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Introduction 

 
Microorganisms are found everywhere, in the air, in water and in soil. The majority 

of them is harmless, and some are even beneficial. For instance, specific 

microorganisms are being used in biotechnology e.g. for the production of 

metabolites and enzymes. Others are used as bio-control agents or bio-fertilizers1-3. In 

contrast, pathogenic microorganisms are able to cause disease in humans, animals 

and plants. Plant pathogens receive relatively much attention because they are a threat 

to global food security by affecting crops. In the past, plant diseases have led to 

failures of harvests with very serious consequences. Examples are the Irish Famine 

due to late blight of potato (1845), the Coffee Rust epidemic in Sri Lanka (1875) and 

the Bengal Famine due to brown spot of rice in India (1943). Plant pathogenic 

microorganisms include viruses, bacteria, oomycetes and fungi. Fortunately, most 

plant pathogens are capable of infecting one or a few host species only.  

Their innate immune system helps plants to protect themselves against most 

of the potential pathogens surrounding them. This immune system consists of two 

layers4-6. The first layer is activated by the recognition of conserved pathogen-

associated molecular patterns (PAMPs) by corresponding pattern recognition 

receptors (PRRs) of the plant7,8. This response is called PAMP-triggered immunity 

(PTI). Examples of PAMPs are bacterial flagellin and elongation factor Tu (EF-Tu), 

fungal ethylene-inducing xylanase (EIX) and oligosaccharides, such as glucan and 

chitin fragments from fungal cell walls, and more complex epitopes such as 

glycoproteins from oomycetes or bacterial lipopolysaccharides and peptidoglycans9-

12. Examples of PRR are the bacterial flagellin receptor FLS2, the EF-Tu receptor 

EFR, and the chitin-binding receptors CEBiP and CERK112-16. Although PTI is 

effective against a broad spectrum of microorganisms, pathogens overcome PTI by 

secreting so-called effector proteins that manipulate cellular processes in the host to 

facilitate susceptibility11,17-20. In turn, plants have evolved a second layer of immunity 

in which they employ another type of receptors called resistance (R) proteins. R 

proteins recognize specific pathogen effectors or their effects on the plant cell, 
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resulting in effector-triggered immunity (ETI)21,22. Effector proteins in the pathogen 

that are recognized by specific R proteins in the host are called avirulence proteins 

(Avr)23,24. The interaction between an R protein and its cognate Avr protein leads to a  

 

!
Figure 1. Zig-Zag model for the evolution of plant defense against pathogens (adapted 
from Jones and Dangl 200625). According to this model, the first line of active plant defense 
is triggered upon recognition of conserved molecules in the pathogens called pathogen 
associated molecular patterns (PAMPs, indicated in blue colour) by plants cell surface 
receptors called pattern recognition receptors (PRRs). This is called PAMP-triggered 
immunity (PTI). Successful pathogens overcome PTI by employing new secreted effectors 
(indicated in red colour) that suppress PTI responses, resulting in effector-triggered 
susceptibility (ETS). In turn, during evolution, plants have responded to these effectors 
through the development of resistant (R) proteins (indicated by black pie) that recognize 
single effectors, resulting in a second line of plant defense called effector-triggered immunity 
(ETI). The effectors that are recognized by R proteins are referred to as avirulence proteins 
(Avr) (indicated by red circlcs). Typically, the recognition of an Avr protein by an R protein 
is associated with programmed cell death, called the hypersensitive response (HR) that 
prevents the further growth of the pathogen in the host. As to counteract, pathogens have 
evolved to overcome ETI by the loss of function of its avirulence proteins or by employing 
new effectors (indicated by green circles) to suppress ETI. In turn, plants have evolved new R 
proteins (indicated by pink pie) to recognize newly evolved pathogen effectors, resulting 
again in ETI. 

!

disease resistance response, often a so-called hypersensitive response (HR), a 

programmed cell death at the site of infection site by which further growth of the 

pathogen in the plant is restrained8,25. In response to this, pathogens may overcome 
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ETI by loss-of-function of the avirulence protein or by employing new virulence 

factors. In the plant, new R proteins may evolve that recognize other pathogen 

effectors. This leads to a molecular arms race between the host plant and its pathogen, 

which is illustrated in a Zig-Zag model (Figure 1)25. This type of molecular arms race 

can be seen in many plant-pathogen interactions. A good example is the interaction 

between tomato and its vascular wilt pathogen Fusarium oxysporum f.sp. 

lycopersici26.    

 

Fusarium oxysporum  

Fusarium oxysporum is a (predominantly) asexual soil-borne fungus occurring 

worldwide. The species harbors both pathogenic and non-pathogenic strains. Because 

of the widespread presence of non-pathogenic isolates, it is generally assumed that 

pathogenic strains emerged from nonpathogenic ancestors27. Pathogenic forms may 

cause devastating diseases on several economically important crops28. Recently, F. 

oxysporum has been reported to be a serious emerging human pathogen causing 

invasive fungal infection with lethal outcomes in immuno-compromised patients29,30. 

Strains pathogenic to plants often cause vascular wilt diseases but can also cause 

damping-off problems or crown and root rot31-33. Although they have a wide host 

range, individual strains of F. oxysporum infect one or few plant species only. Hence, 

based on their host specificity, F. oxysporum strains are divided into formae speciales 

(special forms)34. More than 120 formae speciales of F. oxysporum have been 

described35. For example, F. oxysporum f.sp. lycopersici (Fol) causes disease only in 

tomato (Solanum lycopersicum L.). However, some formae speciales have broader 

host ranges, such as F. oxysporum f.sp. radicis-cucumerinum and F. oxysporum f. sp. 

radicis-lycopersici, which apart from infecting cucumber and tomato, respectively, 

can cause root and stem rot on other host plants36. As a (predominantly) asexual 

organism, F. oxysporum is thought to evolve by means of clonal mutations at 

virulence or avirulence loci and potentially through the process of parasexual 

recombination37. Heterokaryon formation is a prerequisite for parasexual 

recombination and is limited to strains that are vegetatively compatible. Strains that 

are able to form heterokaryons with one another are assigned to the same vegetative 
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compatibility group (VCGs)27,38. In Fusarium spp. and other fungi, vegetative 

compatibility is controlled by vegetative (vic) or heterokaryon (het) incompatibility 

loci39. Two fungal strains are vegetatively compatible only if they possess identical 

alleles at corresponding vic loci. Therefore, strains belonging to the same VCG are 

genetically very similar. VCGs have often been used to estimate the diversity within 

the formae speciales of F. oxysporum. However, a mutation at a single individual vic 

locus would cause incompatibility between closely related individuals, grouping them 

into different VCGs40. Therefore, the genetic relationships between VCGs must be 

assessed in other means. Many formae speciales of Fusarium oxysporum are 

comprised of multiple VCGs, suggesting that the pathogenicity to a particular host 

has evolved more than once41,42. Most formae speciales of F. oxysporum include two 

or more races. Commonly, the relationship between formae speciales, races and 

VCGs is complex. Within certain formae speciales, multiple races may occur in 

single VCG and the same race may be present in multiple VCGs. 

  

F. oxysporum f.sp. lycopersici 

Fol is the causal agent of Fusarium wilt of tomato, first described by Massee in 

189543. Three physiological races of (Fol) have been reported based on their ability to 

infect tomato cultivars carrying different monogenic resistance genes. During the first 

half of last century race 1 was the most prevalent race. Resistance to this race was 

described first by Bohn and Tucker in 193944. Soon after the introduction of the 

resistance into commercial tomato varieties, a Fol race  (race 2) was identified 

capable of breaking the resistance. Race 3, capable of breaking both race 1 and race 2 

resistance was observed in Australia in 197845. To date, all Fol races have been 

reported from many if not all tomato-growing countries46-49. So far, four VCGs 

(VCG0030, VCG0031, VCG0033 and VCG0035) of Fol have been reported47,48,50. 

Strains formerly grouped in VCG0032 are now included in VCG003051. VCG0030 

includes all races, VCG0031 includes races 1 and 2 only, and VCG0033 and 

VCG0035 only include race 3 and race 2, respectively. Previously, results from 

restriction fragment length polymorphisms (RFLP), random amplified polymorphic 

DNA (RAPD) and isozyme analysis demonstrated that races within a VCG are 
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genetically more similar each other than to isolates of the same race in another VCG, 

suggesting that VCG is an indicator of the evolutionary lineage of Fol49,51,52. 

Similarly, a phylogenetic study based on the ribosomal DNA intergenic spacer (IGS) 

region have revealed three evolutionary lineages (in a study in which VCG0035 was 

not included) for Fol in which each lineage comprised of isolates belonging to a 

single VCG53. The occurrence of multiple races in each lineage suggested that races 

have evolved independently within each lineage. 

 

Pathogenesis 

The mycelium of Fol is floccose, sparse or abundant and ranges in color from white 

to pink. It produce three types of spores; macroconidia, microconidia and 

chlamydospores. Macroconidia are falcate and thin walled, and have three or four 

septa. They are borne on branched conidiophores in sporodochia. Microconidia 

usually are non-septated, oval-elliptical, and are formed abundantly in false heads on 

short phialides formed on the hyphae. Chlamydospores are thick walled and are 

formed abundantly in hyphae. When food becomes scarce, Fol can survive for a 

longer period of time in soil as chlamydospores. Spores are dispersed by many 

different means including wind and through seeds, or infected planting material. The 

infection process of Fol in tomato can be divided into several stages: root recognition, 

root surface attachment and colonization, penetration and colonization of root cortex 

and hyphal proliferation within the xylem vessels35. In the soil, spores are stimulated 

to germinate by exudates from roots growing nearby, and the newly developing 

hyphae show a positive tropic response to roots and root surfaces54. Root penetration 

occurs through natural wounds at the origin of lateral roots, or by direct penetration 

of the cortex. After entry of the cortex, the pathogen colonizes the xylem vessels and 

rapidly spreads throughout the plant. Plants respond to Fol infection by secreting 

several antimicrobial compounds and proteins such as glucanases, chitinases and 

other pathogenesis related (PR) proteins into the xylem vessels, and by the formation 

of tyloses, gels and gums. As a consequence of the latter, xylem vessels are blocked 

preventing further growth of the pathogen in the plant55,56. In susceptible tomato 

plants, the fungus keeps proliferating in the vessel tissue and the resulting occlusion 
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of an ever increasing number of xylem vessels results in a reduced water flow and 

consequently in wilting and eventually death of the plant (Figure 2A). At this stage, 

F. oxysporum spreads to the neighboring parenchymatous tissue and starts 

sporulating on the plant surface, thereby completing its pathogenic life cycle28. Since 

Fol kills the plant at least at later stages of infection, it is generally considered a 

hemibiotrophic pathogen. 

 

!!!!!!!!!!!!! !!  
Figure 2. Response of a susceptible tomato cultivar and a resistance tomato cultivar 
against Fol infection. A) General susceptible tomato line infected by Fol race 1. Ten days 
old tomato seedlings (cultivar moneymaker C32) were inoculated with a Fol race 1 isolate B) 
Tomato cultivar carrying I resistance gene (cultivar GCR161) show resistance against Fol 
race 1. Both pictures were taken three weeks after inoculation. 
 

Resistance genes in tomato and corresponding avirulence genes in Fol 

For tomato and Fol, a gene-for-gene relationship exists and tomato R genes and 

corresponding avirulence genes in Fol have been identified. Monogenic resistance 

genes against Fol, called immunity (I) genes, have been identified in wild tomato and 

introgressed into tomato cultivars57,58. R genes I and I-1 correspond to AVR1 (SIX4) 

and confer resistance against Fol isolates carrying this avirulence gene (Figure 2B). I-

2 and I-3 recognize Avr2 (Six3) and Avr3 (Six1), respectively, and confer resistance 

against Fol isolates carrying the genes encoding these effectors. So far only I-2 and I-

3 have been cloned59,60. I-2 is predicted to encode an intracellular protein from the 

CC-NB-LRR family and I-3 encodes SRLK receptor like kinase59. NB-LRR proteins 

are commonly involved in the recognition of effectors from bacteria, viruses, fungi, 

oomycetes and nematodes. AVR1 (also known as SIX4) is present only in race 1 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!(!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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whereas AVR2 and AVR3 are present in all Fol races (Table 1). However, AVR2 is 

mutated in race 3: three alternative nucleotide substitutions have been found (G121A, 

G134A and G137C) that cause loss of its avirulence function 61. Besides their 

avirulence function, Avr2 and Avr3 have been shown also to function as virulence 

factors, as deletion of their genes compromises virulence of Fol on general 

susceptible tomato plants61,62. Although Avr1 is not a virulence factor, it has been 

shown to suppress the I-2- and I-3-mediated resistance in tomato cultivars. This 

suppressive function of AVR1 enables race 1 isolates to infect I-2 and I-3-containing 

tomato cultivars despite the presence and expression of AVR2 and AVR363. 

 

Table 1: Relationship between Fol races and tomato cultivars 

 

 

 

 

 
 
 
 
 
 
“-“ - Absence of AVR1, “x” – Some race 1 isolates are virulent on I-2 and I-3 lines51,63,66 
(Chapter 2), “y” – allele containing a point mutation that prevents recognition by I-261. 
 

Genome organization of Fol 

The genome of Fol isolate 4287 (Fol4287) has been sequenced, assembled and 

annotated, and is publically available (www.broadinstitute.org). Fol4287 is a race 2 

isolate and belongs to VCG0030. Although not assembled, the genome sequence of 

another Fol isolate, race 3 isolate MN25 (VCG0033), is publically available as well 

(www.broadinstitute.org). The availability of annotated Fol genomes provides an 

excellent opportunity to explore the evolution of this fungus through comparative 

studies. The genome size of Fol4287 has been estimated to be 61 Mb and is organized 

into 15 chromosomes (and 117 unpositioned scaffolds). Comparison of this F. 

oxysporum genome to those of other Fusarium species such as F. verticillioides, F. 

Race Genotype Resisted by 

1 AVR1, AVR2, AVR3 I, I-1, I-2x and I-3x 

2        -,  AVR2, AVR3 I-2 and I-3 

3        -,  avr2y, AVR3 I-3 
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graminearum and F. solani revealed four lineage specific (LS) chromosomes in Fol 

that are rich in transposons, genes encoding effector proteins, transcription factors 

and proteins involved in signal transduction; they are devoid of house-keeping 

genes64,65. The 11 core chromosomes of Fol show a high level of synteny with 

corresponding chromosomes of Fusarium verticillioides, indicating that LS 

chromosomes may have a distinct evolutionary origin (Figure 3). Interestingly, 

horizontal transfer of one LS chromosome, notably chromosome 14, from a 

pathogenic isolate of Fol to a non-pathogenic isolate of Fo during co-cultivation, 

resulted in a new pathogenic lineage infecting tomato, indicating that chromosome 14 

carries the main determinants for the ability to cause disease in this plant species64. 

Fol4287 chromosome 14 contains a number of genes encoding small, relatively 

cysteine rich, secretory proteins collectively known as Six proteins as they are 

secreted in the xylem61-65. The proteins encoded by most SIX genes on chromosome 

14 have been identified in the xylem sap of Fol infected tomato plants and some of 

them have been shown to be virulence factors that promote Fol infection on 

tomato20,61-63,65-68. Some SIX genes appear to be unique to Fol (e.g. SIX3 and SIX5) 

but others, including SIX4, SIX6, SIX7, SIX8 and SIX9 have close homologues in 

other formae speciales20,68,69. The SIX genes are well conserved in Fol except for 

SIX4, which is restricted to race 1 isolates only63,68. 

 In asexual fungi transposable elements (TE)-mediated mutations appears to be 

the main source of genetic variability70. Recombination between (nearly) identical 

transposable elements can create structural rearrangements like deletions, inversions, 

duplications and translocations. For example, homologous recombination between 

two occan transposable elements led to the deletion of three copies of avirulence gene 

AVR-pia in the rice blast fungus Magnaporthe oryzae, enabling this fungus to infect 

rice cultivars carrying corresponding resistance gene Pia71,72. Moreover, insertion of 

TEs into an ORF or promoter region can also lead to the loss of function of 

genes46,73,74. In addition, TEs may have roles in evolution related to their ability to 

create novel genes. For example, Helitron TEs exhibit the remarkable ability to 

capture gene fragments from multiple genomic location and in some cases, the 

captured gene fragments fuse to form a chimeric transcript75,76. Helitrons are thought 
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to replicate via a rolling circle replication manner77. A recent study has revealed that 

Fol possesses many different families of class I and Class II transposable elements, 

including Helitrons, of which 74% are located in LS regions65.  

 
 

 
Figure 3. Whole genome comparison between Fusarium verticillioides (Fv) and 
Fusarium oxysporum f.sp. lycopersici (Fol).  Black lines indicate the core chromosomes and 
red lines indicate the lineage specific (LS) chromosomes and chromosome extensions in Fol. 
 

