and for export, with cultivated area of 25 

710 hectares and production of 254 440 tonnes in 2008 

(Agriculture Statistical Handbook, 2008). Almost half of 



 
 
 

 

the cultivated area is planted with ‘pisang berangan’ and 
Cavendish types (Jamaluddin et al., 1999). In recent 
years, areas cultivated with banana have decreased and 
among the contributing factors is the effect of Fusarium 
wilt. The most susceptible cultivar is ‘pisang berangan’ 
and ‘pisang rastali’. 

As many banana cultivars in Malaysia are susceptible to 
infection by Fusarium wilt, there is a need to develop the 
most suitable disease management strategies and to 
develop resistant or tolerant banana cultivars. Therefore, 
a thorough understanding of genetic diversity of FOC is 
essential. With the development of PCR, molecular 
methods such as random amplified polymorphic DNA 
(RAPD) (Bentley et al., 1995; Bentley et al., 1998), 
restriction fragment length polymorphism (RFLP) of 
Internal Transcribed Spacer (ITS) (Edel et al., 1996; Bao 
et al., 2002) and Intergenic Spacer (IGS) (Appel and 
Gordon, 1995), sequencing analysis of IGS regions, 
Translation Elongation Factor-1 gene (TEF-1 ) and 
mitochondrial small subunit (mtSSU) (O’Donnell et al., 
1998) have been used to study genetic diversity of 
Fusarium species as well as FOC isolates. Besides using 
molecular methods, biochemical methods of isozyme and 
protein analyses have been applied to study genetic 
diversity of FOC in India (Kumar et al., 2010).  

Some FOC isolates from Malaysia have been studied 
using RAPD (Bentley et al., 1995; Bentley et al., 1998). 
However, further studies need to be conducted to 
elucidate their genetic diversity which will benefit the 
effort of disease control as well as breeding for resistant 
or tolerant banana cultivars. Furthermore, molecular 
markers for rapid and efficient identification of FOC are 
needed to answer any confusion in morphological 
identification. In the present study, Enterobacterial 
Repetitive Intergenic Consensus-PCR (ERIC-PCR), 
Random Amplified Microsatellites (RAMS), Restriction 
Fragment Length Polymorphism of Intergenic Spacer 
(RFLP-IGS) and sequence analysis of TEF-1 gene were 
conducted to assess the genetic diversity within and 
between FOC isolates in Malaysia. 

 

MATERIALS AND METHODS 
 
FOC isolates 
 
A total of 57 FOC isolates from different banana cultivars were used 
in this study (Table 1). Twenty-one isolates were isolated from 
infected banana and another 36 isolates were obtained from USM 
Fusarium culture collection. Two isolates of F. solani from soil and 
two isolates of Fusarium solani were also included in this study 
(Table 1). The isolates from the culture collection were re-identified 
to confirm the identity. 

 

DNA extraction 
 
For extraction of genomic DNA, mycelium was grown on potato 
dextrose agar, overlaid with dialysis membranes and incubated for 
7 days. The mycelium was then ground into fine powder with liquid 
nitrogen using mortar and pestle. Genomic DNA was extracted 

  
  

 
 

 
using DNeasy MiniPlant Kit (QIAGEN) according to the 

manufacturer’s instructions and stored at -20°C until use. 

 

ERIC-PCR analysis 
 
PCR amplifications were carried out twice according to the reaction 
conditions described by Edel et al. (1995) with some modifications 
using primer pair ERIC1R (5’-ATG-TAA-GCT-CCT-GGG-GAT-TCA-
C-3’) and ERIC2 (5’-AAG-TAA-GTG-ACT-GGG-GTG-AGC-G-3’) 
(Versalovic et al ., 1991). ERIC-PCR amplification was carried out 
in a 25 µl reaction mixture containing 1X PCR buffer, 4.0 mM 
MgCl2, 120 mM of each dNTPs, 0.5 µM of each primer, 1.3 U of Taq 
polymerase (Promega) and 5 ng of genomic DNA. PCR 
amplification was performed using Peltier Thermal Cycler (PTC-
200, MJ Research) with 7 min initial denaturation at 95°C followed 

by 30 cycles of denaturation at 95C for 1 min, annealing at 53C 
for 30 s, extension at 65°C for 8 min and final extension at 65°C for 
16 min to ensure complete extension of the amplification products. 

