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Abstract 
 

Fusarium oxysporum f.sp. lycopersici (Fol) is the causal agent of Fusarium wilt of 

tomato (Solanum lycopersicum). Three races of Fol have been identified based on 

their tomato cultivar specificity. Compatibility between Fol and tomato is controlled 

by three Fol avirulence genes (AVR1, 2 and 3) and their corresponding resistance 

genes (I, I-2 and I-3) in tomato. In this study, we investigate the evolution of races 

and avirulence genotypes within Fol by analyzing a collection of Fol isolates that 

represents races 1, 2 and 3, all known VCGs and five different geographical origins. 

Based on phylogenetic analysis using EF1-!, five evolutionary lineages for Fol were 

identified that correlate well with VCGs. More importantly, we show that Fol races 

evolved in a stepwise manner within each VCG by the loss of function of avirulence 

genes in a number of alternative ways. 
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Introduction 

 
Fusarium oxysporum is an asexual soil-borne fungus occurring worldwide. The 

species contains both pathogenic and non-pathogenic isolates1. Pathogenic isolates 

often cause vascular wilt diseases, damping-off or crown and root rot in many plant 

species, among which are many economically important crops2-4. Individual isolates 

of F. oxysporum are divided into formae speciales based on their host specificity5. 

One of the economically more important and destructive formae speciales is the 

causal agent of wilt dise=8ase in tomato, F. oxysporum f.sp. lycopersici (Fol)6. The 

wilt disease caused by Fol has been reported from most if not all tomato-growing 

countries.  

 Three physiological races (race 1, 2 and 3) of Fol have been described based 

on their pathogenicity towards different tomato cultivars. Monogenic genes, called 

immunity (I) genes, conferring resistance to races of Fol have been identified in wild 

tomatoes and introgressed into tomato cultivars7,8. The immunity genes I, I-2 and I-3 

confer resistance against Fol races containing avirulence (AVR) genes AVR1, AVR2 

and AVR3, respectively9-11. AVR1 is present in all Fol race 1 isolates, but absent in 

race 2 and race 3 isolates12. There is one exception, notably a Japanese race 3 isolate 

that contains an AVR1 gene with a transposon insertion rendering the gene inactive13. 

AVR2 is present in all Fol isolates, albeit that I-2 breaking (race 3) isolates contain an 

AVR2 allele with a single point mutation leading to an amino acid change in the 

protein10,12. AVR3 is present in all races as well and is found in two alleles encoding 

either a lysine (K) or glutamine (E) at position 165 of the protein. The avirulence 

function of Avr3 is not affected by the mutation11,14. Race 1 is avirulent on lines 

containing either I, I-2 and/or I-3; race 2 is virulent on I lines, but avirulent on I-2 and 

I-3 containing lines; race 3 is virulent on I and I-2 lines but avirulent on I-3 lines.  

 As an (predominantly) asexual organism, F. oxysporum is thought to evolve 

mostly by means of mutations and DNA rearrangements, and potentially through the 

process of parasexual recombination15. Heterokaryon formation is a prerequisite for 

parasexual recombination and is thought to be limited to strains that are vegetatively 
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compatible. Strains that can form heterokaryons with one another are assigned to the 

same vegetative compatibility group (VCG) and those that cannot are assigned to 

different VCGs1,16. For F. oxysporum f.sp. lycopersici four VCGs (0030, 0031, 0033 

and 0035) have been reported so far17-19. VCG0030 includes isolates formerly 

assigned to VCG0032 as well20. 

 Previously, results from restriction fragment length polymorphisms (RFLP), 

random amplified polymorphic DNA (RAPD) and isozyme analysis demonstrated 

that isolates within a VCG are genetically more similar to each other than to isolates 

of the same race in another VCG. This suggests that each VCG represents a clonal 

population17,20,21. To determine further phylogenetic relationships within and among 

formae speciales of F. oxysporum DNA sequences of the mitochondrial small subunit 

(mtSSU) ribosomal RNA gene, the rDNA intergenic spacer (IGS) region and the 

translation elongation factor gene (EF1-!) have been used22-24. Such studies 

confirmed multiple evolutionary origins for many formae speciales of F. oxysporum. 

For example, phylogenetic analysis based on rDNA IGS, mating type locus (MAT) 1 

and polygalacturonases (Pgs) 1 revealed evolutionary lineages for Fol that correlate 

with VCGs25. 

 In an earlier study we presented a model for the evolution of Fol race 2 and 

race 3 isolates from an ancestral race 1 isolate (Chapter 3). The model (Figure 1) 

implies a homologous recombination event between two Helitrons up- and 

downstream the AVR1 locus of the race 1 isolate resulting in loss of this locus and 

hence in the emergence of race 2. Two lineages were distinguished. In lineage I, a 

102 kb fragment is deleted due to a presumed recombination event between HelA and 

HelC and in lineage II a 31 kb fragment due to recombination between HelA and 

HelB. Both fragments contain the AVR1 locus. In both lineages race 3 isolates 

evolved form race 2 by a point mutation in AVR2. Here we extend this study by 

tripling the number of isolates to over 70 from all over the world, by the analysis of 

the evolutionary relationship between these isolates based on their EF1-! sequence 

and by (partly) characterizing the avirulence genes. The results are in line with the 

model and confirm the hypothesis that races of Fol have evolved independently 
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within each VCG.   

 

 
 
 
Figure 1. A model for the evolution of Fol race 2 and race 3 from race 1 isolates.  See 
text for further explanation. 
 