Current concept of evolution of races in Fol  

Based on the gene-for-gene relationship between races of Fol and cultivars of tomato, 

a model for the evolution of Fol races in agriculture has been proposed26. According 

to this model, the historically ‘oldest’ race 1 carries AVR1, AVR2 and AVR3 in its 

genome. After the introduction in tomato cultivars of R gene I in 1939, race 2 isolates 

evolved by loss of AVR1. Subsequently, after the introduction of I-2 in tomato 

cultivars in 1965 race 3 evolved by loss-of-avirulence mutations in AVR2. I-3 was 

introduced from Solanum pennellii in the late 1980s to protect tomato against race 3. 

Since Fol race 1 isolates have the ability to suppress I-3-mediated resistance, this R 

gene may not be fully effective against race 1. A combination of I-1 or I and I-3 

should yield broad resistance of tomato to Fusarium wilt disease of tomato, since I-3 

is directed against a virulence factor (AVR3) and I (and I-1) against the suppressor of 

       F. verticillioides                          F. oxysporum. f.sp. lycopersici 

!
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I-3 (AVR1).  

 

Outline of the thesis 
 

To unravel the molecular events underlying the evolution of Fol races, this thesis 

mainly focuses on AVR1. The lack of I-2- and I-3-mediated resistance-suppressive 

activity in some Fol race 1 isolates is investigated in Chapter 2. The analysis showed 

that lack of suppression in some race 1 isolates cannot be explained by differences in 

either the AVR1 coding sequence or its surrounding sequences nor by an altered 

expression level. Based on the results shown in Chapter 2, I propose that lack of 

suppression is due to the influence of an unknown genetic factor present in some race 

1 strains of F. oxysporum f.sp. lycopersici 

  Chapter 3 investigated the molecular mechanism underlying the evolution of 

Fol race 2 from race 1. Using a BAC library of race 1 isolate Fol004, a 100 kb 

genomic region containing AVR1 has been sequenced and annotated. The evidences 

obtained by comparing this AVR1 genomic region to the sequenced genome of 

Fol4287 showed that Fol race 2 evolved from race 1 by deletion of a genomic 

fragment containing AVR1, most likely due to a homologous recombination event 

between two Helitron transposable elements bordering this fragment.  

Helitrons form a recently discovered class of transposons that occur in a wide 

range of eukaryotes including plants, animals and fungi. In plants and animals, the 

characteristics of Helitrons are well documented. In fungi, the occurrence and 

characteristics of Helitrons have hardly been investigated. In Chapter 4, a novel 

family of Helitrons in F. oxysporum (Fo), designated FoHeli, with distinct terminal 

structural features compared to plant and animal Helitrons is described. Phylogenetic 

analyses of the rep and hel domains, hallmarks of Helitrons, reveal that different 

FoHeli groups arose through ancient duplications in the Helitron family and that 

FoHeli’s with similar structural features cluster in one clade, indicating that the 

evolution of these features occurred only once. 
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In Chapter 5, the evolution of Fol races is investigated in more detail. So far, 

three point mutations in AVR2 gene leading to the evolution of race 3 from race 2 had 

been documented. In this study two novel mutations in Avr2 are described that also 

lead to the evolution of race 3 from race 2. A phylogenetic tree based on EF1-! 

sequences from all Fol races used in this study shows five clonal lineages that 

correlate with known VCGs. The analysis showed that Fol races likely emerged 

within VCGs independently at different times. Finally, a model for the evolution of 

races within Fol is proposed.  

In Chapter 6, the results described in this thesis are summarized, discussed 

and a model for the origin of formae speciales within F. oxysporum and evolution of 

races within formae speciales is proposed.  
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Abstract 

 

Race 1 isolates of Fusarium oxysporum f.sp. lycopersici (Fol) are characterized by 

the presence of avirulence gene 1 (AVR1) in their genome. This gene is absent in 

other races of Fol. AVR1 encodes avirulence protein 1 (Avr1) that triggers race-

specific resistance in tomato plants carrying resistance (R) gene I or I-1. In addition to 

its avirulence function, AVR1 suppresses 1-2- and 1-3-mediated resistance in tomato 

cultivars. Here we show that not all race 1 isolates are able to suppress I-2- and I-3-

mediated resistance, even though they all contain AVR1 in their genome. Lack of 

suppression can neither be explained by differences in the coding sequence of the 

AVR1 gene, nor by its local genetic context or by altered AVR1 expression levels. We 

hypothesize that lack of suppression by some race 1 isolates is due to the influence of 

an unknown factor present in the genome of some F. oxysporum f.sp. lycopersici 

isolates.
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Introduction 

 

During infection plant pathogens generally secrete small proteins, which are referred 

to as effector proteins. Many of these have been identified as virulence factors1-4. In 

turn, host plants have developed resistant (R) proteins to recognize some of these 

effectors. The effector protein of the pathogen that is recognized by a corresponding 

R protein in the host is called an avirulence (Avr) protein. The interaction between a 

R protein and its cognate Avr protein often leads to localized cell death in the host, a 

phenomenon called the hypersensitive response (HR). Usually an HR restricts further 

growth of the pathogen in the plant. However, pathogens can evolve to evade R 

protein recognition through mutating or deleting the corresponding AVR gene. 

Alternatively, pathogens sometimes employ other effector proteins to suppress R 

gene-mediated immunity in host plants. 

 Pathogenic forms of Fusarium oxysporum, an asexual soil-borne fungus, cause 

wilt or root rot disease in many economically important crops. The species is divided 

into formae speciales depending on their host specificity, and further into 

physiological races based on cultivar specificity. F. oxysporum f. sp. lycopersici (Fol) 

is a wilt pathogen of tomato that causes substantial losses in tomato production 

worldwide5. To date, three physiological races of Fol have been identified, races 1, 2 

and 36. So far, four monogenic resistance genes (I, I-1, I-2 and I-3) against Fol have 

been identified in wild type tomatoes and introgressed into tomato cultivars5,7. Race 1 

isolates are avirulent on tomato lines containing R gene I or I-1, whereas races 2 and 

3 are virulent on these lines. Races 2 and 3 are avirulent on tomato plants containing 

R gene I-2 and I-3, respectively; race 3 is virulent on I-2 plants8. I-mediated immunity 

in tomato depends on the presence of the corresponding AVR genes in Fol. Three 

avirulence genes (AVR1, AVR2 and AVR3) have been identified that correspond to 

matching I genes (I or I-1, I-2 and I-3, respectively)9-11. AVR1 is present in race 1 

isolates only, whereas AVR2 and AVR3 are present in all Fol races (Chapter 1). In 

race 3 isolates AVR2 is mutated resulting in breaking I-2-mediated resistance in 

tomato11. 
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   Previously, we showed that race 1 isolates partially overcome I-3-mediated 

resistance even though they contain a functional AVR3 in their genome12. Later, 

working with race 1 isolate Fol004, it was found that the ability of race 1 isolates to 

infect I-3 and also I-2 containing plants is due to the capability of AVR1 to suppress 

1-2- and 1-3-mediated immunity10. In this study we extend previous experiments with 

race 1 isolate Fol004 with additional race 1 isolates10. Not all of these isolates were 

found to suppress I-2- and I-3-mediated resistance. The observed differences in the 

suppressive ability of AVR1 can not be explained by differences in either the coding 

sequence of the AVR1 gene or its local genetic context, nor by altered AVR1 

expression levels. We propose that lack of suppression by some race 1 isolates is due 

to the influence of an unknown fungal factor present in the genome of a subset of Fol 

isolates. 

 

 

Results 
 

Lack of resistance-suppressive activity in some Fol race 1 isolates  

AVR1 of Fol race 1 isolate Fol004 suppresses I-2- and I-3-mediated resistance in 

tomato10. Here we set out to test some additional race 1 isolates (Table 1) for their 

virulence on plants containing either R-gene I-2 (plant line 90E341F) or I-3 (E779); 

plant lines C32 (no Fusarium resistance gene) and GCR161 (containing R gene I) as 

well as a Fol race 2 (Fol007) and a Fol race 3 isolate (Fol029) were included as 

controls. The presence of AVR1, AVR2 and AVR3 in all Fol race1 isolates tested was 

confirmed by PCR amplification and sequencing (see below)8. In a bioassay, 10-day-

old seedlings were inoculated with each of the elven isolates listed in Table 1, 

approximately 20 plants per treatment. Mock-inoculated plants served as controls. 

Three weeks after inoculation fresh plant weight and disease index (DI) were 

measured8. The experiment was repeated twice (Fol001, Fol011, Fol016, Fol021 and 
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Fol022) or three times (Fol003, Fol004, Fol006, Fol007, Fol009 and Fol029) with 

very similar results. All isolates showed almost identical virulence on the general sus- 

!
 
Figure 1. Some race 1 isolates of F. oxysporum f.sp. lycopersici suppress I-2- and I-3-
mediated resistance while others do not. Ten-day-old seedlings of tomato lines C32 (- no I 
gene), GCR161 (I), 90E341F (I-2) and E779 (I-3) were inoculated with race 1 isolates 
Fol003, Fol004, Fol006 and Fol009, race 2 isolate Fol007 and race 3 isolate Fol029. Mock-
inoculated plants served as control. The experiment was repeated three times with similar 
results. Representative plants are shown three weeks after inoculation. Isolates Fol004 and 
Fol006 are virulent on both I-2 and I-3 plants and suppress I-2- and I-3-mediated resistance. 
In contrast, isolates Fol003 and Fol009 are not or hardly virulent on I-2 and I-3 plants and 
thus unable to suppress I-2- and I-3-mediated resistance. All four race 1 isolates shown here 
are avirulent on I plants. 
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Figure 2. Quantification of disease symptoms. Three weeks after inoculation fresh plant 
weight above the cotyledons (grams) was measured (green bars) and the disease index 
(orange bars) of the same plants was scored ranging from 0 (no symptoms) to 4 (severely 
wilted, fully brown vessels, death). The mean fresh plant weight and mean disease index 
were subjected to analysis of variance (ANOVA). The virulence activity of strains on tomato 
represented by same letter does not differ significantly according to F test (P=95%). Error 
bars indicate standard error of the mean. The experiment was repeated three times with 
consistent results. A. C32 plants (no I gene), B. GCR161 plants (R gene I), C. 90E341F 
plants (R gene I-2), D. E779 tomato lines (R gene I-3). 
 
ceptible line C32, except for Fol003 that was found to be less virulent (Figures 1 and 

2A, and data not shown). All race 1 isolates were avirulent on I plants (Figures 1 and 
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2B, and data not shown), confirming the presence of a functional AVR1 in the 

genome of those isolates and hence their correct classification as race 1. Both Fol004  

Table 1. F. oxysporum f.sp. lycopersici isolates used in this study 
 

Isolate Original name Origin Race VCG Length fragment with 

AVR1 locus sequenceda 

Fol001 WCS801/E329 Netherlands 1 003-si 1.7 kb (-605 to +1178) 

Fol003 WCS861/E240 Netherlands 1 0030 2.1 kb (-1013 to +1178) 

Fol004 IPO1530/BI Netherlands 1 0030 2.7 kb (-1013 to +1763) 

Fol006 DI France 1 0030 2.7 kb (-1013 to +1763) 

Fol007b D2 France 2 0030si - 

Fol009 FOL-R5-6/E172 Wisconsin, USA 1 0030si 2.7 kb (-1013 to +1763) 

Fol011 E179 USA 1 0030si 1.7 kb (-605 to +1178) 

Fol016 BFOL-51 Louisiana, USA 1 0031 2.1 kb (-1013 to +1178) 

Fol021 FOL1 (66044) Israel 1 0030 2.1 kb (-1013 to +1178) 

Fol022 FOL-650 B Israel 1 0030 2.1 kb (-1013 to +1178) 

Fol029b 5397 Florida, USA 3 0030 - 

Fol078 MAFF 305121 Japan 1 - Not sequenced in this study 

 
a Positions relative to the AVR1 start codon are shown between brackets.  
b Isolate does not contain AVR1. 
Isolate MAFF 305121 was kindly provided by Dr. Kawase, director of the NIAS Genebank, 
National institute of Agrobiological Sciences in Japan. The donors of other isolates are 
mentioned in Rep et al.12  
 
 
and Fol006 were found to be virulent on I-2 plants although slightly less than race 3 

isolate Fol029 (Figure 1 and 2C). On I-3 plants, these two race 1 isolates were 

virulent as well (Figures 1 and 2D), in line with our earlier finding that AVR1 

suppresses I-2- and I-3-mediated resistance10. In contrast, I-2 plants inoculated with 

Fol003 and Fol009 showed only slight vascular browning (disease index 1; Figure 

2C) and fresh plant weight did not differ significantly from control lines (plant lines 

inoculated with race 2 isolate Fol007 or water) and therefore Fol003 and Fol009 can 

be considered avirulent on I-2 plants (Figures 1 and 2C). Likewise, I-3 plants 

inoculated with Fol003 showed only slight vascular browning (disease index 1; 



Chapter 2 

! '&!

Figure 2D)  and no significant loss in weight. Fol009 caused no symptoms at all on I-

3 plants (Figures 1 and 2D). The other race 1 isolates listed in Table 1 showed 

intermediate virulence phenotypes on I-2 and I-3 plants (data not shown). We 

conclude that not all Fol race 1 isolates have the ability to suppress I-2- and I-3-

mediated resistance in tomato plants, even though they all contain a functional AVR1 

in their genome: Fol004 and Fol006 show a suppressive phenotype, whereas Fol003 

and Fol009 do not, or at least to a much lesser extent. 

 

Difference in I-2 and I-3 suppressive ability is not associated with mutation(s) in 

AVR1. 

Since race 1 isolates can be divided into two groups based on the ability to suppress I-

2- and I-3-mediated resistance, we set out to test whether this difference is associated 

with polymorphisms in AVR1. Previously, the AVR1 open reading frames in Fol001, 

Fol003, Fol004, Fol006, Fol010 and Fol016 were sequenced and no polymorphisms 

were found8. Using primer pair 1091 and 1033 (Table 2) we sequenced the coding 

region of AVR1 in Fol009, Fol021 and Fol022 and these were also found to be 100% 

identical to that of Fol004-AVR1 (data not shown).  
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AVR1 expression during colonisation of tomato is similar between I-2 and I-3-

suppressing and non-suppressing race 1 isolates. 

Next, we questioned whether differences in AVR1 gene expression levels could be 

responsible for the difference in the ability to suppress I-2- and I-3-mediated 
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resistance by some race 1 isolates. Levels of AVR1 transcripts in the general 

susceptible tomato line inoculated with either Fol009 (non-suppressing) or Fol004 

 
 
Figure 3. The genomic region of AVR1 in Fol004. The AVR1 ORF (793 bp) is interrupted 
by a single intron (64 bp) (purple rectangle). AVR1 is flanked by a partial miniature impala 
repetitive element (Mimp 4) 485 bp upstream the start codon and a Tfo1-like repetitive 
element 714 bp upstream the start codon. The first 1123 nucleotides of the Tfo1 element were 
absent due to the insertion of a Maggy-like retrotransposon (RT) (Chapter 3). Downstream, 
AVR1 is flanked by a Fot5 transposable element (541 bp from the stop codon)10. LTR – long 
terminal repeat, IR – inverted repeat.  
!

(suppressing) were determined 8 and 12 days post inoculation (dpi). Using the AVR1 

specific primer pair 2579/2162 (Table 2) RT-PCR experiments were conducted using 

cDNA synthesized on RNA isolated from infected plants as template. As control, 

transcript levels of FEM1 were determined using primers 157 and 158 (Table 2). 

FEM1 is a constitutively expressed gene encoding a cell wall glyco-protein and 

serves as a measure for fungal biomass15. Figure 4 shows amplified fragments after 

27, 28 and 29 PCR cycles at both 8 and 12 dpi. At 8 dpi, the transcript level of 

Fol009-AVR1 seems to be lower than that of Fol004-AVR1. However, the same holds 

true for Fol009-FEM1 compared of Fol004-FEM1, suggesting that the amount of 

fungal biomass is somewhat higher in the Fol004-inoculated plants than in Fol009-

inoculated plants. We conclude that the expression of AVR1 relative to the expression 

of FEM1 is similar in both Fol isolates at 8 dpi. At 12 dpi, a smaller difference in 

AVR1 transcript levels was detected between Fol004 and Fol009 infected plants. Also 

here the difference can be accounted for by the observed difference in fungal biomass 

(FEM1 mRNA levels). Based on these results we conclude that the lack of the ability 
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to suppress I-2- and I-3-mediated resistance by Fol009 is not explained by (strongly) 

reduced expression of AVR1 during host colonization. 