 

RAMS analysis 
 
Genomic DNA was amplified using four microsatellite primers 
namely: M1 (GT) 7, M2 (AAC)5, M4 (CAT)5 and M5 (ACTG)5. PCR 
amplification was carried out in a 25 µl reaction mixture comprised 
1X PCR buffer, 2.0 mM MgCl 2, 160 µM of each dNTPs, 8 mM 
primer, 1.75 U Taq polymerase (Promega) and 6 ng genomic DNA, 
and performed using Peltier Thermal Cycler (PTC-200, MJ 
Research) with initial denaturation at 95°C for 2 min, followed by 35 
cycles of denaturation at 94°C for 1 min, annealing for 45 s and the 
temperature depends on the primers used [(GT)7 and (ACTG)5 at 
44°C, (AAC)5 and (CAT)5 at 43°C], extension at 72°C for 2 min and 
completed with a final extension at 72°C for 7 min. 

 

Gel electrophoresis for ERIC-PCR and RAMS analyses 
 
The amplification products were separated in 1.5% agarose gel 
(Amresco) using 1X Tris Borate EDTA (TBE) as running buffer. 
Electrophoresis was conducted at 80 V, 500 mA for 160 min after 
which, the gels were stained in ethidium bromide for 10 min, 
visualized under UV transilluminator and photographed using 
SnapGene Photo Imaging System (SynGene). The sizes of the 
amplified products were estimated using 1kb marker (MBI 
Fermentas). 

 

RFLP-IGS analysis 
 
The Intergenic Spacer (IGS) was amplified using primer pair CNL12 
(5’-CTG-AAC-GCC-TCT-AAG-TCA-G-3’) and CNS1 (5’-GAG-ACA-
AGC-ATA-TGA-CTA-CTG- 3’) (Appel and Gordon, 1995) according 
to the reaction conditions described by Llorens et al. (2006) with 
some modifications. The amplification reaction was conducted in a 
50 µl reaction mixture containing 1X PCR buffer, 1.5 mM MgCl2, 
200 µM of each dNTPs, 0.1 mM of each primers, 2.25 U of Taq 
polymerase (Promega) and 3 ng genomic DNA, and performed 
using a Peltier Thermal Cycler(PTC-100, MJ Research). PCR 
amplification was carried out with the following profiles: initial 
denaturation at 94°C for 2 min, followed by 35 cycles of 
denaturation at 94°C for 55s, annealing at 59°C for 30 s and 
extension at 72°C for 2 min and a final extension at 72°C for 7 min. 

For restriction analysis, the PCR products were digested with 
Alu I, Eco 88I, Eco RI, Hin 6I, Hin fI, Msp I and Taq I in a 15 µl 
reaction mixture in separate reactions. The reaction mixture 
contained 1X reaction buffer, 1 U of restriction enzyme, 6 - 10 µl of 
PCR products and distilled water and incubated for 1 h at 37°C for 



 

 

Table 1. Isolates of Fusarium used in ERIC-PCR, RAMS and RFLP-IGS.  
 

 Code Isolate Host/Banana cultivar Location 

 I2130N
S

* FOC Berangan Pancur Batu, Medan, Indonesia. 

 I2238N
S
 FOC Emas Peningsurat, Indonesia. 

 I2240N
S
 FOC Kepok (Abu) Peningsurat, Indonesia. 

 I2244N
S
 FOC Uter Pekalongan, Indonesia. 

 A1452N
S
 FOC Raja Trong, Perak. 

 A2279N
S
 FOC Emas KM4, Changkat Jering, Perak. 

 A2280N
S
 FOC Awak Sri Iskandar, Perak. 

 A2281N
S
 FOC Awak Padang Ragut, Bota Kanan, Perak. 

 A2282N
S
 FOC Berangan Titi Gantung, Perak. 

 A2295N
S
 FOC Kepok (Abu) Bukit Nangka, Lenggong, Perak. 

 A2296N
S
 FOC Berangan Changkat Jambu, Kati, Kuala Kangsar, Perak. 

 A2306N
S
 FOC Awak Sri Iskandar, Perak. 

 A2309N
S
 FOC Awak Sri Iskandar, Perak. 

