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Fusarium oxysporum is a species complex that includes plant and animal pathogens 

as well as a diverse range of non-pathogens. Plant pathogenic strains cause vascular 

wilts, root rots, crown rots, bulb rots and damping-off diseases in a broad range of 

hosts including important crops such as banana, cotton, tomato, melon and many 

other vegetables1-3. In contrast to the broad host range of the species, formae 

speciales are recognized within this species complex based on the strict host 

specificity of individual strains4,5. F. oxysporum f.sp. lycopersici (Fol) is a pathogenic 

form that causes vascular wilt disease in tomato (Solanum lycopersicum)6. The 

interaction between tomato and Fol has been the subject of intensive research 

especially over the last two decades and is an excellent model system to study co-

adaptive pathogen-host evolution. Three known races of Fol have been identified 

based on their ability or inability to cause disease on tomato cultivars carrying 

dominant resistance genes against Fol7,8. Race 1 and 2 are distributed throughout the 

world whereas race 3 has a more limited geographical distribution. The resistance 

genes in tomato against Fol are called Immunity genes (I). So far, Three I genes (I, I-2 

and I-3) that are effective against Fol races (race 1, 2 and 3, respectively) have been 

introgressed from wild tomato relatives into commercial tomato cultivars6. Molecular 

studies demonstrated that the Fol-tomato interaction follows the gene-for-gene model 

as proposed by Flor in the 1940’s9-11. This thesis mainly focuses on the evolution of 

races within Fol.  

 

Suppression of I-2- and I-3-triggered immunity by AVR1 

In phytopathogenic fungi, bypassing of AVR-triggered R gene mediated immunity can 

be achieved by the loss of function of avirulence genes through deletion, point 

mutation or transposon insertion in the coding or promoter region12-15. However, the 

loss of function of avirulence genes is not only the mechanism employed by 

pathogens to evade R gene-mediated resistance. Some also secrete effector proteins to 

suppress R/Avr-triggered immunity. For instance, the Phytophthora infestans 

suppressor of necrosis 1 (SNE1) suppresses programmed cell death (PCD) induced 

by Nep1-like protein (NLP) genes PsojNIP and PiNPP1.116. SNE1 has also been 

shown to suppress AVR/R-induced HR in a broad spectrum of model systems 
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including oomycetes (AVR3a/R3a), bacteria (AvrPto/Pto), fungi (Avr9/cf9) and 

viruses (CP/Rx2)16. In Fol race 1 isolates, besides its avirulence function, AVR1 was 

also shown to suppress the I-2/AVR2- and I-3/AVR3- triggered immunity in tomato10. 

However, as we shown in Chapter 2, some race 1 isolates are in nature that are unable 

to infect I-2 and I-3 tomato cultivars, even though they contain a functional AVR1 

(Chapter 2). The lack of suppression in these isolates cannot be explained by a point 

mutation in AVR1 that affects its suppression but not its avirulence function, neither 

by a reduced AVR1 transcript level (Chapter 2). The only observed difference 

between these two groups of race 1 isolates was the variability in their karyotype 

pattern (Chapter 2). Moreover, the location of AVR1 also varies. In race 1 isolates that 

suppress I-2/AVR2- and I-3/AVR3-triggered immunity (e.g. Fol004 and Fol006), 

AVR2 and AVR3 were found on the same, small chromosome (Chromosome 14) and 

AVR1 was found on another chromosome of bigger size. In contrast, in another group 

of race 1 isolates that cannot suppress I-2/AVR2- and I-3/AVR3-triggered immunity 

(e.g.Fol009) all avirulence genes were found on the same, small chromosome (data 

unpublished). In Chapter 3, we show that in Fol004, AVR1 is located on a genomic 

region that is homologous to a genomic region in chromosome 14 in Fol4287 (race 

2). Since in Fol004, AVR1 and AVR2 (and AVR3) are located on separate 

chromosomes, we speculate that in Fol004 as well as in Fol006, initially, AVR1 might 

have been located on chromosome 14 together with AVR2 and AVR3, then a 

translocation event may have placed AVR1 on a bigger chromosome. However, we 

cannot exclude the reverse possibility that in Fol004 and Fol006, initially, AVR1, 

AVR2 and AVR3 might be located on a bigger unknown chromosome and a 

translocation event has placed a large genomic region containing AVR2 and AVR3 in 

chromosome 14. It is not clear whether these presumed translocation events are 

correlated with the observed difference in the suppressive function of AVR1 in race 1 

isolates. We speculated in Chapter 2 that an unknown genetic factor is associated 

with the suppressive function of AVR1. The sequencing of the genome of race 1 

isolates representing the aforementioned groups of race 1 isolates may give more 

insight into this unresolved question.  
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Evolution of races within F. oxysporum f.sp. lycopersici 