 

 
 
Figure 4. AVR1 expression during plant colonization is similar between a suppressive 
and a non-suppressive isolate. Total RNA was isolated from Fol004- (“4”) and Fol009- 
(“9”) infected tomato line C32 at 8 and 12 days post inoculation. cDNA was synthesized 
using an oligo-dT primer and Revert Aid H minus reverse transcriptase (Fermentas, Thermo 
Scientific, Pittsburgh PA, U.S.A.). PCR amplification was carried out in a reaction volume of 
30 µl using cDNA as template and gene specific primer pairs (Table 2). To determine the 
relative amount of amplified fragment, a 5µl aliquot was taken out from the reaction mixture 
after 27, 28, 29 cycles and analyzed on a 1% agarose gel and stained with ethidium bromide. 
4-Fol004 inoculated plants, 9-Fol009 inoculated plants, Mo1-mock inoculated plants 8dpi 
and Mo2-mock inoculated plants at 12 dpi; M-Mass ruler DNA ladder, low range; G-PCR 
product amplified from genomic DNA; W-water (no DNA) control. 
 
Karyotype variability within Fol race 1 isolates 

The genome of Fol4287 (a race 2 isolate) has been sequenced, assembled and 

annotated, and is publically available (www.broadinstitute.org). In Fol4287 AVR2 

and AVR3 are located on chromosome 14. Since this isolate lacks AVR1 it is still 

unclear which chromosome in race 1 isolates harbours AVR1. In 2012, working with 

two Japanese race 1 isolates (MAFF 305121 and MAFF 103036), Inami and 

coworkers showed that AVR1 is not always present on the same chromosome on 

which AVR2 and AVR3 are located (Chromosome 14 in Fol4287)13. We set out to 

investigate the chromosomal localization of AVR1, AVR2 and AVR3 in isolates 

Fol003, Fol004, Fol006 and Fol009 in a pulsed field electrophoresis and blotting 
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experiment. Isolate MAFF 305121 was used as reference isolate. The Contour-

clamped homogeneous electric field (CHEF)-gel analysis revealed great karyotype 

variability within the Fol race 1 isolates (Figure 5). Furthermore, preliminary CHEF-

blot hybridization results indicates that AVR2 and AVR3 are always located on the 

same chromosome, the size of which may vary between isolates (data not shown). 

However, the localization of AVR1 varies: in MAFF 305121 and Fol009 AVR1 is 

localized on the same chromosome that contains AVR2 and AVR3, in Fol004 and 

Fol006 AVR1 is found on a separate, bigger chromosome, and in Fol003 on an even 

bigger (approx. 3.5 Mb) chromosome (data not shown). These (preliminary) results 

confirm and extend the previous observation that in different Fol isolates AVR1 may 

be located on different chromosomes13. 

 

 

Discussion 

 

In this study we confirm previous observations that Fol race 1 isolates evade I-2- and 

I-3-mediated resistance, despite the presence of the matching avirulence genes, AVR2 

and AVR310,12. However, not all race 1 isolates are able to do so. Among the nine race 

1 isolates tested on either I-2 or I-3 plants, Fol004 and Fol006 showed a high level of 

suppression of I-2- and I-3-mediated resistance, whereas Fol003 and Fol009 hardly 

showed any suppression (Figures 1 and 2).  

All race 1 isolates tested were avirulent on tomato plants containing R gene I, 

indicating that the avirulence function of AVR1 was retained in all isolates. One could 

speculate that distinct structural features are involved in the avirulence and the 

resistance -suppressive function of Avr1 as in the case of bacterial AvrPtoB and 

oomycete AVR3a . AvrPtoB is a type III effector protein from Pseudomonas 

syringae pv. tomato DC3000, of which the N-terminal region is required for 

triggering resistance in tomato carrying R gene Pto; the C-terminal region is required  
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Figure 5. Karyotype of Fol race 1 isolates by CHEF-gel electrophoresis. The Following 
isolates were used; 1 – Fol004, 2 – Fol006, 3 – Fol009, 4 – MAFF 305121, 5 – Fol003. The 
chromosomes of Saccharomyces pombe  (6) and Schizosaccharomyces cerevisiae (7) were 
used as CHEF DNA size markers. 
 
for suppression of  Pto/AvrPto or Cf9/Avr9-initiated cell death in Nicotiana 

benthamiana. Mutations in the C-terminal region abolished its suppressive function 

but not its avirulence function14,15. The virulence and avirulence functions of the 

Phytophthora infestans effector protein AVR3a can also be uncoupled at the 

structural level16,17. However, sequencing of AVR1 from all race 1 isolates used 

(Table 1), revealed no polymorphisms. Apparently, the lack of the ability to suppress 

resistance is not caused by a specific structural feature. A tight linkage between 

avirulence and virulence functions at the structural level has been found for AvrPt2 

and AvrB as well18,19. No significant reduction in AVR1 transcript levels in Fol004 

and Fol009 infected C32 tomato lines was found, excluding the possibility that a 

change in AVR1 transcript (and most likely protein) level affects the suppression 

ability.  

     1        2          3        4        5        6         7         
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 Although race 1 isolates Fol003, Fol004, Fol006 and Fol009 show distinct 

resistance suppressing abilities, they all are belong to the same vegetative 

compatibility group (VCG), notably VCG0030 (Table 1), indicating the same clonal 

origin. So far, the only difference we found among these isolates is the difference in 

their karyotype pattern. Fol004 and Fol006 show a very similar karyotype pattern. 

Moreover, in these isolates AVR1 is located on a chromosome of the same size (~2.9 

Mb). The lack of obvious differences in karyotypes and the same chromosomal 

location of AVR1 in Fol004 and Fol006 could reflect their close evolutionary 

relationship. This is consistent with previous RAPD analysis20. The different 

karyotype pattern in Fol003 and Fol009 implies that genetic re-arrangements have 

occurred within VCG0030 during evolution and this may somehow correlate with the 

suppressive function of AVR1.  

Recent studies have shown that suppression of effector triggered immunity 

(ETI) and PAMP triggered immunity (PTI) is a key virulence strategy employed by a 

broad range of phyto-pathogens. For instance, the Phytophthora infestans suppressor 

of necrosis 1 (Sne1) suppresses programmed cell death (PCD) induced by Nep1-like 

protein (Nlp) genes PsojNIP and PiNPP1.121. Sne1 has also been shown to suppress 

AVR/R-induced HR in a broad spectrum of model systems, including oomycetes 

(Avr3a/R3a), bacteria (AvrPto/Pto), fungi (Avr9/cf9) and viruses (CP/Rx2)21. 

Recently, Six6, an effector protein from Fol, has been shown to suppress I-2/AVR2-

induced cell death in Nicotiana benthamiana leaves, suggesting that Fol secretes 

more effector proteins thath can suppress R gene-mediated resistance responses22. 

However, SIX6 does not suppress I-2- and I-3-mediated resistance during infection. 

Although suppression of I-2- and I-3-mediated resistance has been well 

documented, the mechanism of suppression by AVR1 is still unclear. Avr1 is a 242 

amino acid protein with a molecular weight 24.3 kda (mature part) with an N-

terminal signal peptide and no known functional domains in the mature part. Deletion 

of AVR1 does not reduce virulence on general susceptible tomato lines, suggesting 

that AVR1 has no general virulence function10. However, recently a virulence 

function has been assigned to a close homologue of AVR1 in Arabidopsis-infecting F. 
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oxysporum isolate Fo517623. The strong conservation of Fol-AVR1 (SIX4) and Fo-

5176-SIX4 extends outside the coding region (99% nucleotide identity across a region 

of around 2339 bp), suggesting that they have quite recently evolved from a common 

ancestor23.  

            Fol-AVR1 may suppress I-2- and I-3-mediated resistance in tomato cultivars 

through (1) inhibition of AVR2 and AVR3 gene expression, (2) blocking the uptake of 

AVR gene products by plants cell, (3) interference, directly or indirectly, with the 

recognition of Avr2 and Avr3 by corresponding R gene products. However, for none 

of those three mechanisms indications are available. The expression of AVR2 and 

AVR3 is unaltered during infection of tomato plants in the presence of AVR1 (data not 

shown). Furthermore, Avr2 is secreted into xylem sap during colonization of tomato 

by Fol, but is recognized intracellularly11, implying uptake by host cells. Since I-2 

plants show resistance to Fol009, the possibility that Avr1 inhibits Avr2-uptake by 

host cells can be ruled out. Finally, as yet a direct interaction of Avr1 with either 

Avr2 or Avr3, or with I-2 or I-3 has been observed neither in yeast-two-hybrid 

experiments nor in in planta pull down assays11. Alternatively, the mechanisms of 1-

2- and 1-3-mediated resistance may share conserved components and Avr1 may 

interact with one of them. We hypothesize that Avr1 acts on a target downstream of a 

point where the two R gene-signaling pathways converge. This hypothesis leads to 

models to explain the lack of suppression in some race 1 isolates, summarized in 

Figure 6. According to the ‘stimulatory model’ (Figure 6A), an unknown factor  

(Factor X) is needed for Avr1 to successfully manipulate the host target to suppress I-

2- and I-3-mediated resistance in tomato. Factor X might be deleted or mutated in 

Fol003 and Fol009 leading to the lack of the ability to suppress resistance. According  

 

!
!
!
!
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Figure 6. Models for the suppression of I-2- and I-3-mediated resistance by AVR1. 
Suppression of both 1-2- and 1-3-mediated resistance by AVR1 in tomato suggests that both 
resistance mechanism shares some common downstream signaling component(s) leading to 
resistance. Avr1 may act on this unknown host component (blue hexagon) to suppress 
resistance. (A) The stimulatory model that predicts that in tomato Avr1 requires another 
effector protein from Fol (Factor X) to manipulate its host target that leads to suppression. 
We speculate that this factor might be deleted or mutated in isolates not showing suppression. 
(B) The inhibitory model predicts that Avr1 is able to suppress I-2- and I-3- mediated 
resistance. However, another factor present in some Fol isolates inhibits its suppressive 
function. We speculate that this factor might be deleted or mutated in isolates showing 
suppression. 
 

to the ‘inhibitory model’ (Figure 6B), an unknown factor is present in Fol003 and 

Fol009 that inhibits the AVR1 suppressive function (suppressor of AVR1 

suppression). Since the presence of such a factor is not beneficial for Fol, it might 

have been lost in Fol004 and Fol006. If this is the case, we speculate that the 

identification of such factors that inhibit AVR1-mediated suppression may offer novel 

strategies for developing disease resistance against Fol.  

In summary, we here show that the lack of the suppressive function of AVR1 

in some race 1 isolates cannot be explained by either a mutation in AVR1 or a reduced 

AVR1 expression level. We hypothesize that an as yet unidentified factor is involved 

in AVR1-mediated suppression in planta. Sequencing, assembly and comparison of 
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the genomes of suppressive and non-suppressive race 1 isolates may reveal new 

components involved in suppression of R/AVR induced defense. 

 

 

Material and Methods 
 

Plant lines, fungal strains  

The following plant lines were used: C32, which is carrying no I gene and is 

susceptible to all races of Fusarium oxysporum f.sp. lycopersici, GCR161, which is 

resistant only to race 1 isolates and contains I resistance gene introgressed from S. 

Pimpinellifolium, 90E341F, which is resistant only to race 2 isolates and contains I-2 

resistance gene introgressed from S. pimpinellifolium and E779, which is resistant to 

race 2 and race 3 isolates and contains I-3 resistance gene introgressed from S. 

Pennelli5,11,24,25. The Fol isolates used for this study are listed in Table 1. All isolates 

were cultured on Czapak Dox Agar (CDA, Oxoid) and incubated in darkness at 250C. 

 

Plant inoculation 

A standard root dip inoculation method was used to test the virulence of Fol isolates 

on the different tomato cultivars. Briefly, 10 days old tomato seedlings were 

uprooted, the root was cut about 1 cm from the root tip and dipped in an inoculum 

with a spore density of 1x107 spores/ml for about 5 minutes.  The seedlings were then 

potted individually. The plant lines dipped in water were used as negative control 

(mock inoculation). 20 plants per isolate were used to assess the virulence. Disease 

symptoms were measured 21 days post inoculation. To score the result, plant weight 

above the cotyledons and the degree of vascular browning were determined. Disease 

index was scored on a scale of 0–4 [0, no symptoms; 1, one or two brown vascular 

bundles in the stem below the level of the cotyledons; 2, one or two brown vascular 

bundles at the level of the cotyledons (no strong growth distortion, but plants can be 

smaller); 3, at least three brown vascular bundles and growth distortion (strong 

bending of the stem and asymmetric development); 4, all vascular bundles are brown, 
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plant either dead or small and wilted]. The mean fresh plant weight and mean disease 

index were subjected to analysis of variance (ANOVA) using Statview 5.0.  

 

DNA isolation, PCR analysis and sequencing  

For sequencing the AVR1 locus fungal genomic DNA (gDNA) was extracted using 

the following method. A patch of mycelium was scraped from the margin of a colony 

and suspended in 400 !l Tris-EDTA buffer (10 mM Tris pH 8, 1 mM EDTA pH 8) 

together with 300 !l phenol:chloroform (1:1) and approximately 300 !l glass beads 

(about 400 µm). The mycelium was mechanically disrupted by vortexing for 2 

minute. The supernatant (150 !l) was collected after centrifugation (5 minute) at 

maximum speed and mixed with an equal volume of chloroform. Again, the 

supernatant (100 !l) was collected after vortexing and centrifugation (5 minute) and 

stored in -200C for further use. 1 !l of genomic DNA was used for PCR experiments. 

Primers used for amplification of the AVR1 locus are given 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). Clustal algorithm was 

used for sequence alignment26.  

 

RT-PCR analysis 

Ten-days-old C32 tomato seedlings were inoculated with race 1 isolates Fol004 and 

Fol009 and with water as control. The seedlings were potted in vermiculite. For the 

isolation of RNA 20 plants per treatment were used. Plant material below the 

hypocotyls was harvested at 8 and 12 days post inoculation. The root samples were 

pooled and ground in liquid nitrogen. Total RNA from the samples was extracted 

with TRIzol LS reagent (Invitrogen, Life Technologies, Grand Island, NY, U.S.A.) 

and subsequently purified with RNeasy Mini kit (Qiagen). DNA was removed by on-

column treatment with RNase-free DNase (Qiagen). cDNA was synthesized using the 

M-MulV reverse transcriptase RNase H minus kit (Fermentas, Thermo Scientific, 

Pittsburgh PA, U.S.A.). PCR was used to amplify 1 µl cDNA or DNA using gene 

specific primers (Table 2). For the relative quantification of the PCR products, a 5 µl 
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aliquot was taken out after 27, 28, 29 cycles and analyzed on 1% agarose gels, and 

stained with ethidium bromide. 

 
Table 2. Primers used in this study 

 

Protoplast isolation and Contour-clamped homogeneous electric field (CHEF)-

gel analysis 

For protoplast isolation, the fungal isolates were grown in NO3 medium for 5 days at 

250C with continuous shaking. Condia were harvested by filtration through double 

layer of Miracloth (Calbiochem Corp., La Jolla, CA) and 5*108 spores were used to 

inoculate 40 ml of potato dextrose broth (PDB) (Becton Dickinson , Sparks, MD., 

USA)  medium. After 15 h of growth, mycelium was collected by centrifugation and 

washed with MgSO4 solution (1.2 M MgSO4, 50 mM sodium citrate  (pH 5.8)). 

Digestion of cell walls was performed with Glucanex (100 mg/ml; Sigma) in 1.2 M 

MgSO4 solution at 30°C (shaking). Protoplasts were separated from undigested 

mycelium by filtration through two layers of MiraCloth. Four volumes of 1 M 

sorbitol solution (1 M Sorbitiol, 50 mM Cacl2.2H20, 10 mM Tris pH 7.4) were added, 

and protoplasts were collected by centrifugation. Protoplasts were resupended in 10 

No. Sequence (5’-3’) Target position 

relative to ATG 
1197 TATTCAGTTGCCCAGCAATG AVR1 -1013 to -585 
1163 GACTTGGCTGGTAAGCCTA AVR1 -1013 to -585 
1165 ACTAGGCTTACCAGCCAAG AVR1 -605 to +86 
1079 GTTCCGATGATGTCACCCT AVR1 -605 to +86 
1091 TCAGGCTTCACTTAGCATAC AVR1 -72 to +895 
1033 GCCGACCGAAAAACCCTAA AVR1 -72 to +895 
1063 CGACCAGAGCTTTAGCTTC AVR1 +718 to +1181 
1080 GTGAATACATATGGAGAGGAC AVR1 +718 to +1181 
1084 CTTGACCGTATTTGCCGTTC AVR1 +1126 to +1763 
1198 ATCCTCGAAGCCGACTCTC AVR1 +1126 to +1763 
2579 AAAAGGCGCGCCATGAATCTCAAGGCACTCGT

T 

AVR1 +1 to 793 
2162 AGAAAGCTGGGTCCCTAAGCTAAGTTAAGTGT

ACC 

AVR1 +1 to 793 
157 ATGAAGTACACTCTCGCTACC FEM1 +1 to +274 
158 GGTGAAAGTGAAAGAGTCACC FEM1 +1 to +274 
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ml SNT (1 M Sorbitol, 0.1 M NaCl, 10 mM Tris pH 7.4) and collected by 

centrifugation. 