  
 

Results and Discussion 

 

Analysis of the AVR1 locus and flanking sequences in a collection of 71 Fol 

isolates  

In order to get more insight into the evolution of races within Fol, we previously 

‘scanned’ a genomic fragment, corresponding to an approximately 144 kb region of 

Fol004 containing the AVR1 locus, in 24 isolates from various regions in the world. 
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We used ten primer sets, and a PCR product generated with a given primer set was 

considered to be indicative for the presence in the genome of the corresponding 

sequence; if no product was amplified sequences were presumed to be absent. Here 

we extend our studies to over 70 Fol isolates (listed in Table 1). In total 26 race 1, 28 

race 2 and 17 race 3 isolates were examined. Figure 2A shows a schematic 

representation of the approximately 144 kb genomic fragment with three Helitrons, 

hallmarks of this region in Fol004, and the relative positions of the ten primer sets 

used (A-J; Table 2). As an example, results of the PCR screen are shown for a 

number of isolates in Figure 2B. The results of the PCR-‘scan’ are summarized in 

Table 1.  

 All 26 race 1 isolates scored positive (‘+’ in Table 1) for primer sets A-C and 

F-J (all four race 1 isolates in Figure 2B), whereas for sets D and E only 11 isolates 

scored positive (Fol021 and Fol027 in Figure 2B); 15 isolates (Fol030 and Fol091 in 

Figure 2B) scored negative (‘-‘ in Table 1). A negative score for sets D and E 

indicates the absence of HelB. These results are fully in line with earlier findings that 

led us to divide race 1 isolates into two groups depending on the presence or absence 

of HelB.   

With three exceptions (see below), also the collection of race 2 isolates can be 

divided into two groups as observed before: one negative for sets C and D (Fol069 in 

Figure 2B), the other negative for sets C-H (Fol072 in Figure 2B). Negative for sets C 

and D is indicative for the absence of the 31 kb fragment containing the AVR1 locus, 

and hence for the emergence of race 2 through recombination between HelA and 

HelB (Lineage II in Figure 1). Negative for sets C-H is indicative for the absence of 

the 102 kb, AVR1 containing fragment, and hence for the genesis of race 2 along 

lineage I (Figure 1). Only Fol4287 and Fol033 are negative for primer set B. As 

discussed in Chapter 3, this is due to the insertion of a Hop3 element at the 5’-end of 

HelAB. 

 As mentioned above, the results with three of the 28 race 2 isolates analyzed 

did not match the PCR-product-pattern specific for either one of the two groups: 

Fol015, Fol018 and Fol076 were found negative for primer sets A-F (Table 1). This 

suggests that the genomes of these isolates carry a large deletion including AVR1,  
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Figure 2. Examples of the PCR analysis of the Fol004 144 kb genomic fragment 
containing AVR1 using ten primer sets. (A) Schematic representation of the Fol004-AVR1 
locus (144 kb) deduced from the BAC insert containing AVR1 (100 kb) and the Fol4287 
reference genome (Chapter 3). A-J indicates the primer pairs used to scan this region in a 
collection of Fol isolates originating from different geographical areas. A - primer set 
4539/4540, B – primer set 4298/4297, C – primer set 4242/4241, D – primer set 4345/4297, 
E – primer set 4242/4340, F – primer set 4355/4354, G – primer set 4309/4306, H - primer 
set 4395/4297, I – primer set 4242/4371 and J – primer set 4541/4542  (B) Example of 
experiments showing the amplification of PCR fragments on the genomic DNA of race 1, 2 
and 3 isolates with primer pairs A-J (lane A-J). The absence of PCR products with primer 
pairs D and E (lane D and E) indicates the absence of Helitron B (HelB). Lack of PCR 
products with primer pairs C and D (lanes C and D) indicate the absence of the genomic 
region between HelA and HelB. The absence of PCR products with primer pairs C-H (lanes C 
to H) indicates the absence of the genomic region between HelA and HelC. 
 

A 

B 
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HelA and HelB. To investigate the extent of the deletion in these isolates, we took the 

same approach as described above and ‘scanned’ a genomic region corresponding to 

the approximately 660 kb region upstream the position of HelC in the Fol4287 

genome. Fourteen primer sets (G, H and K-V, Table 2) were used and isolate Fol004 

was taken along as control. The relative positions of the primer sets on the 660 kb 

fragment as well as the positions of some relevant ORFs are shown in Figure 3A. The 

results of the ‘scan’ are shown in Figure 3B. In Fol076, primer sets G, H, K-O and U-

V gave positive PCR results, whereas with sets P-T no fragments were amplified 

(Figure 3B). This suggests that a fragment between primer pairs O and U is absent in 

the genome of this isolate. In Fol4287 a copy of an NHT2-like retro-transposon26 is 

present just downstream of both primer set O and HelAB. Primer set U corresponds to 

the 3’-end of the latter retro-transposon copy and its flanking region. A primer was 

designed (no 5049, Table 2) that corresponds to a unique sequence upstream the 

NHT2-like element close to primer set O. Furthermore, the reverse primer (4626, 

Table 2) of set U corresponds to a unique sequence downstream the second copy of 

the NHT2-like element. Using these two primers, we were able to amplify an 

approximately 5.7 kb fragment from Fol076 genomic DNA, but not from Fol4287 

genomic DNA (Figure 3C). Sequencing confirmed the presence of an NHT2-like 

element on the fragment. This observation suggests that deletion of AVR1 from the 

Fol076 genome is due to a homologous recombination event between two copies of 

an NHT2-like element. Compared to the genome of Fol004, a 488 kb fragment with 

the AVR1 locus has been deleted in Fol076. Compared to the reference genome the 

deletion is 31 kb shorter, thus approximately 457 kb (Figure 3A). 

In Fol018 primer pairs K, L, U, V, G and H gave positive PCR results, 

whereas sets M-T gave no fragments (Figure 3B). Since in the Fol4287 genome 

primer sets L and U are approximately 600 kb apart from each other, we estimate that 

in isolate Fol018 an approximately 631 kb fragment containing AVR1 is missing 

compared to Fol004. The genome sequence of Fol4287 has a sequence gap just 

downstream primer set L. In an attempt to the bridge this gap in the reference 

genome, we tried to PCR amplify sequences using primers corresponding to the ends 

of the two contigs flanking the gap (5052, 4968, Table 2). Unfortunately, no DNA  



Evolution of races within Fusarium oxysporum f.sp. lycopersici 

! ,#,!