 A1BN
F
 FOC Emas Taiping, Perak. 

 A2BN
F
 FOC Emas Taiping, Perak. 

 A5BN
F
 FOC Berangan Taiping, Perak. 

 A6AN
F
 FOC Berangan Taiping, Perak. 

 A7AN
F
 FOC Berangan Taiping, Perak. 

 A7BN
F
 FOC Berangan Taiping, Perak. 

 A8AN
F
* FOC Berangan Taiping, Perak. 

 A9AN
F
 FOC Berangan Taiping, Perak. 

 A9BN
F
* FOC Berangan Taiping, Perak. 

 A10BN
F
* FOC Berangan Taiping, Perak. 

 K1AN
F
 FOC Berangan Gurun, Kedah. 

 K1BN
F
 FOC Berangan Gurun, Kedah. 

 K4AN
F
* FOC Berangan Gurun, Kedah. 

 K5AN
F
 FOC Berangan Gurun, Kedah. 

 K5BN
F
 FOC Berangan Gurun, Kedah. 

 K6AN
F
 FOC Berangan Gurun, Kedah. 

 K6BN
F
 FOC Berangan Gurun, Kedah. 

 K7AN
F
* FOC Berangan Gurun, Kedah. 

 K8AN
F
 FOC Berangan Gurun, Kedah. 

 K8BN
F
 FOC Berangan Gurun, Kedah. 

 K9AN
F
* FOC Berangan Gurun, Kedah. 

 B1456N
S
 FOC Awak Tiram Buruk, Tanjong Karang, Selangor. 

 B2286N
S

* FOC Kepok (Abu) Kancong Darat, Banting, Selangor. 

 B2287N
S

* FOC Tanduk Batu Laut, Selangor. 

 B2469N
S
 FOC Emas Serdang, Selangor. 

 B2471N
S

* FOC Cavendish cv. William Serdang, Selangor. 

 B2473N
S
 FOC Abu Keling Serdang, Selangor. 

 D2291N
S

* FOC Berangan Wakaf Stan, Kota Bharu, Kelantan. 

 D2293N
S
 FOC Kepok (Abu) Wakaf Stan, Kota Bharu, Kelantan. 

 D2294N
S

* FOC Berangan Kampung Berangan, Tumpat, Kelantan. 

 J2327N
S

* FOC Unknown JTP, Johor. 

 J2329N
S
 FOC Unknown JTP, Johor. 

 J2330N
S

* FOC Unknown JTP, Johor. 

 PU1N
S

* FOC Unknown USM, Penang. 

 PU2N
S

 FOC Unknown USM, Penang. 

 PU3N
S

 FOC Unknown USM, Penang. 

 M2300N
S

* FOC Nangka Merlimau, Melaka. 

 M2322N
S

* FOC Berangan Pulai, Merlimau, Melaka. 



 
      

 Table 1. Contd.     
      

 T2290N
S

* FOC Awak Lak Luk, Terengganu.  

 T2304N
S

* FOC Awak Kampung Penjara, Terengganu.  

 3755
S
 FO(Soil) Coconut crop soil Pantai Semerak, Marang, Terengganu.  

 4275
S

* FO(Soil) Orchard soil Baling, Kedah.  

 P2091N
S

* FS Awak Bumbung Lima, Penang.  

 3667
S

* FS Angsana Cheras Pokok 2, Kuala Lumpur.  
 

FOC = F. oxysporum f. sp cubense, FO = F. oxysporum, FS = F. solani. * = Isolates used in sequence analysis of TEF-1 gene. 
F
 = 

Isolates from the field. 
S
 = Isolates from USM Fusarium culture collection. 

 

 
B2471N (isolated from William variety) which was clustered 
separately from the other isolates of FOC. One isolate of F. 
oxysporum from soil and two isolates of F. solani were also 
included as comparison and to root the phylogenetic trees (Table 
1).  