 For CHEF analysis, protoplasts were suspended in STE (1 M sorbitol, 25 mM 

Tris-HCl, and 50 mM EDTA, pH 7.5) at a concentration of 2*108 pps/ml. Protoplast 

suspensions were mixed with an equal volume of 1.2% InCert agarose (FMC 

BioProducts, Rockland, ME) in STE and mounted in mold chambers. Plugs were 

incubated in NDS (0.1 M Tris, 0.5 M EDTA (pH 9.5), 1 % lauroylsarcosine). 

Electrophoresis was performed using a CHEF-DRII (Bio-Rad Laboratories, 

Veenendaal, the Netherlands). Chromosomes were separated in a 10-day run in 1% 

SeaKem gold agarose (FMC bio products) at 40C using switch times between 20 to 

80 min at 1.5 V/cm. Running buffer (0.5x Tris-borate-EDTA (TBE) was refreshed 

every two to three days. Gels were stained with ethidium bromide.  
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Abstract 

 
In Fusarium oxysporum f.sp. lycopersici, the product encoded by SECRETED-IN-

XYLEM4 (SIX4) functions as an avirulence protein (hence also known as Avr1) 

corresponding to R protein I as well as a suppressor of I-2- and I-3-mediated 

immunity. Recently, homologues of SIX4 were found in Arabidopsis infecting F. 

oxysporum isolate Fo5176 where it functions as a virulence factor. In this study, we 

show that homologues of SIX4 are also present in the genome of some other strains of 

F. oxysporum. 
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SIX4 of Fusarium oxysporum f.sp. lycopersici 

During infection of tomato by Fusarium oxysporum f.sp. lycopersici (Fol), the fungus 

secretes small proteins in the xylem1. These proteins are collectively referred to as 

Six (secreted in xylem) proteins. To date over 14 Six proteins have been identified2,3. 

Some of them have been shown to be virulence factors that promote Fol infection4. 

Three Six proteins, notably Six1, Six3 and Six4, are recognized – either directly or 

indirectly – by resistance (R) gene products of tomato: Six1 (Avr3) is recognized I-3, 

Six3 (Avr2) by I-2 and Six4 by I4. Recognition triggers resistance. Six4 does not 

contribute to the virulence of Fol. However, besides acting as an avirulence factor, 

Six4 suppresses I-2- and I-3-mediated resistance, at least in some cases (Chapter 2)5. 

Six4 is encoded by a single gene (SIX4) that is present in race 1 isolates only. In the 

genome of isolate Fol004, SIX4 is preceded by both a partial miniature impala (Mimp 

4) and a Tfo1-like repetitive element and followed by a Fot5 transposable element 

(Figure 1). 

 

 
Figure 1. Conservation of the SIX4 / SIX4a genomic region in three formae speciales of 
Fusarium oxysporum. In Fol004, AVR1 is flanked by a partial miniature impala repetitive 
element (Mimp 4) 485 bp upstream the start codon and a Tfo1-like repetitive element 714 bp 
upstream the start codon.  Downstream, AVR1 is flanked by a Fot5 transposable element (541 
bp from the stop codon)5. IR – inverted repeat. 
 



        Appendix (Chapter 2) 

! +%!

Occurrence of SIX4 homologues in the F. oxysporum species complex 

Recently two homologues of SIX4 have been identified in the Arabidopsis-infecting 

F. oxysporum isolate, Fo5176. These were named Fo5176-SIX4a (FOXB_04209) and 

Fo5176-SIXb (FOXB_15628)6. Fol-SIX4 and Fo5176-SIX4a show 99.7% identity at 

the nucleotide level. In the as yet not fully assembled genome sequence of this 

Arabidopsis isolate, Fo5176-SIX4a localizes on a small (2339 bp) contig (supercontig 

01435; GenBank: AFQF01001368.1) that aligns completely to the corresponding 

SIX4 genomic region in Fol (GenBank: AM234064.2) with a 99.4% nucleotide 

identity (Figure 1)5. Fo5176-SIXb is found at the end of another contig (1624 bp; 

supercontig 04359; GenBank: AFQF01004115.1), and appears to lack the coding 

sequence for the N-terminal signal pepetide. The Fo5176-SIXb ORF shows 84.3% 

identity at the nucleotide level to that of Fol-SIX46.  

To further investigate the presence of homologues of Fol-SIX4 in other strains 

of F. oxysporum, Fol-Six4 was used as query to search against the genomes of several 

strains by blastp and tblastn. To date the Fusarium comparative genomics database 

(www.broadinstitute.org) contains the (draft) genome sequences of over ten formae 

speciales, including a non-pathogenic isolate (Fo47), an isolate pathogenic to humans 

and a Fol race 3 isolate. This search resulted in the identification of two Fol-Six4 

homologues in the genome of F. oxysporum. f.sp. conglutinans strain PHW808, a 

pathogen that specifically infects Brassica species. In addition, a single truncated 

copy of SIX4 was identified in the genome of F. oxysporum f.sp. cubense strain II5 

(tropical race 4), a pathogen of banana. In PHW808, one Six4 homologue 

(FOPG_19729.1) shows 99.1% and 100% identity at the protein level to Fol-Six4 and 

Fo5176-Six4a, respectively (Figure 2). The gene encoding this protein (hereafter 

referred to as PHW808-SIX4a) is located on supercontig 1807 (2358 bp), which 

aligns completely to the SIX4 genomic region in Fol showing 99.4% nucleotide 

identity (Figure 1). The gene encoding the second SIX4 homologue (PHW808-SIXb, 

unannotated) is truncated due to an unknown transposable element insertion between 

nucleotides 60 and 61 (from the start of the ORF). This transposable element 

possesses 21 bp inverted repeats and is flanked by 8 bp target site duplications. The 

nucleotide sequence identity does not extend outside the ORF. PHW808-Six4b shows 
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76% and 100% identity to Fol-Six4 and Fo5176-Sixb, respectively (Figure 2). Both 

Fo5176 and strain PHW808 infect Arabidopsis, suggesting a close relationship 

between those two isolates. The 100% sequence identity between Fo5176-SIX4a and 

PHW808-SIX4a, and between Fo5176-SIX4b and PHW808-SIX4b, (the transposon 

insertion in PHW808-SIX4b not taken into account) is in line with this observation.   

 

 
 
Figure 2. Alignment of the amino acid sequences of Fol-Six4 and its homologues from 
other formae speciales of F. oxysporum. The protein sequence of F. oxysporum f.sp. 
conglutinans is deduced after removing the transposable element that was found to be 
inserted in the gene.  

 

In F. oxysporum f.sp. cubense, the SIX4 homologue (called hereafter II5-

SIX4) is located on supercontig 102 (www.broadinstitute.org) and shares 94 % 

nucleotide identity to Fol-SIX4. However, the 5’ region corresponding to nucleotides 

1-98 of the ORF of Fol-SIX4 is absent in the II5 SIX4 homologue. The II5-Six4 

protein shows 90% identity to that Fol-Six4 (Figure 2). Figure 3 shows a 

phylogenetic tree based on the alignment of Six4 sequences Interestingly, we also 

found a homologue of SIX6, another effector gene from Fol7, located 563 bp 

upstream of the truncated copy of SIX4 in II5. The homologue of SIX6 from II5 

shares 62% identity to that Fol-SIX6. In Fol004, SIX6 is located approximately 94.4 

kb downstream SIX4 (data not shown). This suggests that originally in Fol SIX6 and 

SIX4 might have been located close to each other and an insertion of a large genomic 

region may caused the separation of these genes. 
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Figure 3. A maximum likelihood tree based on the alignment of Six4 sequences. Protein 
sequence alignments were constructed and edited using Unipro UGENE bioinformatic 
software8. Phylogenetic tree reconstruction and bootstrapping (shown near to branches) were 
performed using PhyML v3.09.  
 

 
SIX4 homologues are not found outside the F. oxysporum species complex  

Recently, the genomes of 21 isolates from three formae speciales of F. oxysporum, 

notably f.sp. cucumerinum,  f.sp. melonis and f.sp. radicis-cucumerinum were 

sequenced. In none of them a SIX4 homologue was identified (Peter van Dam, 

unpublished results). We also looked for SIX4 homologues outside the F. oxysporum 

species complex. To this end, the amino acid sequence of Fol-Six4 was used as a 

query in a tblastn seacrh against all sequences in the Fungal Genome Initiative (FGI) 

database (www.broadinstitute.org) and the NCBI  nucleotide database 

(www.ncbi.nlm.nih.gov/). The search did not result in the identification of additional 

homologues of SIX4 in other fungal species or in other organisms. 

In summary homologues of SIX4 have been identified in three formae 

speciales of F. oxysporum. The absence of the gene outside the F. oxysporum species 

complex and the strong conservation of Fol-SIX4, Fo-5176-SIX4a and PHW808-

SIX4a extending outside the coding region (99.4% nucleotide identity across a region 

of around 2339 bp), suggest that the SIX4 genomic region was obtained from a 

common ancestor.  
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Abstract 

 
Race 1 isolates of Fusarium oxysporum f.sp. lycopersici (Fol) are characterized by 

the presence of AVR1 in their genome. The product of this gene, Avr1, triggers 

resistance in tomato cultivars carrying resistance gene I. In Fol race 2 and race 3 

isolates, AVR1 is absent and hence they are virulent on tomato cultivars carrying I. In 

this study, we analyze an approximately 100 kb genomic fragment containing the 

AVR1 locus of race 1 isolate Fol004, and compare it to the sequenced genome of Fol 

race 2 isolate 4287 (Fol4287). A genomic fragment of 31 kb containing AVR1 was 

found to be missing in Fol4287. Further analysis suggests that race 2 evolved from 

race 1 by deletion of this 31 kb fragment due to a recombination event between two 

transposable elements bordering the fragment. A worldwide collection of 24 Fol 

isolates was subjected to PCR analysis of the AVR1 locus, including the two 

bordering transposable elements. The results suggest that, based on the deletion event 

that led to the loss of AVR1, Fol isolates can be divided into two distinct evolutionary 

lineages and that transposable elements play a major role in the evolution of races 

within Fol.  
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Introduction 

 

In many plant-pathogen interactions a pair of matching genes determines resistance 

of the host to a specific pathogen. One gene corresponds to a plant resistance (R) gene 

and the other to a pathogen avirulence (AVR) gene1,2. Plants that produce the product 

of an R gene are resistant to the pathogen that produces the product of the matching 

AVR gene. This concept is known as the gene-for-gene model1,2. The interaction 

between the products of these two matching genes either directly or indirectly often 

leads to a so-called hypersensitive response that prevents further growth of the 

invading pathogen in the host plant3. However, many pathogens can evolve to evade 

R gene-mediated resistance by loss of function of its matching AVR gene or by 

employing new virulence factors. In turn, the host can develop novel R genes to 

recognize newly evolved pathogen effectors. Knowledge about the mechanisms 

underlying loss-of-function of avirulence genes is of critical importance to understand 

how pathogens overcome R gene-mediated resistance in host plants. In many 

pathogens, loss-of-function of AVR genes has been associated with point mutations or 

transposon insertions into the promoter or coding sequence of avirulence genes, as 

well as with deletion or translocation of the entire gene4-10.   

Fusarium oxysporum f.sp. lycopersici (Fol) is an asexual soil-borne fungus 

that causes wilt disease in tomato plants11,12. Three physiological races of Fol have 

been identified based on their pathogenicity to tomato cultivars carrying dominant, 

race-specific resistance genes. Race 1 has been the prevalent race since the late 19th 

century when Fusarium wilt was described first, until the discovery and introgression 

of the first R-gene active against race 113; race 2 was first reported in 1945 in Ohio14, 

whereas race 3 was first found in Australia in 197815. The interaction between tomato 

and races of Fol fits the so-called gene-for-gene model1. Tomato R genes that confer 

race-specific resistance to Fol are known as Immunity (I) genes. To date, three I 

genes, notably I (or I-1), I-2 and I-3, have been identified in wild type tomatoes and 

have been introgressed into tomato cultivars16,17.  
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The three I genes confer resistance against Fol races containing the three 

matching avirulence genes AVR1, AVR2 and AVR3, respectively18-20.  AVR1 is present 

in all Fol race 1 isolates, but absent in race 2 and 3 isolates21, with one exception: a 

Japanese Fol race 3 isolate (Kochi-1) in which the AVR1 gene is interrupted by a 

transposon22. Absence of AVR1 enables race 2 and 3 isolates to infect tomato 

cultivars carrying either I or I-1. AVR2 is present in all Fol isolates, albeit that I-2 

breaking (race 3) isolates contain an AVR2 allele with a point mutation leading to an 

amino acid change in the protein20. So far, three AVR2 alleles have been described 

with the following amino acid changes: V41>M, R45>H and R46>P. All three amino 

acid changes lead to loss of the avirulence function of Avr2, whereas its virulence 

function remains unaffected20. Two AVR3 alleles have been described, one encoding 

a protein with a glutamic acid (E) at position 165 and one with a lysine (K) residue at 

this position (E165<>K165). Both proteins still act as avirulence factor, but differ in 

the degree of virulence they confer18,23.  

In several studies it has been suggested that deletion of AVR1 from race 1 

isolates resulted in the emergence of race 2 (avirulence genotype: –, AVR2, AVR3), 

and that a point mutation in AVR2 of race 2 brought about the birth of race 3 (–, avr2, 

AVR3)24. However, the molecular mechanism underlying the loss of AVR1 has not 

been determined. In this study, a molecular analysis is provided that reveals a likely 

mechanism underlying the deletion of AVR1 in Fol race 1 isolates that led to the 

emergence of race 2 and race 3. Moreover, based on the event that led to the deletion 

of the AVR1 locus, two evolutionary lineages of Fol races can be distinguished. Our 

study also provides an insight into the role of transposable elements in the evolution 

of microorganisms.  

 

 

 

 

 

 



Evolution of Fol race 2 and race 3 from race 1 isolates 

! +#!

Results 
 

Sequencing and annotation of the AVR1 genomic region 

In a previous study we determined the primary structure of a 2.8 kb genomic 

fragment (GenBank accession number: AM234064.2) representing the AVR1 locus of 

F. oxysporum f.sp. lycopersici (Fol) race 1 isolate Fol00419. To analyze a larger 

genomic fragment containing the AVR1 locus we needed to obtain the regions 

flanking this 2.8 kb fragment. To this end a Fol004-BAC library25 was screened using 

AVR1 specific primers (numbers 1091 and 1033, Table 1). This resulted in the 

identification of four clones with inserts ranging from approximately 65 kb to 100 kb. 

Since restriction analysis (Figure 1A) revealed that at least the two smallest inserts 

(2G2 and 9C1) were covered completely by the largest one (9G3), these two were 

excluded from further analysis. Paired-end sequencing of clones 9G3 and 14I-2 made 

clear that the latter one did not carry additional information either. Therefore, further 

analysis was restricted to the approximately 100 kb insert of clone 9G3. The positions 

of the inserts of the four clones relative to each other is shown in Figure 1B. 

Sequencing clone 9G3 and de novo assembly resulted in three scaffolds, notably 47 

(approximately 35 kb in length), 56 (31 kb) and 53 (22 kb), hence in a contiguous 

sequence with two gaps (Figure 2A). The three scaffolds could easily be ordered 

because of the presence of BAC vector sequences at one end of both scaffold 47 and 

53. Using primer pairs 4239/4240, and 4241/4242, corresponding to sequences 

flanking the two gaps in the 9G3 sequence (Figure 2A and Table 1), fragments could 

be PCR-amplified (Figure 2B and C) and sequenced. The gap between scaffolds 56 

and 53 appeared to be a sequence of 6122 bp representing a Helitron (HelB). 

Helitrons represent a novel class of DNA transposons that have been predicted to 

replicate via a rolling circle mechanism26. The gap between scaffolds 56 and 47 was 

found not to be a real gap but rather the result of a mis-assembly, most likely due to 

the presence of another Helitron copy (HelA) at the end of scaffold 47. HelB differs 

from HelA by a duplication of 15 nucleotides (TCCCCTGAGCGTGGA) and the 

presence of two point mutations (Figure 3). HelA encodes a protein of 1894 aa that   
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Figure 1. Analysis of BAC clones with an insert containing the AVR1 locus (A) DNA of 
BAC clones 2G2, 9C1, 9G3 and 14I-2, selected from a Fol004-BAC library was digested 
with either NotI or SwaI alone or was double-digested. NotI was chosen to cut out the insert 
from the BAC vector (the vector pBleoBAC11 contains two NotI sites in the region flanking 
the insert). SwaI was chosen to estimate the approximate location of AVR1 in the insert (The 
analysis of 2.8 kb AVR1 genomic region revealed a SwaI site 294 bp downstream of AVR1 
stop codon; the vector pBleoBAC11 does not carry a SwaI site). DNA fragments were 
separated on a 1% agarose CHEF gel at 5- to 15-s linear ramp time, 6 V/cm, 14°C in 0.5" 
TBE buffer for 18 h, and stained with ethidium bromide. The 7.5 kb band present in the NotI 
digests (indicated by arrows) corresponds to the cloning vector. Lanes A - clone 2G2, lanes B 
- clone 9C1, lanes C - clone 9G3, lanes D - clone 14I-2, lane E - Lamda ladder, lanes F - 8-48 
kb ladder, lanes G - GeneRuler 1 kb DNA Ladder (0.25 – 10 kb) (B) Schematic 
representation of the relative positions of the BAC inserts containing AVR1. The insert sizes 
and the positions of NotI and SwaI sites are deduced from the restriction analysis. The 
position of AVR1 was inferred from the position of the SwaI site.  
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Table 1. Primers used in this study 

 

 contains a rolling-circle (RC) replication initiator (rep) domain (Pfam PF14214, aa 

772-919) and a DNA helicase (hel) domain (Pfam PF05970, aa 1400 -1598)27 at E 

values 5.5-28 and 2.1-28, respectively. These two domains are the structural hallmarks 

of Helitrons26,27. The HelB ORF contains an early stop codon compared to the HelA 

ORF due to a deletion of one nucleotide at position 4718 (Figure 3) and hence does 

not encode a full Helitron protein with both a rep and hel domain.  