 
 

 
Figure 3. Deletions in the genome of Fol076, Fol018 and Fol015 leading to the loss of 
AVR1. A) Schematic representation of an approximate 667 kb genomic region in supercontig 
(sc) 2.22 of chromosome 14 of Fol4287 (position: 96651 – 764000). The arrow indicates the 
position of the AVR1 genomic region (31 kb) in Fol004. K-V, G and H indicate the primer 
pairs used to scan this region in Fol018, Fol076 and Fol015. The dashed lines indicate the 
deleted regions in the genome of Fol076, Fol018 and Fol015 compared to Fol4287. The 
approximate size of the deleted regions in Fol076, Fol018 and Fol015 is shown above the 
dashed lines. (B) PCR experiments showing the amplification products from Fol076, Fol018 
and Fol015 with primer pairs K-V, G and H (Table 2). Fol004 genomic DNA was used as a 
control (C) Amplification of a 5.7 kb PCR product from Fol076 using primers 5049 and 
4626. Fol4287 genomic DNA was used as a control. 1 - GeneRuler 1 kb DNA Ladder (0.25 
to 10 kb), 2 - Water control. K – primer set 4866/4867, L – primer set 4890/4891, M - primer 
set – 4967/4968, N – primer set 5023/5024, O  – primer set 5025/5026, P – primer set 
4874/4875, Q – primer set 4749/4750, R – primer set 4880/4881, S – primer set 4751/4752, T 
– primer set 4618/4732, U – primer set 4733/4626, V – primer set 4309/4306, G – primer set 
4616/4617, H – primer set 4395/4297.   

A 

 B                                                                               C 
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               Table 1: Molecular diversity in the AVR1 genomic region and AVR2 and AVR3 genes in Fol 
      A B C D E F G H I J AVR1 AVR2 AVR3   
Fol no Original code Origin                     (SIX4) (SIX3) (SIX1) VCGw 

Clade based 
on Ef1-! 

Race 1                  
Fol001 E329 / WCS801 Netherlands + + + + + + + + + + wt wt E 003-** A4 
Fol003 E240 / WCS861 Netherlands + + + + + + + + + + wt + K 0030 A2 
Fol004 B1 / IPO1530 Netherlands + + + + + + + + + + wt wt K 0030 A2 
Fol006 D1 France + + + + + + + + + + wt + K 0030 A2 
Fol008  Netherlands + + + + + + + + + + wt wt E 003-* A1 
Fol009 E172 / FOL-R5-6 Wisconsin + + + - - + + + + + wt + E 0030 A2 
Fol010 E175 Netherlands + + + - - + + + + + wt wt E 0031 A1 
Fol011 E179 Rhode Island, 

US 
+ + + - - + + + + + wt + E 0030 A2 

Fol012  Netherlands + + + + + + + + + + wt wt E 003-** A4 
Fol014 LSU-3 Louisiana, US + + + - - + + + + + + + E 0030 A2 
Fol016 BFOL-51 Louisiana, US + + + - - + + + + + wt wt E 0031 A1 
Fol021 Fol1(66044) Israel + + + + + + + + + + wt + E 0030 A2 
Fol022 Fol-650 B Israel + + + + + + + + + + wt + E 0030 A2 
Fol027 626 Florida, US + + + + + + + + + + + + E 003-** A2 
Fol030 218 Spain + + + - - + + + + + + + E 0030 A2 
Fol032 48112 Spain + + + - - + + + + + + + E 003-** A2 
Fol037A MX395 Mexico + + + - - + + + + + + + K 0030 A2 
Fol040 EY-101 Egypt + + + + + + + + + + + + E   A2 
Fol055 CBS 646.78 Maroc + + + + + + + + + + + + E   A2 
Fol064 Fol lyco 7038 Japan + + + - - + + + + + wt wt E 0031 A1 
Fol078 MAFF305121 Japan + + + - - + + + + + + + E  A2 
Fol082 MAFF103036 Japan + + + - - + + + + + + + E 0030 A2 
Fol091 BRIP 5188 a Australia + + + - - + + + + + wt wt E   A2 
Fol093 BRIP 53774 a Australia + + + - - + + + + + + wt E   A2 
Fol095 WAC 7591 Australia + + + - - + + + + + + wt E  A2 
Fol096 WAC 7673 Australia + + + - - + + + + + + wt E  A2 
Race 2                  
Fol002 E241 / WCS862 Netherlands + + - - + + + + + + - wt K 0030 A2 
Fol005 C24 Netherlands + + - - + + + + + + - wt E 003-* A5 
Fol007 D2 France + + - - + + + + + + - wt E 0030 A2 
Fol015 BFOL-53 Louisiana, US - - - - - - + + + + - + E 0030 A2 
Fol017 OSU-451 Ohio, US + + - - - - - - + + - wt E 0031 A1 
Fol018 LSU-7 Louisiana, US - - - - - - + + + + - wt E 0032 A2 
Fol020 FRC 0-1078 Florida, US + + - - - - - - + + - + E 0030 A2 
Fol023 Fol-1295T(66047) Israel + + - - + + + + + + - + E 0030 A2 
Fol024 Fol-W841D Israel + + - - + + + + + + - + E    
Fol025 18947 Australia + + - - + + + + + + - + E 0030 A2 
Fol028 548 Florida, US + + - - - - - - + + - + E 0030 A2 
Fol033 281 Spain + - 

b 
- - + + + + + + - + E 0030 A2 

Fol4287 4287 Spain + - 

b 
- - + + + + + + - wt E 0030 A2 

Fol039 EY-102 Egypt + + - - + + + + + + - + E   A2 
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      A B C D E F G H I J AVR1 AVR2 AVR3   
Fol no Original code Origin                     (SIX4) (SIX3) (SIX1) VCGw 