Translation Elongation Factor-1 gene was amplified using primer 
pair EF1 (5’-ATG-GGT-AAG-GAG-GAC-AAG-AC-3’) and EF2 (5’-
GGA-AGT- ACC-AGT-GAT-CAT-GTT-3’) (O’Donnell, 1998). PCR 
amplification was carried out in a 50 µl reaction mixture containing 
1X PCR buffer, 1 mM MgCl2, 1 mM of each primers, 200 µM of 
each dNTPs, 1 U of Taq polymerase (Promega), 3 ng genomic 
DNA and performed using Peltier Thermal Cycler (PTC-100, MJ 
Research) . PCR amplification started with an initial denaturation at 
94°C for 85 s, followed by 35 cycles of denaturation at 95°C for 35 
s, annealing at 46°C for 55 s, extension at 72°C for 90 s and final 
extension at 72°C for 10 min. The PCR products were purified using 
QIAquick PCR Purification Kit (QIAGEN) according to the 
manufacturers’ instructions. 

 

DNA sequence analysis of TEF-1 
 
The sequences of TEF-1 were aligned using BioEdit version 7.0.5. 
The alignments were edited manually where needed. All TEF-1 
sequences were compared with sequences of Fusarium species 
available in the GenBank database using BLAST.  

Multiple sequence alignment was performed using ClustalW 1.6 
and phylogenetic analyses were performed using maximum 
parsimony and distance analysis using MEGA version 4 (Tamura et 
al., 2007) . Maximum parsimony analysis was conducted by 
employing Close-Neighbour-Interchange algorithm with search level 
3 in which the initial trees were obtained with the random addition of 
sequences (10 replicates). For distance analysis, the evolutionary 
distances were computed using Kimura 2-parameter method. To 
evaluate the stability of each branch, bootstrap analysis with 1000 
bootstrap replicates was performed. 

 

RESULTS 
 
Primer pair ERIC1R and ERIC2 amplified 8 – 22 bands 
for all isolates of FOC. The banding patterns were 
complex with varying intensities. However, the amplified 
bands were reproducible and ranging from 100 – 3750 
bp. Although faint bands were present, the bands were 
reproducible and consistently present. 

A total of 29 ERIC banding patterns were identified 
among 53 isolates of FOC from different banana cultivars 
(Table 2). Two ERIC patterns (E15 and E17) were 
identified for isolates of F. oxysporum from soil and 
isolates of F. solani (E32 and E33). None of the banding 

 
 

 

patterns could differentiate the FOC isolates according to 
banana cultivars. Figure 1 shows ERIC banding patterns 
of some of the FOC isolates used in this study.  
Microsatellite primers of (GT)7, (AAC) 5, (CAT) 5 and 

(ACTG)5 generated reproducible banding patterns for all 
the isolates of FOC. The four primers produced 1 - 12 
bands ranging from 500 - 6000 bp with 12 – 25 
haplotypes (Table 3). The banding patterns produced by 
the primers were highly similar and differences were due 
to the presence or absence of a few bands of different 
molecular sizes. The banding patterns generated showed 
considerable variation. Figure 2 shows the banding 
patterns of some FOC isolates generated using primer 

(CAT)5.  
For restriction analysis of the IGS region, an 

approximately 2.6 kb IGS region was successfully 
amplified from all isolates of FOC and two isolates of F. 
oxysporum from soil. For the two isolates of F. solani, an 
approximately 3.0 kb IGS region was amplified.  
Using Alu I, Eco RI, Eco 88I, Hin 6I, Hin fI, Msp I and Taq 
I, 10 - 15 restriction patterns were obtained. Based on the 
restriction patterns, isolates of FOC were assigned into 
27 haplotypes, in which 15 haplotypes were represented 
by a single representative. Each haplotype comprised 1 – 
7 isolates (Table 4). UPGMA cluster analysis showed that 
isolates of FOC, F. oxysporum from soil and F. solani 
were grouped in four clusters, with similarity value 
ranging from 11.0 - 100% (Figure 3). Isolates of FOC 
showed 35.7 - 100% genetic similarity and were not 
clustered according to the banana cultivars and locations. 
Most of the isolates of FOC were clustered in clusters I 
and II except isolate B2471N which was clustered in 
cluster III. The overall similarity in cluster I ranged from 
60.4 - 100% while cluster II showed 60 - 100% genetic 
similarity.  

An approximately 700 bp TEF-1 gene was successfully 
amplified from isolates of FOC from different banana 
cultivars, F. oxysporum from soil and two isolates of F. 
solani. Most of the isolates of FOC showed 97 - 100% 

sequence similarity with sequences of FOC 50 
(AY217146), FOC 57 (AY217149), FOC 58 (AY217150), 
FOC 59 (AY217151) and FOC 60 (AY217152) from the 
GenBank. Isolate B2471N (William variety) showed 95% 
homology with F. oxysporum 1517 from Australian native 
gossypium soil. 