 

 

 

Number Sequence Remarks 
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 
1091 TCAGGCTTCACTTAGCATAC 72 bp upstream AVR1 start codon  
1033 GCCGACCGAAAAACCCTAA 102 bp downstream AVR1 stop codon  
4239 TGTTGCATACAGACAGCTGAG 19278 bp downstream AVR1 stop codon 
4240 AATCAGGAACTCACGCTTCG 12747 bp downstream AVR1 stop codon 
4618 TGCCCAATTTCACTTACACAG 22532 bp downstream AVR1 stop codon 
4619 ATCATACACGTTAGCTCAATTC 28921 bp downstream AVR1 stop codon 
4620 ACATAGCCATCCACTCATCC 31210 bp downstream AVR1 stop codon 
4621 TGACTATGAATTGAGCTAACG 28915 bp downstream AVR1 stop codon 
4625 ACCGTGGTACTGTCATACATTG 33849 bp downstream AVR1 stop codon 
4630 TATGGACAATACAGAGACG 34853 bp downstream AVR1 stop codon 
4303 ACTTCCCAGTGACAAACGC Specific to 5’ end of Hop3 
4304 TACTCGAACGATAAACTGG Specific to 5’ end of Hop3 
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Figure 2. Assembly of the 9G3 insert. (A) The order of three scaffolds corresponding to the 
sequence of the 9G3 insert is shown. Arrows indicate the location of the primers used to fill 
the gaps between the scaffolds. (B) Amplification of a PCR product of 600 bp using the 
primer pair 4242/4241 (C) Amplification of a PCR product of 6.2 kb using the primer pair 
4240/4239. W - Water control, M1 - GeneRuler 1 kb DNA Ladder (0.25 - 10 kb), M2  - 
MassRuler DNA Ladder Mix (0.08 - 10 kb). 
 

The genome of Fol strain 4287 (Fol4287) has been sequenced, assembled and 

annotated (www.broadinstitute.org), and is used here as reference genome for Fol004. 

Fol4287 is a race 2 isolate and lacks AVR1. Comparing 9G3 with the genome 

sequence of the reference strain revealed that it fully aligns with a genomic region in 

the lineage specific (LS) chromosome 14, notably with supercontig (sc) 2.22: 651200 

to 712754, except for a unique fragment containing AVR1 (Figure 4). Sc2.22 is 

composed of a large number of contigs of which four (partly) align with 9G3, notably 

contigs 852, 853, 854 and 855 (Figure 4). These contigs are separated by sequence 

gaps and the availability of 9G3 allowed closing of the gaps. Using primer pair 

4618/4619 (Table 1) a 6.4 kb fragment could be amplified from both Fol4287 
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genomic DNA and 9G3 DNA. Sequencing confirmed the identity of the amplified 

fragments and let us conclude that the gap between contigs 852 and 853 was the  

 
Figure 3. Schematic representations of Fol004-HelA, Fol004-HelB and Fol4287-HelAB. 
Fol004-HelB contains an extra 15 bp sequence (TCCCCTGAGCGTGGA, black rectangle) 
compared to Fol004-HelA and Fol4287-HelAB. Moreover, two polymorphisms were found in 
HelB (4718A/- and 4909A/G) compared to the corresponding positions in Fol004-HelA and 
Fol4287-HelAB. The black triangle indicates the Hop3 insertion at the 5’ end of the Fol4287-
HelAB. 

 

 
Figure 4. Genetic organization of the 9G3 insert (100 kb) containing AVR1 and its 
comparison to a genomic region in supercontig (sc) 2.22 of chromosome 14 of Fol4287. 
Numbers below the Fol4287 sequence indicate the nucleotide positions in sc2.22 
(http://www.broadinstitute.org/). Red lines indicate the contigs of sc2.22 corresponding to 
this genomic region. The conserved regions in both sequences are shown in grey boxes. 
Comparison revealed that a 43 kb AVR1 genomic region including HelA and HelB in the 
insert has been replaced by HelAB and an adjacent Hop3 transposable element in Fol4287. 
Genomic maps are drawn to scale.  
 

result of a mis-assembly due to the presence in this region of an NHT2-like 

retrotransposon28. Similarly, PCR analysis using primer pair 4620/4621 (Table 1) and 

sequencing, indicated that the gap between contigs 853 and 854 can be explained by a 

mis-assembly due to the presence of a Fot5 DNA transposon18. The third 
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Table 2. Transposable elements on the insert of 9G3  

Classification                 
Order Superfamily Family Designation Size 

(bp) 
LTR 
(bp) 

TIR 
(bp) 

TSD 
(bp) 

Coordinates 
ClassI  
(Retrotransposons) 

       
LTR Gypsy\Ty3  MAGGY-like  5717 152   44144 - 49860 
 Copia\Ty1  NHT2-like  5610 176  8 75725 - 81334 
   NHT2-like fragment 211    14114 - 4324 
 Unclassified  Yaret2 4840 195   86539 - 91378 
   Yaret2 4840 195   91184 - 96083 
 Solo-LTR  MAGGY-like solo-LTR  152    74512 - 74663 
   Skippy-solo-LTR 431    59963 - 60393 
LINE   MGR583 like LiNE element  5353      8403 - 13755 
   MGR583-like LINE element  665    17893 - 18557 
   MGR583-like LINE element  86      6588 - 6673 
   MGR583-like LINE element fragment 59      6944 - 7002 
         
SINE   Foxy fragment 156      7778 - 7933 
         
Unrelated   Marsu 2328    20822 - 23149 
Class II  
(DNA transposons)   

      
Subclass 1         
TIR TC1\mariner Pogo Fot5 1869  42 2 53449 - 55317 
   Fot5 1860  44 2 81947 - 83806 
   Fot3-partial 247    75478 - 75724 
   Fot3-partial 603    81337 - 81939 
  hAT hAT-1 3093  11 8 55469 - 58559 
   Tfo1-partial 1644     49861 - 51504 
   Hormin 759  15 8 26669 - 27427 
   YahAT7 fragment 71    28744 - 28814 
   YahAT7 fragment 528    34923 - 35450 
  Mutator Hop6 fragment 2038    24631 - 26668 
   Hop6 fragment 1308    27436 - 28743 
  MITE mimp3 215  27 2 24102 - 24316 
   mimp1 222  27 2   4879 - 5101 
   mimp1 223  27 2   5546 - 5767 
   mimp4-partial 86    51652 - 51737 
Class II  
(DNA transposons)  

      
Subclass 2         
   Helitron 6108    28815 - 34922 
   Helitron 6123    65981 - 72103 
Class II  
(DNA transposons)   

      
Unclassified         
   Unclassified 233  26 2   3885 - 4120 
   Unclassified 859  21  19969 - 20827 
Total size of the TEs     58537         
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                Table 3. Non-transposable ORFs on the insert of 9G3 
ORF Size Position in 9G3 Homologous gene 

in strain 4287 
Position in strain 4287 Remarks 

ORF1 2727   1140 - 3866 FOXG_14233 Chr14: Supercontig 22: 652339-655065 -  
ORF2 2600 15079 - 17678 FOXG_14234 Chr14: Supercontig 22: 666276-668875 + Bifunctional catalase-

peroxidase ORF3 6114 36089 - 42202 FOXG_06805 
FOXG_07365 
FOXG_16388 

Chr03: Supercontig 7: 1924520-1931400 
Chr06: Supercontig 9: 2323584-2330452 - 
Unpositioned: Supercontig 34: 451087-457955 - 

Encode protein with Helicase 
domain and Rep domain 

AVR1 793 52222 - 53014 No homologue  Avirulence gene corresponding 
to R gene I or I-1 

ORF4 828 62898 - 63725 FOXG_22916 
FOXG_14128 
FOXG_12409 

Unpositioned: Supercontig 68: 1286-2722 - 
Chr14: Supercont2.51:71494-72306 – 
Chr03: Supercontig 18: 68914-70292 - 
 
 

Unknown 

ORF5 2189 72260 - 74448 FOXG_14236 Chr14: Supercontig 22:689228-691416 + Highly similar to secreted 
oxidoreductase ORX1 

ORF6 942 74643 - 75584 FOXG_14237 Chr14: Supercontig 22: 691611-692552 + recQ family helicase 
ORF7 1136 85183 - 86318 FOXG_14238 Chr14: Supercontig 22: 702268-703400 + recQ family helicase 
ORF8 477 97014 - 97490 FOXG_14240 Chr14: Supercontig 22: 711073-711549 - Unknown 
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gap (between 854 and 855) appeared to be located within a copy of transposable 

element Yaret2 that precedes a second Yaret2 copy on contig 855, suggesting the 

presence of two Yaret2 copies in a row29. However, in 9G3 only one copy was 

identified. Using primer set 4625/4630 (Table 1) a 3.7 kb fragment could be 

amplified from genomic DNA of both Fol4287 and Fol004 as well as from and 9G3 

DNA. Sequence analysis confirmed the presence of two Yaret2 copies in tandem 

sharing the LTR that separates the open reading frame of the two copies. So 

apparently, during assembly of the 9G3 insert sequence one copy was missed due to 

the high level of identity. The length of the full 9G3 insert was found to be 98694 

nucleotides in total. The coding sequence for Avr1 is located between nucleotides 

52222 and 53014 and is interrupted by one intron (52376 – 52439). 

Besides the Helitrons mentioned above (HelA and HelB), the 9G3 insert 

contains a large number of other transposable elements (TE) from both Class I 

(retrotransposons) and Class II (DNA transposons). TEs are classified based on the 

system proposed by Wicker and colleagues30. Within Class I we identified members 

of the Copia and Gypsy superfamilies as well as solo-LTRs, LINEs and SINEs (Figure 

4, Table 2). Most of the Class II elements are members of the Tc1-mariner 

superfamily and include Pogos, hATs and MITEs (Figure 4, Table 2). Altogether, the 

TEs occupy 58.9% (58342 bp in total size) of the insert of BAC clone 9G3.  

Besides AVR1, eight non-TE ORFs were identified in the 9G3 insert ranging 

from 280 to 6114 bp in length (Figure 4, Table 3). ORFs 1, 2, 5, 6, 7 and 8 have been 

annotated in the reference genome before (FOXG_14233, FOXG_14234, 

FOXG_14236, FOXG_14237, FOXG_14238, respectively). ORFs 3 and 4 are located 

within the 31 kb fragment that is unique to Fol004. ORF3 encodes a protein of 2037 

amino acids with a rolling-circle (RC) replication initiator (rep) and a DNA helicase 

(hel) domain, the main hallmarks of Helitron proteins26,27. However, except for the 

conserved residues in the rep and hel domains, there is virtually no homology with 

the HelA and HelB proteins. Blasting the ORF3 sequence against the genome 

sequence of Fol4287 identified four copies (sequence identity over 99%) belonging to 

FoHeli3 (Table 3), one of the Helitron families that have been identified in F. 
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oxysporum (Chapter 4). Moreover, the analysis of the flanking sequences of ORF3 

confirmed that it possesses terminal structural features specific for FoHeli3. ORF 4 

encodes an protein of unknown function of 275 amino acids. Three homologues of 

ORF4 were identified in Fol4287 genome (Table 3).  

 

Loss of AVR1 in Fol4287 can be explained by homologous recombination 

between Helitrons 

The sequence identity of the 9G3 insert with the reference genome is over 99.9%, 

except for a fragment containing AVR1 found to be absent in Fol4287; the 9G3 

sequence starting with the 5’end of HelA and ending with the 3’-end of HelB, is 

reduced to one Helitron copy (HelAB) in the reference genome (Figure 4). HelAB 

shows 100% sequence identity with HelA, except for the insertion of a Hop3 

transposable element between the 4th and 5th nucleotide of the 5’-end of HelAB 

(Figure 4). Hop3 is 2941 bp in length including 98 bp terminal inverted repeats and is 

flanked by an 11 bp direct repeat representing a target site duplication29. These 

observations confirm the absence of a 31 kb (from the 3’-end of HelA to the 5’-end of 

HelB) genomic fragment containing AVR1 in race 2 isolate Fol4287 compared to race 

1 isolate Fol004, and strongly suggest that this absence is the result of a homologous 

recombination event between HelA and HelB. The site of recombination is 

downstream the A/G polymorphism (Figure 3), unless this mutation occurred later in 

time than the recombination event leading to the emergence of race 2. In the latter 

case the point of recombination should be positioned upstream the mutation. The 

same line of reasoning applies for the deletion and duplication found in HelB (Figure 

3). 

An alternative mechanistic explanation for the evolvement of races could be 

that race 2 represents an ancestral Fol strain without AVR1, and that a genomic 

fragment containing AVR1 and HelB has been acquired later. However, in insert 9G3 

HelA has been inserted into a non-autonomous version of transposable element 

YahAT7, due to which the latter element is split up into two fragments of 529 bp and 

71 bp, respectively. In Fol4287 the 71 bp fragment of the YahAT7 element is well 

conserved just upstream HelAB, but downstream this Helitron the 529 bp fragment is 
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not present. Acquisition by race 2 of a genomic fragment with AVR1 and HelB in a 

way that joins the 529 bp fragment of YahAT7 to the 3’-end of HelA that already has 

the 71 bp YahAT7 fragment at its 5’-end, seems very unlikely. Consequently, we 

hypothesize that race 2 evolved from race 1 by the deletion of the AVR1 locus, most 

probably due to a homologous recombination event between the Helitrons that border 

this genomic region (HelA and HelB). We also hypothesize that the Hop3 insertion at 

the 5’ end of HelAB in Fol4287 is a late evolutionary event. 

 

The presence or absence of HelB divides race 1 isolates into two groups 

In Fol4287, downstream of HelAB, there is yet another Helitron copy, HelC, with 

100% sequence identity with HelA (Figure 4). This suggests that the genome of 

Fol004 contains one Helitron (HelA) 17.3 kb upstream of AVR1 and two Helitrons 

downstream, at a distance of 12.9 kb (HelB) and 88 kb (HelC), respectively. To 

further analyze the genomic region containing HelA and HelC, 10 sets of primers (A-

J) were designed (Figure 5A, Table 1) that would give unique PCR products of 

approximately 400 - 2000 bp. Products brought about by primer pairs A and J 

correspond to Fol004 sequences 5158 bp upstream of HelA and 824 bp downstream 

of HelC, respectively. PCR fragments produced with primer pairs B, D and H are 

indicative for the presence in the genome of the 5’-end of HelA, HelB and HelC, 

respectively. Likewise, fragments generated using pairs C, E and I point to the 

presence of the 3’-end of these elements. PCR fragments produced with primer pairs 

F and G correspond to sequences 2.3 kb and 14 kb downstream of HelB, respectively. 

These primer sets were used to ‘scan’ a 144 kb genomic region in a collection of Fol 

isolates listed in Table 4. Isolate Fol004 was used as a reference strain. 

In all race 1 isolates, each primer pair (A-J) gave a PCR product of expected 

length except for pairs D and E (Figure 5B). This demonstrates that all ten race 1 

isolates tested contain HelA and HelC in their genome (Figure 5B, Table 4). 

Interestingly, primer pairs D and E, together indicative for the presence of HelB, gave 

no PCR products in six race 1 isolates (Figure 5B, Table 4). In further analysis, a 1.8 

kb fragment could be amplified from the latter six race 1 isolates using primers    
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Figure 5. Examples of the PCR analysis of the Fol004 144kb genomic fragment 
containing AVR1 using ten primer sets. (A) Schematic representation of Fol004-AVR1 
locus deduced from the BAC insert containing AVR1 (100 kb) and the Fol4287 reference 
genome. 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 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). ‘+ HelB’ and ‘- HelB’ indicate the race 1 isolates either 
with HelB or without HelB 12.9 kb downstream of AVR1, respectively. 