Clade based 
on Ef1-! 
on Ef1-! Fol054 CBS 645.78 Maroc + + - - + + + + + + - + E   A2 

Fol059 CBS 413.90 Israel + + - - + + + + + + - wt E   A2 
Fol069 DF0-23 California, US + + - - + + + + + + - wt E 0035 A4 
Fol070 DF0-35 California, US + + - - + + + + + + - wt E 0035 A4 
Fol071 DF1-12 California, US + + - - + + + + + + - wt E 0035 A4 
Fol072 DF0-38 California, US + + - - - - - - + + - wt E 0031 A1 
Fol073 DF0-40 California, US + + - - + + + + + + - wt E 0030 A2 
Fol076 DF0-68 California, US - - - - - - + + + + - wt E 0031 A1 
Fol079 JCM12575 Japan + + - - - - - - + + - wt K 0031 A1 
Fol088 BRIP 22964 a Australia + + - - + + + + + + - wt K   A2 
Fol087 BRIP 17552 a Australia + + - - + + + + + + - wt K   A2 
Fol086 BRIP 15364 a Australia + + - - + + + + + + - wt K   A2 
Fol090 BRIP 5187 a Australia + + - - + + + + + + - wt E   A2 
Fol092 BRIP 16848 a Australia + + - - + + + + + + - wt E   A2 
Race 3                  
Fol026 14844 (M1943) Australia + + - - + + + + + + - R>H K 0030 A2 
Fol029 5397 Florida, US + + - - - - - - + + - R>H K 0030 A2 
Fol035 IPO3  + + - - - - - - + + - R>P K 0030 A2 
Fol036 Fol036 Florida, US + + - - - - - - + + - R>H K 0030 A2 
Fol038 CA92/95 California, US + + - - - - - - + + - R>P K 0030 A2 
Fol057 NRRL 26383 Florida, US + + - - - - - - + + - V>M K 0033 A3 
Fol089 MN25c Florida, US + + - - - - - - + + - V>M K 0033  
Fol066 Fol MM25 Arkansas, US + + - - - - - - + + - V>M K 0033 A3 
Fol067 Fol MM10 Arkansas, US + + - - - - - - + + - V>M K 0033 A3 
Fol074 DF0-41 California, US + + - - - - - - + + - R>P K 0030 A2 
Fol080 Chz1-A Japan + + - - - - - - + + - V>M K 0033 A3 
Fol081 Kochi-1 Japan + + + - - + + + + + +a V>M E 0030 A2 
Fol083 BRIP 13037 a Australia + + - - + + + + + + - R>H K   A2 
Fol084 BRIP 13038 a Australia + + - - + + + + + + - R>H K   A2 
Fol085 BRIP 15363 a Australia + + - - + + + + + + - T50/- K   A2 
Fol097 BRIP 13039 a Australia + + - - + + + + + + - c E  A2 
Fol094 BRIP 15362 a Australia + + - - + + + + + + - R>P K   A2 

 a - AVR1 has been truncated by Hormin insertion, b - a Hop 3 insertion at the 5' end of Hel A, c  - Deletion of entire AVR2 gene. Orange indicates 
the absence of HelB, pink indicates the deletion of the AVR1 genomic region between HelA and HelB (31 kb) and green indicates the deletion of 
the AVR1 genomic region between HelA and HelC (approximately 102 kb), yellow indicates the deletion of AVR1 genomic region including HelA 
and HelB, ‘+’ - positive PCR result, ‘-‘ - negative PCR result, wt – wild type sequence confirmed by sequencing, E and K represent different 
AVR3 alleles, R>H – Aminoacid change in the Avr2 protein at 45th position, R>P - Aminoacid change in the Avr2 protein at 46th position, V>M - 
Aminoacid change in the Avr2 protein at 41th position, T50/- - Aminoacid deletion in the Avr2 protein at 50th position. w * = Self-compatible and 
** = self-incompatible20.  

!
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was amplified. Like in Fol076, an NHT2-like retro-transposon is present near or at the 

right boundary of the deletion. With the reverse primer of set U and a primer 

corresponding to the contig end upstream the gap (5052, 4626, Table 2), we were 

unable to amplify a fragment from Fol018. The exact length of the deletion in this 

strain remains, therefore, undetermined. 

In Fol015 primer sets G, H, K-R, and V gave positive PCR results whereas 

primer sets S-U gave negative results (Figure 3B). This indicates a deletion between 

primer sets R and V and that an approximately 168 kb genomic region containing 

AVR1 is absent in Fol015 compared to Fol004; compared to Fol4287 the deletion is 

approximately 137 kb (Figure 3A). Unfortunately, due to sequence gaps in the 

corresponding genomic region of reference strain Fol4287, we could not determine 

the exact boundaries of the deletion in this strain either. 

Of the seventeen race 3 isolates analyzed, ten carried the 102 kb genomic 

fragment deletion with AVR1 and six the deletion of the 31 kb fragment (Table 1). 

The Japanese Kochi-1 isolate (Fol081) was the only exception. PCR results for this 

isolate were positive for primer sets A-J except for D and E  (Table 1), indicating that 

this isolate contains the AVR1 genomic region with HelA and HelC. This is fully in 

line with the observation by Inami and coworkers (2012) who have shown that in this 

Fol race 3 isolate AVR1 is inactivated by the insertion of a Hormin transposon13. We 

assume that Kochi-1 evolved from a race 1 isolate without HelB into a race 2 isolate 

by the insertion of the Hormin element into AVR1, and subsequently into a race 3 

isolate by a point mutation in AVR2. However, we cannot exclude the possibility that 

the mutation in AVR2 occurred prior to the Hormin insertion. 