 
 

 
Table 2. ERIC banding patterns generated by isolates of FOC from 

different banana cultivars, F. oxysporum from soil and F. solani.  
 
 ERIC patterns Banana cultivars : isolates 

 

 
E1 

Emas: A2279N 
 

 
Berangan: A2282N, A2296N, M2322N  

  
 

 E2 Kepok: B2286N 
 

 E3 Awak: A2280N 
 

 E4 Kepok: A2295N 
 

 E5 Awak: A2306N 
 

 E6 Tanduk: B2287N 
 

 E7 Berangan: D2291N 
 

 
E8 

Awak: T2290N 
 

 
Berangan: D2294N 

 

  
 

  Kepok: D2293N, I2240N 
 

 E9 Awak: A2281N, A2309N, T2304N 
 

  Uter: I2244N 
 

 
E10 

Nangka: M2300N 
 

 
Unknown: J2327N, J2329N, J2330N  

  
 

 E11 Raja: A1452N 
 

 E12 Emas: B2469N 
 

 E13 Unknown: PU1N, PU3N 
 

 E14 Unknown: PU2N 
 

 E15 F. oxysporum from soil: 4275 
 

 E16 William Honduras: B2471N 
 

 E17 F. oxysporum from soil: 3755 
 

 E18 Awak: B1456N 
 

 
E19 

Emas: I2238N 
 

 
Berangan: K5BN, K6BN, K7AN, K8BN 

 

  
 

 E20 Berangan: K1AN, K1BN 
 

 E21 Berangan: I2130N 
 

 E22 Emas: A1BN, A2BN 
 

 
E23 

Berangan:  A5BN,  A6AN,  A7AN,  A7BN, 
 

 
K4AN  

  
 

 E24 Berangan: K8AN 
 

 E25 Berangan: A9BN 
 

 E26 Berangan: A9AN 
 

 E27 Berangan: K9AN 
 

 E28 Berangan: K5AN, K6AN 
 

 E29 Berangan: A8AN 
 

 E30 Berangan: A10BN 
 

 E31 Abu keling: B2473N 
 

 E32 Awak: P2091N (F. solani) 
 

 E33 Angsana: 3667 (F. solani) 
 

 
 

 

The most parsimonious (MP) tree was inferred based 
on 625 informative characters with 119 parsimony-
informative sites. Figure 4 shows the MP tree obtained 
with 1000 bootstrap value. The tree length was 176 steps 
with a consistency index (CI) of 0.9459 and retention 
index (RI) of 0.9757. Isolate B247N was grouped 
separately from the other FOC isolates. The clusters 
were well supported with bootstrap values of 61 - 100%. 
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Figure 1. ERIC banding patterns of FOC isolates from different 
banana cultivars amplified using primer pair ERIC1R and ERIC2. 
Lane 1-12: 1: A2279N (E1), 2: A2280N (E3), 3: A2282N (E1), 4: 
A2295N (E4), 5: A2296N (E1), 6: A2306N (E5), 7: B2286N (E2), 8: 
B2287N (E6), 9: T2290N (E8), 10: D2291N (E7), 11: D2294N (E8) 
and 12: M2322N (E1). C: control. M: 1 kb ladder. 
 

 
Table 3. Microsatellite primers used in RAMS, length of RAMS 

products and number of heliotypes.  
 

Primer 
Length of RAMS Number of haplotypes 

 

product (bp) of FOC  

 
 

(GT)7 650 – 4000 13 
 

(AAC)5 850 – 5000 12 
 

(CAT)5 600 – 6000 25 
 

(ACTG)5 500 – 4000 12 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. RAMS banding patterns of FOC isolates from different 
banana cultivars obtained by using primer (CAT)5. Lane 1-16: 1: 
A1BN (CAT8), 2: A2BN (CAT8), 3: A5BN (CAT17), 4: A6AN 
(CAT17), 5: A7AN (CAT17), 6: A7BN (CAT17), 7: A9BN (CAT17),  
8: K1AN (CAT17), 9: K1BN (CAT17), 10: K3BN (CAT21), 11: K4AN 
(CAT22), 12: K5AN (CAT17), 13: K6AN (CAT17), 14: K7BN 

(CAT24), 15: K8AN (CAT17) and 16: K9AN (CAT25). C: control. M: 
1kb ladder. 