 

corresponding to the 5’ and 3’ flanking sequences of HelB (Figure 6, 4345 and 4340, 

Table 1). Sequencing this 1.8 kb fragment confirmed the absence of HelB. These 

results suggest that race 1 isolates can be divided into two groups, one with HelB and 

one without HelB (Figure 5B).  
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Figure 6. Confirmation of the absence of Helitron B (HelB) in some race 1 isolates. PCR 
experiment showing the amplification of 1.8 kb fragment on the genomic DNA of race 1 
isolates (lanes 1-8) using primer pair 4345/4340 (these primers correspond to the 5’ and 3’ 
flanking sequences of HelB, respectively). The presence of PCR products in some race 1 
isolates (lanes 5 to 8) indicates the absence of HelB. Lane 1 - Fol001, lane 2 - Fol003, lane 3 - 
Fol004, lane 4 - Fol006, lane 5 - Fol009, lane 6 - Fol010, lane 7 - Fol011, lane 8 - Fol016, 
lane 9 - Water control, M - MassRuler™ Low Range DNA Ladder (80-1031 bp), W – Water 
control (no DNA). 
 
Race 2 and race 3 isolates can also be divided in two groups  

To test the hypothesis that race 2 evolved from race 1 by the deletion of AVR1 

through homologous recombination between the two Helitrons bordering the AVR1 

locus, we analyzed the AVR1 locus of ten race 2 isolates (Table 4) using the primer   

sets A-J. In six race 2 isolates, a PCR-product was obtained with primer pairs A and 

B, and E-J, but no product with sets C and D, indicative for deletion of the AVR1 

genomic region between HelA and HelB (Figure 7, Table 4). This supports the 

hypothesis that race 2 isolates evolved by the deletion of the 31 kb genomic region 

with AVR1 due to homologous recombination between two adjacent Helitrons (HelA 

and HelB). However, in two race 2 isolates, notably Fol4287 (Figure 7) and Fol033 

(data not shown), primer pair B did not amplify a PCR fragment (Figure 7). As 

mentioned above, in Fol4287, a Hop3 transposable element was inserted into the 5’ 

end of HelAB (Figure 4). The lack of a PCR product using primer pair B could be due 

to conditions used in this experiment, which were not suited to amplify a product of 

3.7 kb including a full Hop3 element. To confirm this hypothesis additional PCR 

experiments were conducted using primers specific for this region. Primers 4304 and 

4298 (Table 1) specifically bind to the 3’ end of Hop3 and to its downstream flanking 

region, respectively. Using these primers, a PCR product of 624 bp could be 

amplified Fol4287 and Fol033 DNA only (Figure 8A). Similarly, using primers 4303 

and 4297 that corresponds to the 5’ end of Hop3 and the 5’ end of HelAB, 

respectively, a PCR product of 723 bp was amplified on Fol4287 and Fol033 DNA 
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only (Figure 8B). Sequencing these PCR products confirmed that in Fol4287 and 

Fol033, a Hop3 element has been inserted into the 5’ end of HelAB. These 

experiments also support the hypothesis that the Hop3 insertion is a late evolutionary 

event after the emergence of race 2 isolates from race 1 by the deletion of AVR1. 

Interestingly, both Fol4287 and Fol033 are isolates from the same region in Spain and 

hence might be closely related to each other.  

 
Figure 7. Analysis of the AVR1 locus in race 2 and race 3 isolates. Examples of PCR 
experiments showing DNA fragments amplified on genomic DNA of race 2 and race 3 
isolates with primer pairs A-J (lane A-J). 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 a PCR product from Fol4287 with primer pair B (lane B) indicates a Hop3 
insertion at the 5’ end of HelAB. 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. 
 

In four race 2 isolates, the PCR products were produced with primer pairs A, 

B, I and J and not with primer pairs C to H, indicating a deletion of an approximately 
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102 kb region between HelA and HelC (Figure 7, Table 4). Using primers 

corresponding to the 5’ flanking sequence of Fol004-HelA and 3’ flanking sequence 

of Fol004-HelC (4298 and 4371, Table 1), a fragment of approximately 6.5 kb could 

be amplified from Fol017, a representative of the group of race 2 isolates with the 

102 kb deletion; no product was obtained when either Fol004 or Fol4287 DNA was 

used as template (data not shown). Sequencing this 6.5 kb PCR product revealed a 

Helitron, suggesting that the genomic region in the latter group of race 2 isolates was 

deleted due to a homologous recombination event between HelA and HelC. Hence, 

the Helitron amplified from Fol017 using primer pair 4298 and 4371 was designated 

HelitronAC (HelAC). No sequence polymorphisms were identified among Fol004-

HelA, Fol004-HelC and Fol017-HelAC. Based on these results, race 2 isolates can be 

divided into two groups. One group includes four race 2 isolates carrying a deletion 

of the approximately 102 kb genomic region containing AVR1 between HelA and 

HelC. Interestingly, all race 2 isolates in this group originate from the US and Japan. 

The other group is formed by six race 2 isolates in which the 31 kb, AVR1 containing 

region between HelA and HelB is deleted. Four of these isolates were from Europe, 

one from Australia and one from Morocco.  

 
 

 
Figure 8. A Hop3 insertion at the 5’ end of HelAB in Fol4287 and Fol033 (A) A PCR 
product of 624 bp is amplified from Fol4287 and Fol033 using primer pair 4304/4298. B) A 
PCR of 723 bp in size specifically amplified from Fol4287 and Fol033 using primer pair 
4303/4297. M - Marker, 4 - Fol004, 2 - Fol002, 34 - Fol4287, 33 - Fol033 
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Table 4. Summary of results PCR analysis of the AVR1 locus in 24 Fol isolates 
   A B C D E F G H I J 
Fol no Original code Origin           
Race 1             
Fol001 E329 / WCS801 Netherlands + + + + + + + + + + 
Fol003 E240 / WCS861 Netherlands + + + + + + + + + + 
Fol004 B1 / IPO1530 Netherlands + + + + + + + + + + 
Fol006 D1 France + + + + + + + + + + 
Fol009 E172 / FOL-R5-6 Wisconsin + + + - - + + + + + 
Fol010 E175 Netherlands + + + - - + + + + + 
Fol011 E179 Rhode Island, US + + + - - + + + + + 
Fol016 BFOL-51 Louisiana, US + + + - - + + + + + 
Fol064 Fol lyco 7038 Japan + + + - - + + + + + 
Fol078 MAFF305121 Japan + + + - - + + + + + 
Race 2             
Fol002 E241 / WCS862 Netherlands + + - - + + + + + + 
Fol007 D2 France + + - - + + + + + + 
Fol017 OSU-451 Ohio, US + + - - - - - - + + 
Fol020 FRC 0-1078 Florida, US + + - - - - - - + + 
Fol025 18947 Australia + + - - + + + + + + 
Fol028 548 Florida, US + + - - - - - - + + 
Fol033 281 Spain + - a - - + + + + + + 
Fol4287 4287 Spain + - a - - + + + + + + 
Fol054 CBS 645.78 Maroc + + - - + + + + + + 
Fol079 JCM12575 Japan + + - - - - - - + + 
Race 3             
Fol026 14844 (M1943) Australia + + - - + + + + + + 
Fol029 5397 Florida, US + + - - - - - - + + 
Fol067 Fol MM10 Arkansas, US + + - - - - - - + + 
Fol074 DF0-41 California, US + + - - - - - - + + 

 
a - a Hop 3 insertion at the 5' end of HelAB. 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), ‘+’ - positive PCR result, ‘-‘ - negative PCR result. Fol064 
and Fol067 were provided by Dr. Lievens (Belgium), Fol074 by Dr. Kristler (US), Fol078 by 
Dr. Kawase (Japan) and Fol079 by Dr. Arie (Japan). Fol054 was obtained from CBS Fungal 
Biodiversity Centre (The Netherlands). Donors of all other isolates are mentioned in Rep et 
al23. 
 

               Previous studies have indicated that Fol race 3 evolved from race 2 by a 

point mutation in AVR2. If this is true, one would expected two groups of race 3 

isolates as well, one with the 31 kb deletion and one with 102 kb deletion. To test this 

hypothesis, we extended our PCR analysis of the AVR1 locus to four race 3 isolates. 

In an Australian race 3 isolate, the 31 kb fragment deletion was identified (Figure 7, 

Table 4). The other three isolates contained the 102 kb deletion (Figure 7, Table 4). 
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Hence, race 2 and race 3 isolates can be divided into two groups based on the deletion 

events that led to the loss of the AVR1 locus. One group lacks 102 kb of the AVR1 

locus, most probably due to homologous recombination between HelA and HelC, and 

the other lacks the 31 kb AVR1 genomic region most probably due to a homologous 

recombination event between HelA and HelB.  

 

 
Discussion 

 

The genome of the sequenced isolate Fol4287 consists of eleven core and four 

lineage-specific (LS) chromosomes. The LS chromosomes are devoid of 

housekeeping genes, encode most of the so-called Six (Secreted in xylem) proteins 

and accommodate many transposable elements29,31. The 100 kb insert of clone 9G3 

from a Fol004 BAC library shows all characteristics of an LS chromosome: it is for 

almost 60% covered with TE sequences, encodes a Six protein (Six4 or Avr1) and is 

devoid of housekeeping genes. Comparison of the 100 kb insert sequence to the 

Fol4287 reference genome revealed that, except for a 31 kb fragment containing 

AVR1, the entire insert aligns to a region in LS chromosome 14 of Fol4287 (Figure 

4). This suggests that Fol004 AVR1, like AVR2 (SIX3) and AVR3 (SIX1), is located on 

chromosome 14. However, whether the AVR1 locus is really located on this 

chromosome remains unclear. Inami and coworkers (2012) examined two Japanese 

Fol race 1 isolates by pulse field gel electrophoresis and Southern analysis, and found 

AVR1 in one isolate on the same chromosome as AVR2 and AVR3, whereas in the 

other isolate AVR1 appeared to be located on a different chromosome22. This 

indicates that in race 1 isolates AVR1 is not always on the same chromosome as AVR2 

and AVR3.  

Besides AVR1 and the FoHeli3 Helitron (ORF3), the 31 kb deletion contains 

only one ORF (ORF4, Figure 4), which encodes a protein with unknown function. In 

Fol4287 three copies of this ORF are present at different locations in the genome 

(Table 3). In a bioassay Fol007 (a race 2 isolate with the 31 kb deletion) is virulent on 
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the general susceptible tomato line, C32 (Chapter 2). This suggests that the 31 kb 

deletion including AVR1 and ORF4 is not crucial for virulence of Fol. Loss of ORF4 

in the 31 kb region might have been compensated for by other ORF4 copies in the 

genome. The 102 kb fragment contains, in addition to AVR1, ORF3 and ORF4, a 

putative oxidoreductase gene (ORF5), two genes encoding RecQ helicases (ORF6 & 

7), three ORFs encoding proteins with unknown function (FOXG_14241, 

FOXG_14242 and FOXG_14244) and one ORF encoding an aspartic protease 

(FOXG_14243) (Figure 4). Three genes encoding a highly similar oxidoreductase and 

four genes encoding a highly similar aspartic protease are present in the genome of 

Fol4287 as well. Fol029, an isolate carrying the 102 kb deletion is highly virulent 

(Chapter 2). This suggests that FOXG_14241, FOXG_14242 and FOXG_14244 are 

also not required for pathogenicity of Fol on tomato. 

 In all ten Fol race 1 isolates analyzed, AVR1 is positioned in the genome 

between two copies of a Helitron transposable element. In six isolates one copy 

(HelA) is located 17.2 kb upstream of AVR1, the other (HelC) resides 88 kb 

downstream of the avirulence gene. In the four other isolates a third copy (HelB) is 

present 12.9 kb downstream of AVR1 (69 kb upstream HelC). Hence two groups of 

race 1 isolates can be distinguished: one with HelB located between AVR1 and HelC 

and one without HelB (Figure 5B). We assume that at some point in time HelB was 

inserted into the AVR1 locus upstream of HelC. However, the possibility that HelB 

was deleted from the AVR1 locus cannot be ruled out. So far nothing is known about 

a potential excision mechanism of Helitrons and whether such an excision event 

would leave footprints in the DNA. Sequencing a 1.8 kb fragment (Figure 6) of the 

AVR1 locus from which HelB could have been excised and comparing the sequence 

with the HelB flanking sequences, did not reveal any potential excision footprint. 

Figure 9 gives a model for the evolution of race 2 and race 3 isolates from race 1. 

Starting with race 1 isolates lacking HelB, two lineages are proposed. In both lineages 

race 2 evolves from race 1 by deletion of the AVR1 locus. This process is driven by 

homologous recombination between pairs of Helitrons. In lineage I the deletion 

results from a recombination event between HelA and HelC and hence in the loss of a 

102 kb fragment including the AVR1 locus. In lineage II first HelB is inserted near the 
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AVR1 locus. Subsequently, recombination between HelA and HelB results in the loss 

of a 31 kb fragment containing AVR1. In both lineages race 3 isolates evolve from 

race 2 by point mutations in AVR2. Interestingly, race 2 and race 3 isolates from 

lineage I originate from the US and Japan only, suggesting that the deletion event 

coincides with the geographical locations.  

 

 
Figure 9.  A model for the evolution of Fol race 2 and race 3 isolates from race 1. The 
two lineages are indicated by arrows. Green boxes indicate AVR1 and orange boxes indicate 
Helitrons. Blue colour indicates the conserved regions in all Fol isolates.  
 

 

Helitrons form a separate class of DNA transposons that has been identified in 

many eukaryotic species including fungi26. The occurrence and structural 

characteristics of Helitrons in F. oxysporum species complexes are described in detail 

in Chapter 4. Even though we propose that recombination between Helitrons is 

responsible for the deletion of the AVR1 locus, we do not have direct evidence for 

Helitron recombination. Fol004-HelA and Fol4287-HelAB are 100% identical, except 

for the insertion of transposable element Hop3 at the 5’ end of Fol4287-HelAB. Since 

Fol004-HelB differs from Fol004-HelA by a duplication of a 15 bp sequence, by a 
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single basepair deletion and one A/G polymorphism (Figure 3), we assume that the 

recombination between HelA and HelB occured at any position downstream 

nucleotide 4909 (Figure 3). No sequence polymorphisms were identified among 

HelA, HelC and HelAC and hence it is impossible to determine the precise location of 

this recombination event. 

This study provides a molecular analysis of the deletion of the AVR1 locus in 

the evolution of Fol race 2 race 3 isolates from race 1 isolates. Most likely Helitrons 

play a major role in this process. Furthermore, we present evidence that Fol isolates 

can be divided into two evolutionary lineages based on the events that led to the 

evolution of the race 2 from race 1 isolates. These lineages seem to correlate with 

their geographical origin. However, the analysis of more Fol isolates from different 

geographical locations is necessary to verify this idea.     

 

 

Materials and methods 

 

Fungal isolates  

Fungal isolates used in this study are listed in Table 4. 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 studies. All isolates were cultured on Czapak Dox Agar (CDA, 

Oxoid) and incubated in darkness at 250C.  

 

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 1. The amplified products were resolved electrophoretically 

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

(www.dnastar.com).   
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BAC library screening, DNA isolation and restriction analysis 

A BAC library of race 1 isolate Fol004 was screened with AVR1 specific primers 

(numbers 1091 and 1033)25. Putative BAC clones were verified by a second PCR 

using DNA isolated from these clones as template. BAC DNA was isolated with the 

QIAGEN Miniprep kit (QIAGEN, Basingstoke, United Kingdom) according to the 

manufacturer's instructions. To estimate the insert sizes, 5 µl aliquots of extracted 

BAC DNA were digested with 5 U of either NotI, SwaI or both for 3 hrs at 37°C. The 

digestion products were resolved by Contour-clamped homogeneous electric field 

(CHEF)-gel analysis (CHEF-DRIII system, Bio-Rad) in a 1% wide range resolute 

agarose gel in 0.5 x TBE buffer. Electrophoresis was carried out for 18 hours at 4°C 

with an initial switch time of 5 sec, a final switch time of 15 sec, in a voltage gradient 

of 6 V/cm. Insert sizes were compared to those of the CHEF DNA Size Standard 

Lambda ladder (Bio-Rad), CHEF DNA Size Standards 8-48 kb ladder (Bio-Rad) and 

GeneRulerTM 1kb DNA ladder (Fermentas). 

 

Sequencing, annotation and analysis 

The BAC clone sequencing and assembly were carried out by BaseClear (Leiden, 

The Netherlands). Open reading frames of the insert sequence were predicted using 

the gene finding program Fgenesh (www.softberry.com). The predicted ORFs were 

subjected to blast searches against Fusarium comparative database 

(www.broadinstitute.org) and NCBI non-reduntant databses 

(http://www.ncbi.nlm.nih.gov). Protein domains were predicted by interproscan 

analysis (http://www.ebi.ac.uk/). The repetitive elements were identified by blast 

against the RepeatMasker library (Open 3.2.9) (http://www.repeatmasker.org/), 

Fusarium comparative databse and NCBI non-reduntant databse. The 

transposases/retrotransposases were classified by blast against the Repbase 

(http://www.girinst.org/repbase/) and manual inspection using the system proposed 

by Wicker and colleagues30. The comparison between the insert sequence and the Fol 

reference genome was carried out using the Mauve genome alignment software 

(http://gel.ahabs.wisc.edu/mauve/). 
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Abstract 
 

Helitrons form a class of transposons with a distinct replication mechanism and the 

ability to capture gene fragments. They occur in a wide range of plants and animals, 

but are less well documented in fungi. In this study, we report on a novel group of 

Helitrons in Fusarium oxysporum, named FoHeli. The terminal features of FoHeli are 

distinct from those of canonical Helitrons described mainly in plants and animals. 