In conclusion, all results obtained, except for three race 2 isolates, fully fit the 

model for the evolution of race 2 and 3 isolates from race 1 along two alternative 

ways, as we proposed earlier based on a more limited study (Chapter 3 and Figure 1). 

In one of the three exceptions, Fol076, deletion of the AVR1 locus seems to have 

occurred via a homologous recombination event between two NHT2-like transposable 

elements rather than between two Helitrons. Due to uncertainties and/or sequence 

gaps in the reference genome, a recombination event could not be proposed for the 

two other exceptions. 
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Sequence polymorphisms in the Fol AVR genes 

Using a PCR approach with specific primers (1091 and 1033, Table 2) all 26 Fol race 

1 isolates were tested for the presence of AVR1. In line with their classification as 

race 1 isolate, all gave rise to a PCR fragment of the expected length (‘+’ in Table 1). 

Fourteen fragments were sequenced and compared to AVR1 of Fol004 (‘wt’); no 

sequence variations were observed (Table 1). 

All 54 race 1 and 2 isolates appeared to contain AVR2-specific sequences, 

except for isolate Fol097 (see below). Thirty AVR2 amplicons from race 1 and race 2 

strains were sequenced and found to be identical (Table 1). Fol race 3 isolates are 

believed to have evolved from race 2 by a point mutation in AVR2 leading to an 

amino acid change in the protein10. So far, three AVR2 alleles have been described 

each with one of the amino acid changes V41>M, R45>H or R46>P. All three amino 

acid changes lead to the loss of the avirulence function of Avr2. Out of the 17 race 3 

isolates analyzed here (Table 1), six contain the V41>M allele, five the R45>H allele 

and four the R46>P allele. Interestingly, one race 3 isolate from Australia (Fol085) 

contains a hitherto unknown AVR2 allele, one with a deletion of the triplet encoding 

the threonine (T) residue at position 50 of Avr2. The virulence of this isolate on I-2 

line indicates that this deletion has also led to the loss of the avirulence function of 

AVR2 (Table 1, and data not shown). As mentioned above, one isolate (Fol097) failed 

to produce an AVR2-specific PCR fragment with primers 2934 and 964 (Table 2). 

The absence of AVR2 in this isolate suggests that either AVR2 is absent or PCR 

amplification has failed, for example due to an insertion into AVR2 of a transposable 

element. To test this, additional PCR experiments were carried out on genomic DNA 

of Fol097. Like the original AVR2 specific primer set, the sets corresponding to either 

a region 950 bp upstream (1723 and 1236, Table 2) or a region 700 bp downstream 

(1237 and 1238, Table 2) the AVR2 ORF failed to amplify a product from Fol097. 

This strongly suggests that the genomic region containing AVR2 is missing in Fol097. 

In summary, one new mutation in AVR2 was identified in addition to the three 

already known. Remarkably, all four mutations that abolish avirulence occur in the 

same region of the Avr2 protein, between amino acid 40 and 51 (Figure 4). Hence, 

this region appears to be recognized, directly or indirectly, by I-2. Furthermore, the 
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first Fol isolate was identified with the AVR2-locus deleted.  

 

 
 
Figure 4. A novel mutation in Avr2 in Fol race 3 isolate Fol085. Sequence alignment of 
wild-type (Fol4287) Avr2 with the four mutated versions of Avr2 (V41>/M, R45>/H and 
R46>/P and T50/-) in four race 3 strains (Fol085, 074, 026 and 057). The amino acid changes 
are highlighted in green. 
 

So far only a single polymorphism has been reported in Fol AVR3, resulting in 

either a glutamate (E) or a lysine (K) residue at position 164 (AVR3E or AVR3K)14. In 

this study, AVR3 from all Fol isolates in our collection was sequenced. All Fol 

isolates carry either the AVR3E or the AVR3K allele (Table 1).  

 

Comparison of EF1-!  sequences reveals a hitherto unknown clonal line of Fol 

Vegetative compatibility has often been used to estimate the diversity within the 

formae speciales of F. oxysporum. Isolates within a VCG are genetically very similar 

and generally it is believed that VCGs represent clonal populations17,20,21. To assess 

to what VCG a particular isolate belongs requires the creation of mutants and testing 

these against tester isolates. Another way to assess genetic relationships between 

individual isolates is the comparison of conserved sequences in the genome. 

Examples of such sequences are the Internal Transcript Spacer (ITS) sequence and 

Intergenic Spacer (IGS) sequences of rRNA genes, Mating Type locus (MAT) 

sequences, endopolygalacturonase (pg1) and exopolygalacturonase (pgx4) genes, and 

Elongation Factor 1-! (EF1-!). Table 1 indicates to which VCG each individual Fol 

isolate belongs so far as this is known. To investigate the genetic relationship 
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between the Fol isolates used in this study the sequence of approximately 565 bp 

corresponding to EF1-! was retrieved from public databases or determined for all 

isolates. In the analysis EF1-! sequences of representative isolates from other formae 

speciales of F. oxysporum were taken along. F. commune served as outgroup27. A 

maximum likelihood tree revealed five well-supported groups (Clade A1-A5) for Fol 

isolates (Figure 5). Within each clade the EF1-! sequences are 99.8 - 100% identical.  

 All seven Fol isolates known to belong to VCG0031 group into Clade A1 

(Clade indication is the same as used by Kawabe and coworkers26) and both race 1 

and 2 are represented. Moreover, Clade A1 also contains isolates of F. oxysporum 

f.sp. batatas and F. oxysporum f.sp. erythroxili, suggesting that these isolates are 

closely related to Fol   isolates of VCG0031.  