As mentioned before, the loss of function of avirulence genes leads to the emergence 

of new races. For example, Inami and co-workers showed that the insertion of a 

Hormin transposable element in the AVR1 coding sequence caused the loss of 

function of AVR1 that led to the emergence of Fol race 217. In our research we have 

shown that, except for this particular case, Fol race 2 isolates evolved from race 1 by 

the loss of part of the AVR1 genomic region in at least five independent deletion 

events of which three were observed only once (Chapter 3, 5).  In three events, the 

deletion of the AVR1 genomic fragment was likely due to homologous recombination 

between identical transposable elements flanking this genomic fragment (Chapter 3, 

Chapter 5). In two of these cases, homologous recombination had occurred between 

two identical Helitron transposable elements, resulting in either a 102 kb or a 31 kb 

deletion (Chapter 3)18. In an another event, a AVR1-containing genomic region of 

approximately 457 kb was found to be deleted, most probably due to homologous 

recombination between two NHT2-like retrotransposons19. Overall, these results 

suggest that transposable elements played a major role in the evolution of Fol race 2 

from race 1. A recent analysis showed that the genome of Fol4287 (race 2) is a rich 

treasure of transposable elements, particularly the lineage-specific chromosomes20, 

where most of the effector genes are located.  

All 17 race 3 isolates studied in this research carry either the 102 kb or the 31 

kb deletion of AVR1 genomic region, except for a race 3 isolate from Japan (Kochi-1) 

(Chapter 3, Chapter 5). These results confirmed the previous hypothesis that Fol race 

3 evolved by point mutation in AVR2 from race 2 isolates which already had lost 

AVR1 (Chapter 3 and Chapter 5)6. Apparently, race 3 has evolved several times 

independently (Chapter 5). Interestingly, besides the three previously known point 

mutations in Avr2 (V41>M, R45>H, R46>P), a novel point mutation was identified 

(T50>-) in Avr2 that also led to the evasion of I-2 mediated resistance6. The 

occurance of the exact same point mutations in Avr2 of race 3 isolates belonging to 

different lineages (Chapter 5) suggests a strong selection on this particular region in 

Avr2 (position 41 to 51) to evade I-2 mediated resistance. It is still unknown how I-2 

perceives Avr2. The point mutations in Avr2 suggest a direct interaction between I-2 
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and Avr2, even though there is no experimental evidence for this. However, it should 

be noted that point mutation in Avr2 is not only the mechanism to evade I-2 mediated 

resistance. As we show in Chapter 5, Fol can evade I-2 mediated resistance by the 

complete loss of AVR2, although the mechanism for this deletion is unknown 

(Chapter 5).    

Even though in this research we could identify probable molecular 

mechanisms underlying the evolution of races within Fol, it is still unknown when, 

where and how did ancestral Fol race 1 emerged. Moreover, the origin of the Fol 

pathogenicity chromosome is a mystery. Homologues of at least AVR1, SIX6, SIX7, 

SIX8 and SIX9 are present in other formae speciales of F. oxysporum as well as in 

some other fungal species (Appendix)21. The origin of these genes may give insight 

into the evolution of Chromosome 14 in Fol. 

 

Helitrons in F. oxysporum 

As shown in Chapter 2, in F. oxysporum extreme karyotype variability exists between 

isolates, even within a VCG (Chapter 2). A major cause for genetic variability is 

transposable elements (TE). TE activity can play major role in genome evolution and 

gene evolution, as shown in this research. TE insertion can disrupt genes and mediate 

chromosome rearrangements and can provide alternative promoters, exons, and 

terminators, splice junctions or even have the potential to create novel genes. For 

example, Helitrons appear to have the potential to create novel genes by capturing 

gene fragments from different genomic locations22. Helitrons are different from other 

DNA transposons in terms of their terminal structural features and mode of 

transposition. They have been identified in many eukaryotic species including plants, 

animals and fungi22. In fungi, the characteristics of Helitrons are poorly understood. 