The functional role of these terminal features is still unclear as is the transposition 

mechanism of Helitrons. Autonomous Helitrons encode a protein that contains a 

rolling circle replication initiator (RC rep) domain and a helicase (hel) domain, 

reminiscent of proteins involved in rolling circle replication of plasmids and 

bacteriophages, suggesting Helitrons transpose employing a similar mechanism. 

Using PCR, we identified amplicons that carry Helitrons with joined ends, indicating 

that Helitrons can exist in circular form. We propose a model of transposition in 

which Helitrons convert into a circular form after excision from the genome, and 

suggest how the terminal features of FoHeli may be involved in transposition. 
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Introduction 

 

Transposable elements (TEs) are pieces of DNA that are capable of multiplying and 

moving from one site to another within a genome. Two major classes of TEs are now 

recognized based on their transposition intermediates1. Class I transposons, also 

known as retrotransposons, transpose via an RNA intermediate and are divided into 

two groups: one with long-terminal repeats (LTR retrotransposons) and one without 

long terminal repeat (non-LTR retrotransposons). Class II transposons, also known as 

DNA transposons, transpose via a DNA intermediate and are characterized by 

terminal inverted repeats of variable size. Both Class I and Class II TEs often 

duplicate a short host sequence upon insertion into the host genome.  

Helitrons form a distinct group. They are considered DNA transposons 

because of a (presumed) DNA intermediate. They have first been identified in an in 

silico analysis of the genomes of Arabidopsis thaliana and Oryza sativa, and the 

nematode Caenorhabditis elegans2. Unlike other DNA transposons, Helitrons do not 

create target site duplications upon insertion and lack terminal inverted repeats. 

Instead they are characterized by a 5’-TC terminus and 3’-CTRR terminus (R stands 

for A or G), often combined with a small hairpin structure near the 3’ end. They 

preferentially insert into an AT dinucleotide3. Recently a new group of Helitrons has 

been identified with different terminal features, notably 5’ and 3’ inverted repeats as 

well as 5’ and 3’ hairpin structures. The 5’ inverted repeat partially or fully overlaps 

with the 5’ hairpin structure4. The latter group was designated Helitron2, the group 

with the canonical terminal structures Helitron14. 

Putative autonomous Helitrons encode a protein with a rolling circle 

replication initiator domain and PIF1-like DNA helicase domain. Homology of the 

Helitron-encoded protein to bacterial RC transposons suggests that they transpose by 

a rolling circle replication mechanism. However to date this hypothesis is not 

supported by experimental evidence5,6. Although the role of the terminal features in 

Helitrons is still unknown, the hairpin at the 3' end is thought to function as a 

replication terminator2.   
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So far, Helitrons have been identified in a wide array of eukaryotes including 

fungi, insects, plants, oomycetes, nematodes, vertebrates and mammals2,7-14. In some 

cases, Helitrons constitute a significant portion of the genome2,14-16. Another 

remarkable feature is their ability to capture gene fragments from different locations 

in a host genome12,16. Some of these Helitron-captured gene fragments can be found 

fused together to produce chimeric transcripts, indicating that Helitrons have the 

potential to produce new genes through rearrangement and fusion of gene fragments 

captured from several genomic loci17. 

Fusarium oxysporum (Fo) is a fungal species complex that causes wilt and rot 

diseases in many economically important crop plants18. The species complex is 

divided into formae speciales based on host specificity which can be subdivided into 

physiological races based on their cultivar specificity19. Previous studies have shown 

that the genome of F. oxysporum contains many transposable elements from different 

classes, which contributes strongly to the observed genetic variability within this 

species complex20,21.  

Recent analysis of the genome of F. oxysporum f.sp. lycopersici (Fol), a wilt 

pathogen of tomato, revealed several Helitron-like elements encoding a protein with 

an RC rep domain and an adjacent hel domain21. Given the low occurrence of 

Helitrons in fungi, this finding warranted further investigation. Are these proteins 

encoded by real Helitrons, i.e. do the elements possess the typical terminal features: 

the 5’ TC and 3’ CTRR ends and a 3’ hairpin structure? Have they been recently 

active? Did Fol obtain Helitrons via horizontal transfer, as has been suggested for 

bats?22. 

Here, we thoroughly investigated Helitrons in Fo. Through in silico analyses, 

we found a novel family of Helitrons, which we called FoHeli. FoHelis possess 

terminal structural features that are similar to those of Helitron2. These features raise 

again the question on how Helitrons transpose and we present experimental evidence 

that Helitrons exist in circular form.  
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Results 

 

Identification of additional Helitrons in Fol 

Earlier we identified nine copies of a Helitron element in the genome of Fol race 2 

isolate 428721. This observation prompted us to look for the presence of additional 

copies and to characterize the element in more detail. Intact Helitrons encode a 

protein with a rolling circle replication initiator (rep) and a helicase (hel) domain. 

These hallmark domains in one of the previously identified Fol Helitrons were used 

as a query to search against the Fol reference genome by tblastn. The obtained 

sequences were extended 10 kb in each direction and submitted to FgenesH, an online 

program for gene prediction. The genes that encode proteins with a rep and an 

adjacent hel domain were considered putative autonomous Helitrons and were 

subsequently used as queries to search additional copies in the Fol genome. We 

repeated this procedure until we found no additional copies. 

 All Helitrons we thus identified were divided into six groups, with at least 

three copies in each group. Typically, sequences within a group show 97-100% 

identity, and between groups less than 60% identity at DNA level is observed. We 

hereafter refer to these groups as FoHeli1-FoHeli6. The position of these elements in 

the genome of Fol4287 is listed in Table 1.  

In total, we identified 19 full length FoHeli1 copies including the previously 

reported 9 Fol Helitrons21, and 10 DNA segments that show significant matches to 

either the 5’ or 3’ conserved region  (>99% identity) of FoHeli1 (see below). Since all 

these segments are located on the end of a contig (Table 1), the possibility that two 

fragments are derived from one and the same Helitron copy cannot be ruled out. 

Within FoHeli1, two subgroups (FoHeli1-Sub1-2) were identified based on a 15 bp 

repeat sequence (TCCCCTGAGCGTGGA) in the middle of the ORF, between the 

rep and hel domains (Figure 1A and 1C). Within FoHeli1-Sub1 (Helitrons with the 15 

bp repeat sequence), 5 full-length elements with an intact ORF (putative autonomous 

elements) and 1 full element with a frameshift mutation were identified. Within 

FoHeli1-Sub2 (Helitrons without the 15 bp repeat sequence), 6 full length copies with  
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Figure 1. Structural features of FoHeli1 and 2. A) Schematic representation of FoHeli1and 
2. The sequence encoding the RC replication initiator (rep) domain is shown in red; the 
sequence encoding the Helicase (hel) domain is shown in blue. B) The 5’ terminal structure 
showing in more detail that the 5’ TC dinucleotide (in red) is part of the hairpin. C) Two 
subgroups within FoHeli1: FoHeli1-Sub1 contains an extra 15 bp repeat sequence 
(TCCCCTGAGCGTGGA) in the middle of the FoHeli1 ORF, between the rep and hel 
domains. D) Termini of FoHeli1, FoHeli2, FoHelina1 and FoHelina2. Conserved 5’ and 3’ 
terminal sequences are shown in red. The stems of the predicted hairpin structures are shaded 
in grey and loops are in bold letters. The terminal inverted repeats are underlined. 
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an intact ORF, 4 full length copies with frameshift or nonsense mutations and 4 full 

length copies with a hAT transposable element (TE) insertion were identified23. The 

Helitrons disrupted by the hAT TE were located on different contigs of chromosome 

3 and 6. However, high similarity between the contigs extends more than 10 kb in 

each direction beyond the Helitron, suggesting a duplication of this region after the 

hAT TE integration, corresponding to the segmental duplications observed earlier in 

chromosome 3 and 6 (Table 1)24. In total, 3 copies of FoHeli2 are present in the Fol 

reference genome of which one has a truncated ORF due to a point mutation (Table 

1). At least four copies of Helitrons were identified in groups FoHeli3 - FoHeli6 and 

all contain intact ORFs. 

 

Distinct terminal features of Fo Helitrons 

Helitrons identified in plants are characterized by the presence of a 5’-TC and a 3’-

CTRR  (R stands for A or G) motif as well as a 3’ hairpin structure 10-12 bp 

upstream the CTRR motif. However, not all Helitrons have these structural features. 

For instance, Helitron-1_AN in Aspergillus does not have a hairpin structure near to 

its 3’ end3. Recent analysis showed that Helitrons might also possess other terminal 

features. For example, a 5’ hairpin structure and terminal inverted repeats were found 

in Helitrons from Chlamydomonas reinhardtii4. Do Helitrons in Fo possess atypical 

terminal features as observed in other Helitrons? To answer this question, we made a 

multiple sequence alignment for each family. FoHeli1 and FoHeli2 are less than 60% 

identical at DNA level, but their termini are conserved: both start with a 5’-TC 

dinucleotide and end with a 3’-ATTTT pentanucleotide (Figure 1A, D). Interestingly, 

both FoHeli1 and FoHeli2 possess two hairpin structures. One is located 35-51 bp 

upstream the 3’ terminus and the other is at the very end of 5’ terminus (Figure 1A, 

B). Moreover, FoHeli1 and FoHeli2 posses 12 bp perfect inverted repeats that either 

fully or partially overlap with the sequences corresponding to the 5’ and 3’ hairpin 

structures (Figure 1D).  

We identified at least four Helitrons in each of groups FoHeli3 to FoHeli6. 

The sequence identity of the elements within each group extends more than 10 kb in 

each direction, indicating that the multiple copies arose via a large segmental 
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Table 1. Coordinates of Helitrons in Fol4287 

     
Name Locus Chromosome Location (Full element) Size 

(bp) 
% of 
identity1 

Remarks 

       
oHeli1      
FoHeli1-1 Unannnotated 14 Supercontig 22:682968-689071 + 9057 100 Full element (intact ORF) 
FoHeli1-2 Unannnotated 14 Supercontig 22:755094-761205 + 6109 99.91 Full element (truncated ORF) 
FoHeli1-3 Unannnotated 14 Supercontig 36:185979-192086 + 6108 100 Full element (intact ORF) 
FoHeli1-4 Unannnotated 14 Supercontig 36:90224-96346 + 6123 99.74 Full element (intact ORF) 
FoHeli1-5 Unannnotated 2a Supercontig 6:172038-178145 + 6108 99.95 Full element (intact ORF) 
FoHeli1-6 Unannnotated 2a Supercontig 6:608213-614335 - 6123 99.69 Full element (intact ORF) 
FoHeli1-7 Unannnotated 2a Supercontig 6:621182-627311 + 6127 99.59 Full element (truncated ORF) 
FoHeli1-8 Unannnotated 2b Supercontig 31:485658-491781 + 6124 99.72 Full element (truncated ORF) 
FoHeli1-9 FOXG_03948 4 Supercontig 4:684576-690683 - 6108 99.93 Full element (truncated ORF) 
FoHeli1-10 Unannnotated 4 Supercontig 4:929854-935963 + 6107 99.98 Full element (truncated ORF) 
 FoHeli1-11 Unannnotated 7 Supercontig 13:1422076-1428195 - 6117 99.59 Full element (truncated ORF) 
FoHeli1-12* FOXG_22121 8 Supercontig 29: 267039-273146 + 6108 100 Full element (intact ORF) 
FoHeli1-13 Unannnotated unpositioned Supercontig 49:86900-93013 + 6114 99.26 Full element (truncated ORF) 
FoHeli1-14 Unannnotated unpositioned Supercontig 44:62163-68269 - 6107 99.98 Full element (intact ORF) 
FoHeli1-15 Unannnotated 14 Supercontig 43:133095-139249 + 6154 99.72 Full element (intact ORF)(two 5' termini) 
FoHeli1-16 FOXG_14001 6 Supercontig 21:234429-243599+ 9171 99.85 Full element (ORF truncated by  hAT TE 
FoHeli1-17 FOXG_12588 3 Supercontig 18: 1099283-1108455- 9171 99.96 Full element (ORF truncated by  hAT TE 
FoHeli1-18 FOXG_12538 3 Supercontig 18:839462-848633- 9172 99.9 Full element (ORF truncated by  hAT TE 
FoHeli1-19 FOXG_17085 6 Supercontig 41:236016-245192 9177 99.91 Full element (ORF truncated by  hAT TE 
FoHeli1-20 Unannnotated 14 Supercontig 36:120417-124550 + 4134 100 3' end  (located at end of the contig) 
FoHeli1-21 FOXG_17697 14 Supercontig76: 9164-12223+ 3061 98.82 5' end (located at end of the contig) 
FoHeli1-22 Unannnotated unpositioned Supercontig 61:26329-28184 - 1854 98.65 middle fragment  (located at end of the contig) 
FoHeli1-23 FOXG_16442 14 Supercontig 36:329279-331531 + 2253 99.78 middle fragmentl (located at end of the contig) 
FoHeli1-24 Unannnotated 2b Supercontig 31:556159-556463+ 305 100 3' end (located at end of the contig) 
FoHeli1-25 Unannnotated 14 Supercontig 22:1-497- 497 100 5' end (located at end of the contig) 
FoHeli1-26 Unannnotated unpositioned Supercontig 44: 22494-23036 + 542 99.14 5' end (located at end of the contig) 
FoHeli1-27 Unannnotated unpositioned Supercontig 55: 69643-70881 + 1239 99.52 5' end (located at end of the contig) 
FoHeli1-28 Unannnotated 10 Supercontig 45: 1-1683 - 1682 98.28 5' end (located at end of the contig) 
FoHeli1-29 Unannnotated unpositioned Supercontig 61: 30587-31060 - 474 99.98 5' end (located at end of the contig) 
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Name Locus Chromosome Location (Full element) Size 
(bp) 

% of 
identity1 

Remarks 

       
FoHeli2       
FoHeli2-1* FOXG_14222 14 Supercontig 22: 557009-562398 + 5390 100 Full element (intact ORF); three 5' termini 
FoHeli2-2 Unannnotated 6 Supercontig 42: 33669-39000 + 5332 98.93 Full element (intact ORF) 
FoHeli2-3 Unannnotated 3 Supercontig 47: 81285-86616 - 5332 98.93 Full element (intact ORF) 
       
FoHeli3       
FoHeli3-1* FOXG_06459 3 Supercontig 7: 45294-52162 + 6869  100 Full element (intact ORF) 
FoHeli3-2 FOXG_06805 3 Supercontig 7: 1924520-1931400 - 6881 97.9 Full element (intact ORF) 
FoHeli3-3 FOXG_07365 6 Supercontig 9: 2323584-2330452 - 6869  100 Full element (intact ORF) 
FoHeli3-4 FOXG_16388 unpositioned Supercontig 34: 451087-457955 - 6869  100 Full element (intact ORF) 
       
FoHeli4       
FoHeli4-1* FOXG_12592 3 Supercontig 18: 1163374-1168936 - 5563 100 Full element (intact ORF) 
FoHeli4-2 FOXG_17083 6 Supercontig 41: 176813-182375 + 5563 99.98 Full element (intact ORF) 
FoHeli4-3 FOXG_13999 6 Supercontig 21: 176880-182442 + 5563 99.98 Full element (intact ORF) 
FoHeli4-4 FOXG_12542 3 Supercontig 18: 904353-909918 - 5566 99.95 Full element (intact ORF) 
FoHeli4-5 FOXG_07178 6 Supercontig 9: 1289331-1295324 + 5994 97.5 Full element (intact ORF) 
       
FoHeli5       
FoHeli5-1 Unannnotated 6 Supercontig 9: 1525536-1529656 - 4121 99.15 Full element (intact ORF) 
FoHeli5-2* FOXG_14988 3 Supercontig 25: 836767-840887 + 4121 99.9 Full element (intact ORF) 
FoHeli5-3 Unannnotated 3 Supercontig 7:1108609-1112729 - 4121 99.98 Full element (intact ORF) 
FoHeli5-4 FOXG_19322 3 Supercontig 7: 847722-852442  + 4121 100 Full element (intact ORF) 
       
FoHeli6       
FoHeli6-1* FOXG_06452* 3 Supercontig 7: 7177-13430 - 6254 100 Full element (intact ORF) 
FoHeli6-2 FOXG_19766 6 Supercontig 9: 2362328-2368581 + 6254 100 Full element (intact ORF) 
FoHeli6-3 FOXG_22453 Unpositioned Supercontig 34: 489827-496080 + 6254 100 Full element (intact ORF) 

 
The elements indicated by asterisks (*) were used as reference sequence to calculate the % of identity within each group   and also to    
blast against the genome of other formae speciales.  
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duplication, rather than transposition. It was thus impossible to determine the exact 

termini for these families within Fol. Therefore we searched for homologous 

sequences in genome sequences of other Fo strains and included those in a multiple 

sequence alignment (see below). Interestingly, even though overall sequence identity 

between FoHeli3, FoHeli4, FoHeli5 and FoHeli6 elements is very low, all have 

‘ACAGGAG’ at the 5’ end and ‘AGCCA’ at the 3’ end combined with 11 – 17 bp 

inverted repeats close their 5’ and 3’ termini (Figure 2). Moreover, FoHeli4 and 

FoHeli5 contain a hairpin structure near the 5’ end. FoHeli3 and FoHeli6 lack a 

potential hairpin structure near either 5’ or 3’ terminus, but FoHeli6 does contain a 

palindrome (GGACCGGTCC) just downstream the 5’ terminal ACAGGAG-

sequence (Figure 2). Generally, the orientation of a Helitron is defined as the same as 

that of the Helitron ORF. However, the direction of transcription of the Helitron ORF 

does not necessarily reflect the direction of DNA replication. For example, in 

FoHeli3 the ORF is oriented in reverse direction compared to that of FoHeli4 to 

FoHeli6, indicating that Helitrons may flip the orientation of the ORF during 

evolution. This is important to bear in mind when constructing physical models of 

Helitron transposition. 