 
 
 

Using distance method, a total of 625 nucleotides with 

equal rates were included. Figure 5 shows the neighbour 

joining (NJ) tree generated based on 1000 bootstrap 



  
 
 

 
Table 4. Restriction patterns of isolates of FOC from different banana cultivars, F. oxysporum from soil and F. solani generated using seven restriction 

enzymes and haplotypes obtained.  
 

IGS Haplotypes Alu I Eco RI Eco 881 Hin fI Hin 6I Msp I Taq I Banana cultivars and Isolates  

 
1 A1 ER1 E1 HF1 H1 M1 T1 

2 A1 ER1 E1 HF3 H1 M1 T1 

3 A1 ER1 E1 HF3 H2 M1 T1 
4 A1 ER3 E1 HF4 H1 M1 T5 
5 A1 ER6 E1 HF3 H1 M1 T5 

6 A1 ER4 E5 HF4 H5 M1 T5 

7 A2 ER1 E2 HF1 H2 M1 T2 

8 A3 ER1 E1 HF1 H4 M1 T2 

9 A3 ER1 E1 HF5 H4 M1 T2 

10 A3 ER1 E2 HF1 H2 M1 T2 
11 A3 ER4 E2 HF3 H2 M1 T3 

12 A3 ER5 E2 HF7 H2 M1 T3 
13 A3 ER1 E3 HF1 H1 M3 T6 

14 A3 ER5 E6 HF7 H2 M1 T3 

15 A4 ER1 E1 HF3 H1 M1 T1 

16 A4 ER1 E1 HF3 H1 M1 T5 
17 A4 ER3 E1 HF4 H1 M1 T5 

18 A4 ER3 E1 HF6 H1 M1 T5 
19 A4 ER4 E1 HF3 H1 M1 T5 
20 A4 ER4 E1 HF4 H1 M1 T5 

21 A4 ER6 E1 HF3 H1 M1 T5 
22 A4 ER1 E7 HF4 H1 M1 T5 
23 A5 ER1 E1 HF4 H1 M1 T3 

24 A5 ER5 E2 HF4 H2 M1 T3 
25 A6 ER4 E2 HF3 H2 M1 T3 
26 A6 ER4 E6 HF3 H2 M1 T3 

27 A8 ER7 E8 HF9 H6 M5 T1 
28 A6 ER5 E2 HF13 H2 M1 T2 
29 A6 ER1 E2 HF12 H2 M1 T10 

30 A12 ER11 E11 HF14 H10 M9 T11 
31 A13 ER12 E12 HF15 H11 M10 T12  

  
Emas: A2279N  
Berangan: A2282N, A2296N, M2322N  
Kepok: B2286N  
Emas: I2238N  
Nangka: M2300N  
Berangan: K5BN, K6BN, K8BN  
Berangan: A9AN  
Berangan: K7AN  
Awak: A2280N, A2281N, A2306N, A2309N  
Kepok: A2295N, D2293N, I2240N  
Awak: T2290N  
Berangan: D2294N  

Raja: A1452N  
Awak: T2304N  
Berangan: D2291N  
Awak: B1456N  
Berangan: A8AN  
Berangan: I2130N  
Berangan: A10BN  
Emas: B2469N  
Unknown: J2327N, J2329N, J2330N, PU1N, PU2N, PU3N: 
Uter: I2244N  
Berangan:A7BN  
Berangan: K6AN, K8AN  
Abu Keling: B2473N  
Berangan: A5BN, A6AN, A7AN  
Berangan: K5AN, K9AN  
Berangan: A9BN  
Berangan: K1BN  
Berangan: K1AN  
Berangan: K4AN  
Emas: A1BN  
Emas: A2BN  
William : B2471N  
Soil: 4275 (F. oxysporum)  
Soil: 3755 (F. oxysporum)  
Awak: P2091N (F. solani)  
Angsana: 3667 (F. solani) 
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Figure 3. Dendrogram generated using Jaccard’s Coefficient based on combined data of ERIC-PCR, RAMS and RFLP-IGS of isolates of FOC, F. oxysporum and F. solani. 
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Figure 4. Most Parsimonious tree generated from TEF-1 sequences of isolates of FOC from different banana cultivars and the GenBank, 

isolates of F. oxysporum from soil and F. solani. Tree length = 176 steps, Consistency Index (CI) = 0.9489, Retention Index (RI) = 0.9757. 
 