Since homologous recombination between two identical Helitrons has apparently led 

to the excision of an AVR1-containing genomic region between these elements 

(Chapter 3), we were curious about the characteristics of Helitrons in F.  oxysporum 

and the impact of these elements in the evolution of its host species. We have 

identified six Helitron families (FoHeli1 - FoHeli6) in the genome of Fol4287, which 

together constitute 0.4% of the total genome (Chapter 4). Most of these elements are 
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located on lineage specific (LS) chromosomes. Putative autonomous elements were 

identified in each family that encode proteins with a Rolling circle replication 

initiator (RC rep) domain and an adjacent helicase domain (hel), suggesting that these 

elements may be active, although we could not provide any evidence for their 

expression. Moreover, the high similarity (even 100% identity) between copies 

suggests at least very recent activity. Novel terminal structural features suggest that 

FoHeli1 to FoHeli6 are new groups in the Helitron family (Chapter 4). In addition to 

autonomous Helitrons, we have identified two non-autonomous derivatives of 

FoHeli1. Since non-autonomous transposable elements have no coding capacity, it is 

generally thought that the transposition of non-autonomous elements occurs through 

the recognition in trans of shared terminal sequence motifs by proteins encoded by 

autonomous elements residing within the same genome. The presence of multiple 

terminal sequences in many non-autonomous derivatives of FoHeli1 indicates a 

specific role for these terminal sequences in Helitron transposition (Chapter 4). 

Perhaps they may act as a recognition/termination signal for rep activity.    

A striking finding in this study is the amplification of FoHeli1 with joined 

ends, indicating that Helitrons may exist in circular form. If this is true, then we 

speculate that the circular Helitrons may act as an intermediate for Helitron 

transposition as we suggest in our model for Helitron transposition (Chapter 4). 

Previously, RC rep proteins were shown to have both nicking and ligase activity23. 

The perfectly joined ends of FoHeli1 support our hypothesis that the rep domain in 

the Helitron protein may act on the terminal sequences. Future studies on FoHeli1 

may elucidate the mechanism underlying Helitron transposition. 

 

Origin of formae speciales in F. oxysporum 

As described earlier, pathogenic strains of F. oxysporum are divided into formae 

speciales based on their host specificity24. Nonetheless, some strains do infect two or 

more hosts; for example, F. oxysporum f.sp. radicis-cucumerinum affects both 

cucumber and melon25. To date, more than 150 formae speciales have been described 

in F. oxysporum26,27.  Two recent examples are f.sp. palmarum (pathogen of queen 

palm (Syagrus romanzoffiana) and Mexican palm (Washingtonia robusta)) and f.sp. 
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loti (pathogen of birdsfoot trefoil (Lotus corniculatus))28,29. Recent evidence shows 

that most formae speciales of F. oxysporum are comprised of different clonal 

lineages, and often each clonal lineage is associated with a single VCG or closely 

related VCGs. For example, in Fol five independent clonal lineages were identified 

(Chapter 5) that are associated with VCGs. Moreover, a close genetic relationship 

between different formae speciales of F. oxysporum has been shown in many studies. 

For instance, isolates of f.sp. melonis and radicis-lycopersici were grouped with Fol 

isolates belonging to clade 2 in the phylogenetic tree (Chapter 5). Similarly, five 

evolutionary lineages were identified in f.sp. cubense and within each lineage 

cubense isolates were found to be more related to isolates from other formae 

speciales such as f.sp. melonis and f.sp lycopersici, than to cubense isolates from 

other lineages30. The clustering of strains from different formae speciales suggests 

that they share a common ancestor. Also, the polyphyletic nature of formae speciales 

indicates that the ability to cause disease on a specific host has evolved independently 

in each clonal lineage of a forma specialis.  

How pathogenic clonal lines emerged in the F. oxyporum species complex is 

still a matter of speculation. In nature, most F. oxysporum strains appear not to be 

pathogenic. The non-pathogenic forms of F. oxysporum can be found in soil, water, 

roots and rhizospheres of divers plant species4. It is generally assumed that 

pathogenic forms of F. oxysporum originate from non-pathogenic forms. In line with 

this hypothesis, Inami and co-workers recently reported a close phylogenetic 

relationship between isolates of Fol and co-occurring non-pathogenic, soil inhabiting 

F. oxysporum31. 

 Based on the above-mentioned observations, I propose a model for the 

emergence of formae speciales within F. oxysporum (Figure 1). According to the 

Fusarium time-calibrated phylogeny32, the last common ancestor of all current 

Fusarium species originated roughly 91.3 million years ago (Mya). The publically 

available assembled genome of Fol contains 11 core chromosomes and four lineage 

specific chromosomes. The core chromosomes of Fol share high level of sequence 

similarity (90%) with F. verticillioides (Fv), suggesting that all contemporary 

pathogenic forms of F. oxysporum were derived from a heterogeneous, presumably 



Chapter 6 

! "$&!

non-pathogenic population that separated from F. verticillioides roughly 10 – 11 Mya 

(Figure 1)32.  After this separation, F.oxysporum appears to have acquired additional 

genetic material that facilitated colonization of different hosts (not necessarily leading 

to disease development). No sexual cycle has been described in Fusarium oxysporum. 