All isolates known to belong to VCG0030 group into Clade A2 and all three 

Fol races are represented. In addition, Clade A2 contains five self-incompatible Fol 

isolates, an isolate of F. oxysporum f. sp. melonis (Fom; NRRL26406) belonging to 

Fom VCG0136 and five isolates of F. oxysporum f. sp. radicis-lycopersici (Forl) 

belonging to Forl VCG0090. This suggests that Fol VCG0030, Fom VCG0136 and 

Forl VCG0090 are closely related. Clade A3 contains all four known VCG0033 

isolates; all these are race 3. 

Clade A4 contains two Fol race 1 isolates (VCG not known) and three race 2 

isolates of VCG003518, all reported from a single site in California, USA. Based on 

VCG tests, Mes and coworkers proposed that the Dutch race 1 isolates Fol001 and 

Fol012 do not belong to either VCG0030 or VCG003120. Here we show that these 

two isolates from the Netherlands have EF1-! sequences identical to those of the 

American VCG0035 race 2 isolates, positioning them in Clade A4. This suggests that 

Fol001 and Fol012 belong to VCG0035 as well.  

Clade A5 contains only one Fol isolate, Fol005, a race 2 isolate from the 

Netherlands. In a vegetative compatibility test this isolate did not show compatibility 

with any other isolate belonging to a known VCG20. Moreover, in our phylogenetic 

tree, Fol005 groups with melonis and cubense isolates, and with one F. oxysporum  
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Figure 5. Maximum 
likelihood (ML) tree 
based on EF1-!  
sequences of Fusarium 
oxysporum isolates. 
Fusarium commune 
strain NRRL28387 
(GenBank: AF246832.1) 
was used as outgroup27. 
Bootstrap values 
calculated in ML 
analysis are shown 
beside the branches. Five 
evolutionary clades (A1-
A5) for Fol inferred 
from ML analysis are 
indicated in different 
colors. The EF1-! 
sequence of Fo isolates 
indicated by stars was 
determined in a previous 
study30. !
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isolate with unknown host specificity (BRIP53842). Isolates within this clade have 

99.8 to 100% identical EF1-! sequences and at least five polymorphic sites compared 

to isolates from other clades. Together, these observations suggest that Fol005 

belongs to a hitherto unknown Fol VCG.  

 Taken together, this phylogenetic study based on EF1-! sequences shows that 

Fol comprises at least five evolutionary lineages. Among these, four correlate with 

known VCGs of Fol (VCG0030, VCG0031, VCG0033 and VCG0035). The 

coincidence of Fol VCGs with distinct phylogenetic lineages is also supported by 

previous phylogenetic studies based on ribosomal DNA intergenic spacer region25. 

The present extended analysis further confirms that Fol’s ability to cause disease on 

tomato has emerged multiple times independently within the F. oxysporum 

complex22, probably through horizontal chromosome transfer28. 

 

Pathways for the evolution of races and avirulence genotypes within VCG0030 

The present study provides evidence for the independent evolution of different Fol 

races within clonal lines (VCGs). We have shown that Fol race 2 evolved from race 1 

isolates by deletion of a genomic region containing AVR1, apparently through 

homologous recombination between two identical Helitrons flanking the locus. 

Moreover we inferred two lineages for Fol races based on the events that led to the 

deletion of the AVR1 locus (Figure 1). Within a given race, isolates can be divided 

into various types based on the event that led to AVR1 deletion and the sequence of 

the AVR2 and AVR3 alleles in their genome (Table 1). From these data we made a 

model of the minimal number of events leading to the evolution of races from an 

ancestral race 1 type in the major clonal line, VCG0030 (Figure 6). Five independent 

pathways (A-E) are hypothesized, each one with one or multiple evolutionary events 

that led to the evolution of different types and races in a stepwise manner. In the 

model the common ancestor for all races and types is a Fol race 1 without HelB, but 

with AVR1, AVR2 and AVR3E present as well as HelA and HelC upstream and 

downstream of AVR1, respectively. We believed this Fol race 1 type (framed red in 

Figure 6) to be the common ancestor for several reasons. First of all this Fol race 1 

type occurs in all five global regions from which the isolates used in our studies 
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originate: North America, Europe, Australia, Japan and North Africa / Israel. 

Furthermore, as discussed in Chapter 3 it is very unlikely that a race 2 (or race 3) 

isolate represents an ancestral isolate without AVR1 and that at some point in time 

this isolate acquired a genomic fragment containing AVR1. All race 1 isolates score 

positive for primer pairs B, C, H and I, indicative for the presence of both HelA and 

HelC. As discussed in Chapter 3 as well, we like to assume that HelB was inserted 

into the AVR1 locus upstream HelC rather than that HelB was excised from the locus. 

However, conclusive evidence for this is not available. Race 1 isolates all contain 

AVR1 and AVR2 and in all cases analyzed (approximately 50% of the isolates) these 

appeared to be wild type. All Fol isolates contain AVR3, either the AVR3E or the 

AVR3K allele. Since isolates with the AVR3K allele are more virulent than isolates 

with the AVR3E allele14, we assume the common ancestor to contain the AVR3E allele. 

In pathway A, race 2 evolved from the ancestral race 1 by deletion of a 102 kb 

genomic region carrying the AVR1 locus, due to a homologous recombination event 

between HelA and HelC (indicated as event A1 in Figure 6). Subsequently, a single 

point mutation in AVR3 gene (event A2 in Figure 6) led to the emergence of race 2 

with the AVR3K allele. Then, race 3 evolved from this race 2 in two independent 

events (A3 and A4 in Figure 6). In each event, a point mutation in AVR2 gene caused 

the loss of its avirulence function. Since some race 1 isolates also carry the AVR3K 

allele, these isolates presumably evolved from the ancestral race 1 type independently 

(E1 in Figure 6).   