 

replicates. The topology of the NJ tree and clustering of 

the isolates obtained from distance matrix were similar to 

that of the MP tree. Isolate B2471N was also clustered 

 
 

 

separately from the other FOC isolates. However, the 

bootstrap values obtained from distance method (23 - 

100%) was slightly lower than the bootstrap values 
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Figure 5. Neighbour Joining tree generated from TEF-1 sequences of FOC isolates from different banana cultivars and from the GenBank, 

isolates of F. oxysporum from soil and F. solani. 
 

 

obtained from the parsimony method (61 - 100%). 
 

 

DISCUSSION 

 

ERIC banding patterns were successfully generated from 

all isolates of FOC which indicated that the repetitive 
elements could be found in abundance in the FOC 

genome. The results were similar with a study by Edel et 
al. (1995) which also obtained bands with sizes ranging 

 
 

 

from 100 - 4000 bp. In this study, the isolates of FOC 
were more variable with 29 ERIC banding patterns 
compared to only 19 types detected by Edel et al. (1995) 
using 60 strains of F. oxysporum from rhizoplane of flax, 
melon, tomato and wheat.  

In a study by Godoy et al. (2004) using ERIC-PCR, 
high levels of genetic variation were also observed 
among 44 isolates of F. solani causing keratitis, in which 

39 banding patterns were generated. However, Jureen et 
al. (2008) reported only 7 ERIC types among 62 isolates 



 
 
 

 
of F. solani responsible for fungal keratitis in Singapore. 

Four microsatellite primers namely: (GT)7, (AAC)5,  

(CAT)5 and (ACTG)5 were able to generate banding 

patterns for all the isolates of FOC as well as isolates of 
F. oxysporum from soil and F. solani. This could indicate 
that the four microsatellite motifs exist abundantly in the 
genome of all the isolates of FOC used in this study. 
Previous studies also demonstrated the abundance of 
microsatellite motifs in the genome of F. oxysporum 
(Barve et al., 2001; Balmas et al., 2005) and F. solani 
(Zaccardelli et al., 2008).  

Using the four microsatellite primers, 12 - 25 
haplotypes were obtained among the isolates of FOC, 
indicating high levels of genetic variation. Similar with the 
genetic variation of FOC, studies of F. culmorum 
(Prashant et al., 2003), F. oxysporum species complex 
(Bogale et al., 2005) and F. oxysporum f. sp. ciceris 
(Dubey and Singh, 2008) also showed high levels of 
genetic variation using microsatelite primers.  

PCR amplification using CNL12 and CNS1 primers 
showed that the isolates of FOC produced an 
approximately 2.6 kb IGS region which was in agreement 
with Appel and Gordon (1995), Edel et al. (1995) and Cai 
et al. (2003) in which a 2.6 kb IGS region was generated 
from isolates of F. oxysporum using the same primer 
pairs.  

Based on the restriction patterns of IGS, isolates of 
FOC generated 27 haplotypes in which 15 haplotypes 
were represented by only a single isolate, indicating high 
levels of genetic variation among the isolates. This was in 
agreement with Koenig et al. (1997) who reported that 72 
haplotypes were produced by 165 isolates of FOC using 
genomic RFLP. Almost half of the isolates were assigned 
into five most common haplotypes and 50 of the 
haplotypes were represented by a single isolate. RFLP-
IGS analysis of several species of Fusarium have also 
revealed intraspecific variation among the isolates in 
which nine IGS haplotypes were identified among 22 
strains of F. oxysporum (Kim et al., 2001), 14 IGS 
haplotypes among 33 isolates of F. verticillioides (Patinõ 
et al., 2006) and four IGS haplotypes among 27 isolates 
of F. equiseti (Kosiak et al., 2004).  
UPGMA cluster analysis of the combined data showed 
35.7 - 100% genetic similarity using JC which indicated 
high levels of genetic variation among the FOC isolates. 
Most of the isolates were clustered together except 
isolates B2471N which formed separate cluster. The high 
levels of genetic variation among the isolates of FOC 
supported the hypothesis that FOC isolates co-evolved 
with the edible bananas (Stover, 1962). According to 
Bentley et al. (1995), greatest diversity within the 
population of the pathogen detected at the centre of the 
origin of the host would not be unexpected if the 
hypothesis of co-evolution is correct. Bentley et al. (1998) 
reported that greatest diversity of FOC isolates was 
observed in clonal lineages which consisted pre-
dominantly of isolates from Indonesia, Malaysia and the 