However, the mating types locus (MAT1), which regulates sexual reproduction in 

fungi, was identified and cloned from Fusarium oxysporum33, and the two mating 

types (MAT1-1 and MAT1-2) are found scattered in the phylogenetic tree of Fo 

strains, suggesting that the Fusarium oxysporum population might still undergo a 

cryptic sexual reproduction. Selection by a host (e.g. cultivated tomato) can cause 

propagation and spread of a clonal line. Alternatively, the pathogenicity factors that 

determine host specificity in one clonal lineage could occasionally be transferred to 

the ‘background’ population horizontally (indicated by HCT in Figure 1) and that 

may lead to the emergence of the same forma specialis but with a different genetic 

background (clonal lineage). This might be true at least for Fol where a small 

chromosome, designated chromosome 14, has been shown to transfer between 

different isolates of F. oxysporum34. Most of the effector genes in Fol that facilitate 

virulence on tomato are located on chromosome 1420. The conservation of these 

genes with 100% identity in Fol isolates belonging to different clades suggests that 

pathogenicity towards cultivated tomato has relatively recently spread to different 

clades through horizontal chromosome transfer. Most formae speciales of F. 

oxysporum are comprised of multiple races (Figure 1). New races of a particular 

forma specialis could evolve from a pre-existing ra ce within a clonal lineage by the 

loss of function of avirulence genes due to strong selection imposed by corresponding 

resistance genes in that particular host. For example, Fol race 2 evolved from race 1 

by the loss of function of AVR1 soon after the introgression and widespread use of 

tomato cultivars containing I that confer resistance against race 1 (Chapter 3). 

Similarly, race 3 evolved from race 2 by point mutations in Avr2 only after the 

widespread use of the tomato cultivar containing I-2 that confer resistance against Fol 

race 2. The model presented here may be simple, but deals well with 1) the 

polyphyletic origin of formae speciales of Fusarium oxysporum; 2) the close genetic 

relationships of strains of different formae speciales 3) the idea that races evolved 
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within each clonal lineage. However, this model does not explain how different 

formae speciales obtained the pathogenicity factors that facilitate virulence on a 

particular host.  
 
 

 
 
Figure 1. Model for the origin of formae speciales of F. oxysporum and races within 
formae speciales. Fo –F. oxysporum, Fv – F. verticilliodes. Different colours indicate 
different formae speciales of Fusarium oxysporum; green – F. oxysporum f.sp lycopersici, 
blue – F. oxysporum f.sp. cubense, pink – F. oxysporum f.sp. melonis, red – F. oxysporum 
f.sp vasinfectum, orange – F. oxysporum f.sp. batatas.  HCT – horizontal chromosomal 
transfer. Genetically closely related strains are represented by triangle  s, circles and squares.  

 

 

Concluding remarks 

Over the last decades, many resistance genes have been incorporated into commercial 

crop cultivars to combat existing pathogens that are able to infect those crops. 
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However, plant pathologists have witnessed changes in pathogen populations that are 

able to break the newly incorporated resistance genes. This implies that the durability 

of a disease resistance is governed by the evolutionary potential of the pathogen 

population. Therefore a better understanding of the processes that lead pathogen 

evolution is necessary to understand the forces that lead to breaking resistance genes. 

As shown in this thesis, breaking resistance could result from the loss of function of 

avirulence genes by single point mutation or insertion of a transposable element in 

the coding region, and by the deletion of chromosomal segments that containing an 

avirulence gene by homologous recombination between transposable elements. 

Pathogen populations with active transposable elements may exhibit higher mutation 

rates or genome variability than without active elements. This is particularly 

important in F. oxysporum as it harbors many active transposable elements. Any 

activity that slows down the activity of transposable elements or chromosomal 

rearrangement could potentially affect overall mutation rate for this pathogen species. 

A major driving force that leads to loss of function of an avirulence gene in a 

pathogen is the strong selection that occurs when a major resistance gene becomes 

widely distributed over a large geographical area. Strategies to reduce this directional 

selection, for example incorporation of different resistance genes in a single cultivar 

in the hope that pathogens not undergo mutations in avirulence genes corresponding 

to each resistance gene, may reduce frequent disease outbreaks. Most importantly, the 

occurrence of different races from diverse geographical locations in the same VCG 

implies that new races might emerge independently at different locations either from 

local populations or at a centre of origin followed by long-distance dispersal. In case 

of F. oxysporum, the spores have limited potential for long distance movement. 

Therefore human activities may results in the introduction of a new pathotype in a 

new location. Good quarantine methods that will reduce the spread of these 

pathogens are really appreciated.  
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