In pathway B, first HelB was inserted 12.9 kb downstream AVR1 (B1 in 

Figure 6). Subsequently, race 2 evolved by the deletion of a 31 kb genomic region 

containing AVR1 (B2 in Figure 6), due to homologous recombination between HelA 

and HelB. Then, a single nucleotide change in AVR3 led to the emergence of race 2 

with the AVR3K allele (B3 in Figure 6). An alternative pathway for the evolution of 

race 2 with the AVR3K allele is as follows. First, a single nucleotide change in AVR3 

of a race 1 isolate with HelB led to the emergence of race 1 with the AVR3K allele (B5 

in Figure 6). Thereafter, a homologous recombination event caused the deletion of the 

31 kb genomic region containing the AVR1 locus resulting in race 2 with the AVR3K  
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Figure 6. Proposed events underlying the evolution of Fol races and Avr genotypes 
within VCG0030. Five evolutionary pathways (A-E) were deduced from the analysis of the 
AVR1 genomic region and the AVR2 and AVR3 coding sequences in a collection of 71 Fol 
isolates. The molecular events that led to the emergence of new races and (geno-)types are 
shown in open boxes. The pale green boxes represent race 1 isolates form the collection 
analyzed, the blue boxes race 2 isolates and the pink boxes race 3 isolates. All isolates belong 
to VCG0030. The pale green box with the red frame represents the proposed ancestral race 1 
isolate. The colored circles indicate the origin of Fol isolate with specific genotype.    
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allele (B6 in Figure 6).  However, because of the widespread distribution of race 2 

with the AVR3E allele, we believe that the first pathway (B1 to B2 to B3 in Figure 6) 

is the most plausible way for the evolution of race 2 with the AVR3K allele. In the type 

that evolved upon event B2 a copy of transposable element Hop3 was inserted into 

the 5’ end of HelAB (B4 in Figure 6). For the evolution of race 3 within pathway B, 

four independent events are proposed (B7, 8, 9 and 10 in Figure 6), all related to the 

loss of the avirulence function of AVR2.  

Pathway C is responsible for the evolution of the Kochi-1 isolate (Fol081), a 

race 3 isolate from Japan13. Fol race 2 isolates Fol018 and Fol015 (VCG0031 race 2 

isolate Fol076) could have evolved from the ancestral race 1 isolate by independent 

deletion events (D1, Figure 6). Since neither HelA nor HelB was involved in the 

deletion of the AVR1 locus in Fol018, Fol015 and Fol076, these isolates may also 

have evolved from another, hitherto unknown ancestral race 1 type without these 

Helitrons.   

In the proposed model a number of events occur multiple times 

independently. For example, in four independent events (A2, B3, B5 and E1) the 

AVR3E allele changed into the AVR3K allele. Since the AVR3K allele renders isolates 

more virulent than the AVR3E allele14, an opposite change (AVR3K into AVR3E) is not 

likely to be selected for and is hence not proposed in the model. Remarkably, no 

other mutations in AVR3 have been observed. Another example is the emergence of 

race 3 isolates within pathway B: in four independent, but also different events race 3 

evolved from race 2 by mutations in AVR2: a deletion of a triplet (B9) or the whole 

gene (B8), or an amino acid change at position 45 (R>H; B10) or position 46  (R>P; 

B7). Also the deletion of the AVR1 locus between HelA and HelB could have 

occurred twice (B2 and B6).  

 

Some last observations 

The isolates listed in Table 1 represent a worldwide collection. Interestingly, all 16 

Australian isolates belong to VCG0030; no representatives from another Fol VCG 

have been identified so far. This suggests that Fol, probably an ancestral race 1 type 

has been introduced in Australia only once, and that consequently races and sequence 
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variants evolved from the introduced isolate. Remarkably, two Australian race 3 

isolates, one with triplet deletion and one with point mutation in AVR2, have been 

isolated on the same day, in the same field by the same person (Dr. Roger Shivas, 

personal communication), indicating that they evolved independently from location 

populations in the same field due to an apparent strong selection pressure imposed by 

Fusarium resistance genes in tomato cultivars.  

VCG0033 contains race 3 isolates only. These isolates may have evolved 

from a hitherto unidentified race 1 or race 2 isolates from the same VCG. An 

alternative explanation is that these race 3 isolates emerged by the acquisition of 

chromosome 14 through horizontally transfer from an already existing race 3 isolate 

from a different VCG. The identification of a new, clonal lineage for Fol suggests 

that hitherto unidentified genetically distinct populations still exists in nature. 

Results from the current study confirm the polyphyletic nature of Fusarium 

oxysporum f.sp. lycopersici.  In each genetically distinct lineage, different races of 

Fol showing different avirulence genotypes have evolved from pre-existing races by 

the loss of function of avirulence genes. However, it is still unknown how the 

ancestral Fol race originated. Studies on the pathogenicity determinants on 

chromosome 14 may enhance our understanding on how Fol gained pathogenicity on 

tomato.  

 

 

Materials and methods 

 

Fungal isolates  

Fungal isolates used in this study are listed in Table 1. Most of the isolates originate 

from the United States, Japan, Europe, Australia and North Africa. For most of these 

isolates, pathogenicity, vegetative compatibility and genetic diversity have been 

assessed in previous studies13,18,20,29. All isolates were cultured on Czapak Dox Agar 