  
  

 
 

 

Philippines. Therefore, the variations within the FOC 
isolates supported the hypothesis that banana originated 
from Southeast Asia. Four isolates of FOC from 
Indonesia were clustered together with isolates of FOC 
from Malaysia, and shared high genetic similarity. This 
was supported by the sequence analysis of TEF-1 which 
showed that isolates of FOC T2290N and D2294N from 
Malaysia showed100% homology with FOC 60 
(AY217152) from Indonesia. Additionally, sequences of 
TEF-1 of a few isolates from Malaysia also showed 100% 
homology to isolates of FOC from Thailand, Australia and 
South Africa, suggesting the dispersal of isolates of FOC 
between Malaysia, Thailand, Australia and South Africa. 
The results suggested that the fungus was probably 
spreading through infected planting materials. Similarly, 
Pegg et al. (1995) demonstrated that the FOC population 
in Carnavon might have been introduced through 
windbreak plants from South-East Asia, rather than 
evolving independently from the existing FOC population. 
 

Isolate B2471N isolated from William banana variety 
showed different banding patterns and shared limited 
genetic similarity with the other FOC isolates. Similar 
results was also reported by Bentley et al. (1995) in which 
two FOC isolates showed different banding patterns from 
the other FOC isolates and suggested that genetic 
variation in FOC might be due to adaptation and co-
evolution of the fungus with the host and environmental 
factors of the location. Studies by O’Donnell et al. (1998) 
using TEF-1 and mtSSU genes showed that some of the 
FOC isolates were more closely related to the other F. 
oxysporum forma specialis such as F. oxysporum f. sp. 
gladioli and F. oxysporum f. sp. melonis, and Fusarium 
Fusarium inflexum. Groenewald et al. (2006) also 
reported the same phenomena in which several isolates 
of FOC were grouped closer to F. oxysporum f. sp. 
melonis, F. oxysporum f. sp. lycopersici and F. 
oxysporum f. sp. dianthi. 

Phylogenetic analysis using TEF-1 gene of 21 isolates 
of FOC also revealed high levels of variation among the 
isolates which could indicate the polyphyletic nature of 
the isolates which was in agreement with the other three 
molecular techniques. The results obtained suggested 
multiple origins of the isolates based on the high levels of 
genetic variation of the isolates and the close relationship 
between isolates of FOC from Malaysia and Indonesia as 
well as isolates of F. oxysporum from soil. The 
polyphyletic origin of FOC isolates have been previously 
indicated by other molecular methods such as RAPD 
(Bentley et al., 1995) and DNA fingerprinting analysis 
(DAF) (Bentley et al., 1998). Based on a study by Fourie 
et al. (2009) on the relationship among VCGs and races 
of FOC, there is polyphyletic trait of the pathogen and the 
ability to cause vascular wilt on banana which has 
emerged multiple times. Among nine clonal lineages 
identified by Bentley et al. (1998), five of the lineages 
supported the hypothesis of co-evolution while 



 
 
 

 

clonal lineages VI, VII, VIII and IX probably evolved 
independently from local F. oxysporum populations in 
different countries. These early findings were well 
supported by O’Donnell et al. (1998) and Groenewald et 
al. (2006) through phylogenetic studies using sequence 
analysis of TEF-1 gene and mtSSU of rDNA gene and 
AFLP analysis.  

In conclusion, by using three molecular methods, 
ERIC-PCR, RAMS and RFLP- IGS and sequencing of 
TEF-1 gene, high levels of genetic variation were 
observed within isolates of FOC which supported the 
hypothesis that the isolates of FOC co-evolved with 
edible bananas and probably disseminated through 
infected rhizome. 
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