(CDA, Oxoid) and incubated in darkness at 250C.  
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Table 2: The primers used in this study 
Number Sequence Targeting gene/genomic position in 4287 
4539 AAGCGAGAGAAAACGGAAGC 5956 bp upstream HelA 
4540 AATGTTTAGGACGGCAATACC 5158 bp upstream HelA 
4298 TGAAGCACAAGTAGCTGAGG 316 bp upstream HelA 
4297 TGCCTCTTTGCTCTGAAGG Specific to 5' end of Helitrons 
4242 ACAAGTCACAAAGCATCAC Specific to 3' end of Helitrons  
4241 TTGACGACACGTTCAACATC 201 bp downstream HelA 
4345 TAGCTGGCGCATTTGATAG 429 bp upstream HelB 
4340 ACAACGGGGACATTGATGGC 1382 bp downstream HelB 
4355 AAGAGTGGTTAAGCGACTTC 2333 bp downstream HelB 
4354 TGGGTACTGCATGGTAATG 3369 bp downstream HelB 
4309 TTGTGGAGGCAGCCGTTTGG 14369 bp downstream HelB 
4306 TGTCATACATTGAGGATGG 14772 bp downstream HelB 
4395 TCCTCACAATGCTGACATCG 1550 bp upstream HelC 
4371 AGCGTGGACTTGAGTTCTGC 38 bp downstream HelC 
4541 TGTGCTCAGCCACATCAGC 824 bp downstream HelC 
4542 TCGGTCGCAATCAAAGCACC 1545 bp downstream HelC 
4866 TAAGGTCTCAATGGTCCTTCG Chr14: SC22:97075 -97096 
4867 TTGCGGACGAAGTTATCAG Chr14: SC22:97606 -97625 
4890 TGATAATGTCGTTGCAAGAC Chr14: SC22:98193 -98213 
4891 ACTGGATTTCTCGTCGACTGC Chr14: SC22:99021 -99041 
4967 TCAGAAGACTTGTTATTTGC Chr14: SC22:106083 -106103 
4968 TTGCCCACTGGAAGACTGC Chr14: SC22:106420 -106439 
5023 AATCCATCTTCCAGAATCAAC Chr14: SC22:219341 -219362 
5024 TTATCAGACATACTCGATTC Chr14: SC22:219847 -219867 
5025 TCAGACAACAAGCACATTC Chr14: SC22:229717 -229736 
5026 ATGGCCGTTACTGTCGAGAC Chr14: SC22:230051 -230071 
4874 ATCTTGGCTGGTGGCGAAACG Chr14: SC22:243580 -243601 
4875 TTTATTAGCGAAGGGAGAGC Chr14: SC22:243869 -243889 
4749 TGTATTCAAGGCTCACATCGG Chr14: SC22:532710 -:532731 
4750 TGCTACATATGCCCTAGTACG Chr14: SC22:533499 -533519 
4880 AGGCGTCGCTTAGGTATTGG Chr14: SC22:556590 -556610  
4881 TATCGTCGTAATAGAAGTCC Chr14: SC22:557050 -557070 
4751 TGGTATCATATGCCATTACGG Chr14: SC22:561892 -561913 
4752 TTATTAAGAGCTGAGAACCG Chr14: SC22:562803 -562823 
4618 TGCCCAATTTCACTTACACAG Chr14: SC22:692515 -692536 
4732 TCTCGCTCTCGTAGATAGCC Chr14: SC22:693395 -693415 
4733 AACCACGCATCCTCTGTGAC Chr14: SC22:697926 -697946 
4626 TTCATCCTCTGTATAAGACACG Chr14: SC22:69813 -698533 
4616 TTCGGTTGGAATCGATCCAG Chr14: SC22:711336 -711356 
4617 TCATTCACTCTCTCGTGTCC Chr14: SC22:711679-711699 
1091 TCAGGCTTCACTTAGCATAC AVR1 ORF 
1033 GCCGACCGAAAAACCCTAA AVR1 ORF 
2934 CCAGCCAGAAGGCCAGTTT AVR2 ORF 
964 GGCAATTAACCACTCTGCC AVR2 ORF 
1002 TATCCCTCCGGATTTTGAGC AVR3 ORF 
363 AATAGAGCCTGCAAAGCATG AVR3 ORF 
1416 GGAAGTACCAGTGATCATGTT  EF-1! ORF 
889 TCGTCGTCATCGGCCACGTC EF-1a ORF 
1723 CGATGCCTTGACCGAAAGTT AVR2-upstream 
1236 AGTGGTAAATGTTTAGGCAAG AVR2-upstream 
1237 TTCTGTGGCAGTTCCCCTT AVR2-downstream 
1238 GGTGTGTTGAACAGGTGCT AVR2-downstream 
5049 ACCTATCGGGATCATATTCC Chr14: SC22:235491-235511 
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DNA isolation and PCR analysis  

Fungal genomic DNA (gDNA) was extracted using the protocol described in Chapter 

2. 1 "l of genomic DNA was used for PCR experiments. The primers used in this 

study are listed in Table 2. The amplified products were resolved electrophoretically 

in a 1% agarose gel. PCR products were sequenced and analyzed using Seqbuider 

(www.dnastar.com).   

 

Phylogenetic analysis 

For phylogenetic analysis, DNA sequences of the EF1-! gene were either retrieved 

from published EF1-! sequences in the GenBank or determined in this study. 

Multiple sequence alignment was performed using ClustalW on the EBI/EMBL site  

(www.ebi.ac.uk/Tools/clustalw), then manually adjusted with UniPro ugene software 

to remove all gap sequences and ambiguously aligned regions2,3. There were a total of 

565 positions in the final dataset. Phylogenetic analyses were conducted in MEGA 5 

software4. The evolutionary history was inferred by using the Maximum Likelihood 

method based on the Kimura 2-parameter model4,5. The tree with the highest log 

likelihood (-1069.4772) is shown. The percentage of trees in which the associated 

taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic 

search were obtained automatically by applying Neighbor-Join and BioNJ algorithms 

to a matrix of pairwise distances estimated using the Maximum Composite 

Likelihood (MCL) approach, and then selecting the topology with superior log 

likelihood value. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (5 categories (+G, parameter = 0.4697)). The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site. The 

sequence of Fusarium commune (NRRL28387) (GenBank: AF246832.1) was used as 

outgroup27.  
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