 

 
 
 
Figure 2. Terminal features of FoHeli3 to 6. Conserved 5’ and 3’ terminal sequences are in 
red. The stems of the predicted hairpin structures are shaded in grey. The terminal inverted 
repeats (IR) are underlined. Orange box indicate the additional ORF. Dashed arrows indicate 
the orientation of ORFs. 
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Gene capture by FoHeli 

One of the remarkable properties of Helitrons is their ability to capture gene 

fragments from different genomic positions and move them around the genome. In 

some cases, the Helitron-captured gene fragments are fused together and expressed, 

suggesting that Helitrons have the capacity to produce novel genes25.  In maize, 

Helitrons frequently capture gene fragments from different genomic positions9, but it 

has rarely been observed in other species, indicating that gene capture is not a general 

property of Helitrons15,26. In this context, we asked whether FoHelis have the capacity 

to capture genes or fragments. No additional gene or fragments were identified in 

FoHeli1 and FoHeli2. However, in FoHeli3-FoHeli6, between the terminal 

sequences, additional ORFs were found, which encode unknown proteins (Figure 2). 

Interestingly, there is no apparent homology among these ORFs, suggesting that they 

have been captured independently. All are oriented in reverse direction compared to 

that of the ORF encoding the Helitron protein (Figure 2).  

 

Distribution of FoHeli in other strains of Fo 

To investigate the distribution of FoHeli in other strains of Fo, a blastn search using 

the reference sequences of FoHeli1 – FoHeli6 from Fol4287 was performed against 

the genome sequences of ten strains belonging to formae speciales radicis-lycopersici 

(CL57), vasinfectum (cotton), cubense (II5), melonis, conglutinans (PHW808), 

raphani (PHW815), pisi (HDV247), human (NRRL32931), arabidopsis (5176) and 

one non-pathogenic isolate (Fo47) that are available in the Fusarium comparative 

database of the Broad Institute (www.broadinstitute.org). We found homologues for 

FoHeli1 and FoHeli2 in all strains except Fo47, but often in small numbers, and 

missing at least one of the two termini. One explanation is that assembly of the 

genome sequences of other strains has collapsed (nearly) identical copies (they are 

exclusively Illumina-based) and contig breaks may lie in the middle of Helitron 

elements. We did find a homologue of FoHeli1 on supercontig 425 of F. oxysporum 

f.sp. melonis (Fom), that spans 4304 bp, aligning to FoHeli1 from position 1103 to 

5391. The Fom sequence encodes a protein sequence of 1215 aa with rep and hel 

domains that show 99.9% similarity to rep and hel domains of FoHeli1.  In the 
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F.oxysporum f.sp. vasinfectum strain, supercontig 355 contains a sequence that can be 

aligned to the first 4277 bp of FoHeli1 with 99% similarity. This sequence starts with 

a TC motif and possesses a 5’ hairpin structure and encodes a protein with a rep 

domain. The other part of this sequence is missing due to the end of this supercontig. 

In the F. oxysporum f.sp. pisi strain, supercontig 362 contains a sequence that aligned 

to first 4120 bp of FoHeli2 with 98.8% similarity. This sequence possesses 5’ 

structural features of FoHeli2 and encodes a protein with a rep domain and part of a 

hel domain. The other part is missing due to the short size of the supercontig. The 

blastn search using FoHeli3 sequence yielded a full-length element in the Fom 

genome with 99.4% identity. Small contigs with significant matches to FoHeli3 were 

also found in the genomes of f.sp. radicis-lycopersici, human, raphani, pisi, 

conglutinans and arabidopsis. The blastn search using FoHeli4 to FoHeli6 sequences 

yielded significant matches in the nonpathogenic Fusarium isolate and other formae 

speciales such as raphani, cubense, pisi, conglutinans and Arabidopsis, with no 

instances where a full-length element encoding rep and hel domains occurred within a 

single contig. In conclusion, our blastn search revealed the presence of FoHeli1 to 

FoHeli6 in strains belonging to different formae speciales, but the copy numbers and 

completeness of the elements are impossible to determine due to genome assembly 

issues.  

 

Non-autonomous FoHeli 

Most Helitrons identified in plant and animal genomes are non-autonomous; they are 

often very short and lack protein coding regions, sharing similarity only to the 

terminal sequences of their autonomous counterparts14. In many organisms, non-

autonomous Helitrons are present in high copy numbers relative to corresponding 

autonomous elements. To see whether short, non-autonomous derivatives of 

Helitrons are present in Fo, we searched for sequences that match the termini of the 6 

FoHeli groups in the available genome sequences of Fo and found two groups of 

putative non-autonomous Helitrons: FoHelina1 and FoHelina2. FoHelina1 is 832 bp 

in size and does not code for any functional protein. However, its first 27 and last 166 

nucleotides show 92.59% and 78.29% identity to the 5’ and 3’ terminal regions of 
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FoHeli1 and FoHeli2, respectively. Like FoHeli1 and FoHeli2, FoHelina1 starts with 

a 5’-TC dinucleotide and ends with a 3’-ATTTT pentanucleotide and contains hairpin 

structures near both the 5’ and 3’ terminus (Figure 1D). The similar terminal 

structural features indicate that FoHelina1 probably relies on the transposition 

enzyme encoded by either FoHeli1 or 2 for propagation. We identified FoHelina1 in 

three strains of Fo (raphani, vasinfectum and conglutinans). Interestingly, in most 

FoHelina1s the 5’ terminal sequence of 30-46 bp is repeated 3-4 times. 

FoHelina2 is 1929 bp in size and exhibits 91.21% and 88.17% identity to the 

first 1092 bp and last 837 bp, respectively of FoHeli1. This strongly suggests that 

FoHelina2 is derived from FoHeli1 by the loss of the internal protein-coding region. 

The similar terminal structural features suggest that FoHelina2 relies on the 

transposition enzyme encoded by FoHeli1 for propagation (Figure 1D). So far, we 

identified FoHelina2 in four strains of Fo (human, pisi, vasinfectum and raphani).  

 

Insertion specificity of FoHeli 

Canonical Helitrons, with 5’-TC and 3’-CTRR termini, preferentially insert into AT 

dinucleotides without creating any sequence modification3. In contrast, all FoHeli1, 

FolHeli2, FoHelina1 and FoHelina2 copies examined, are flanked by a 5’-T and a 3’-

A (Figure 1D). To verify whether FoHelis are exclusively inserted into TA 

dinucleotides, we searched for insertion site orthologs for all elements in the core 

genome of other strains of F. oxysporum that do not have a Helitron at that position. 

We identified such sites for FoHeli1-5 to FoHeli1-11 and for a copy of FoHelina1. 

Comparison of the sites with and without Helitron confirmed that the insertion always 

occurred between a 5’-T and a 3’-A and that target sites were not modified (Figure 

3A). Comparison of the target sites orthologs of the above mentioned 7 FoHeli1 

elements, in other strains revealed that FoHeli1s show specificity for the sequence 

TXATA where X stands for any nucleotide; the insertion is always between the last T 

and the 3’-A (Figure 3B). FoHelina1s show specificity for TXATA as well (data not 

shown). Target site orthologs for FoHeli1-1 to FoHeli1-4 could not be identified in 

other strains, as these elements are located on lineage specific chromosomes of 

Fol4287 (Table 1). The same holds true for FoHeli2 to FoHeli6. Similarly, the above-
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mentioned analysis was also not possible for the currently available FoHelina2 

elements, as they are not integrated into informative sequences. Therefore the 

insertion specificity for FoHeli2 to FoHeli6 and FoHelina2 is still uncertain.  
 
 

 
 
 
 

 
 

 
 
Figure 3. Target sites of FoHeli. (A) Examples of alignments of FoHeli1 and FoHelina1 
insertion region into orthologous sequences in other formae speciales of F. oxysporum 
without Helitron insertion. Helitron sequences are indicated in red; lycopersici – Fo f.sp. 
lycopersici, melonis - Fo f.sp. melonis, raphani - Fo f.sp. raphani, pisi - Fo f.sp. pisi.  (B) 
Alignment of target sites of seven FoHeli1 elements showing a specificity for the sequence 
TXATA where X stands for any nucleotide. The Helitron insertion point is marked by the 
triangle. Conserved sequences are indicated in black.  
 
Has FoHeli recently been active? 

Conserved functional motifs in hel and rep domains. 

The high levels of sequence identity within each group indicate that FoHeli may 

recently have been active, or perhaps still is active. We investigated whether the hel 

and rep domains of FoHeli1-FoHeli6 all contain the conserved motifs that are known 

to be important for the function of these domains3 (Figure 4A). The rep domain 

contains three motifs that are well conserved. Motif I is thought to be required for  

!
!
!
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Figure 4. Putative functional protein domains of FoHeli1-6. (A). Schematic representation 
of FoHeli1 – FoHeli6 proteins showing the rep (red), hel (blue) and DNA polymerase 
alpha/epsilon subunit B (green) domains. (B) Alignment of motifs I-III of the rep domain of 
FoHeli’s with those of the rep domains of representative Helitrons from ten other species (At 
– Arabidopsis thaliana, Os – Oryza sativa, Aae - Aedes aegypti, Cg – Chaetomium globosum, 
PGr - Puccinia graminis, Zm – Zea mays, Dr - Danio rerio, Dvirp - Drosophila virilis, SLL - 
Serpula lacrymans, An - Aspergillus nidulans). (C) Alignment of the conserved motifs (I – 
VI) in the hel domain of FoHeli’s with representative Helitrons from ten other species.  

C. hel motif: 

B. rep motif: 

A. Putative autonomous Helitrons: 
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DNA binding, the two histidine residues in motif II are beleived to be involved in 

metal ion coordination, required for DNA cleavage and ligation, and two tyrosines in 

motif III are central to Helitron transposition through ssDNA nicking and DNA 

strand transfer27. We find that in all 6 groups, these motifs are conserved (Figure 4B). 

The same holds true for the conserved motifs in the helicase domain believed to be 

rquired for DNA unwinding28 (Figure 4C). In none of the groups we found additional 

complete protein domains. However, the protein encoded by one FoHeli3 element 

(FOXG_06805, Table 1) contains, between the rep and helicase domain, a 75 aa 

sequence that shows significant similarity to the C-terminal region of DNA 

polymerase epsilon subunit B of other eukaryotes (Figure 5). DNA polymerase 

epsilon is required for efficient genome replication in eukaryotes29. 
 
 

 
 
Figure 5. Alignment of DNA polymerase epsilon subunit B domain of FoHeli3-4 
(FOXG_06805) with the C-terminal region of DNA polymerase epsilon subunit B from 
Human (GenBank: AAK72254.1), Mouse (GenBank: NP_035263.1) and Yeast (GenBank: 
EDV11363.1). 
 
 
Copy number of FoHeli in different Fol isolates 

Current consensus is that active Helitron elements transpose via a copy-paste 

mechanism3. To see whether copy numbers of FoHeli vary within isolates Fol, we 

estimated the copy number of FoHeli1 – FoHeli5 in 14 Fol isolates for which the 

genome has been sequenced recently at the Broad institute (Li-Jun Ma, personal 

communication). These isolates represent all three known races of Fol (race 1, 2 and 

3) (Table 2). Since these genomes have not been assembled, the copy number of 

FoHeli1 – FoHeli5 was estimated by counting the sequence reads corresponding to 

the reference sequence in each FoHeli group (Table 2). As we observed in 4287, in 

all other strains FoHeli1 was found in higher copy numbers compared to other 

groups. Strikingly, the copy number of FoHeli1 varies greatly: in all race 3 genomes 

except that of MN25, FoHeli1 was found in much higher copy numbers compared to 
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the genomes of Fol race 1 and 2 isolates. These results suggest that especially 

FolHeli1 might still be active in Fol. 

 

Table 2: Copy number of Helitrons in different Fol isolates 

Isolate  Race                                              Helitron 
  FoHeli1 FoHeli2 FoHeli3 FoHeli4 FoHeli5 
Fol004 1 37 4 2 3 4 
Fol014 1 29 3 2 3 3 
BFol51 1 27 4 2 3 3 
       
Fol018 2 51 6 3 5 5 
DF062 2 40 5 1 4 3 
Fol002 2 47 5 1 4 5 
DF040 2 37 5 1 4 4 
DF038 2 39 2 0 2 2 
DF023 2 17 3 0 1 2 
       
Fol029 3 245 24 6 13 13 
Fol026 3 164 19 4 14 14 
DF041 3 109 13 3 10 8 
Fol038 3 139 16 4 13 10 
MN25 3 14 1 1 3 1 
MN14 NP 0 0 4 1 2 

NP – non-pathogenic isolate of Fusarium oxysporum 
 
Existence of FoHeli with joined ends 
One of the open questions regarding the transposition mechanism of Helitrons is 

whether there is a circular intermediate30. We tested for the presence of a FoHeli 

circle, by trying to amplify the junction sequence of FoHeli with joined ends with 

PCR. For FoHeli1 to FoHeli6 each four specific PCR primers were designed (Table 

3), as schematically shown in Figure 6A. Primer pairs 1 + 2 and 3 + 4 were specific to 

amplify FoHeli 5’ and 3’ ends and their flanking sequences, respectively.  Primers 2 

 + 3 that anneal to FoHeli close to the ends and are directed outwards are expected to 

amplify a PCR product only from molecules that contain nearby or joined FoHeli 

ends (Figure 6B). We used genomic DNA from Fol race 2 (Fol4287) as template. As 

anticipated primers 1 + 2 and 3 + 4 gave PCR products for FoHeli1 to FoHeli6 

(Figure 6C). Interestingly, a PCR product of 800 bp was amplified using primers 2 

and 3 that are specific for FoHeli1 (Figure 6C). The sequence of this PCR product 

confirmed the existence of FoHeli1 with perfect joined ends (Figure 6D). None of the 

FoHeli1 elements (29 in total) in Fol4287 are located adjacent to each other. This 
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allowed us to ruled out the possibility that the joined FoHeli1 ends originate from 

tandem integration of FoHeli1 copies in the Fol4287 genome. Moreover, the intensity 

of the PCR product obtained using primer pair 2 + 3 is low compared to that of the 

PCR products obtained using primer pairs 1 + 2 and 3 + 4 (Figure 6C). These results 

suggest that the template for the PCR product using primer pair 2 + 3 is an extra-

chromosomal circular DNA. Notably, no PCR products were obtained using primer 

pair 2 and 3 specific for FoHeli2 to FoHeli6.  

 

Table 3. Primers used in this study 

Number Sequence Target sequence* 
4297 TGCCTCTTTGCTCTGAAGG FoHeli1-1-5' end (2) 
4242 ACAAGTCACAAAGCATCAC FoHeli1-1-3' end (3) 
4303 ACTTCCCAGTGACAAACGC 616 bp upstream of FoHeli1-1 (1) 
4340 ACAACGGGGACATTGATGGC 1382 bp downstream of FoHeli1-1 (4) 
5520 TACAGTCGAGACAGTTAACC FoHeli2-1-5' end (2) 
5521 TTCACAAGTCACAGAGCATC FoHeli2-1-3' end (3) 
5538 TGGATTCCTGTTCTTTCATC 446 bp upstream of FoHeli2-1 (1) 
5537 TGATGTGCAGCTACGGACTC 622 bp downstream of FoHeli2-1 (4) 
5522 TACGGTATTCGTATCTGTCG FoHeli3-1-3' end (2) 
5524 ATGTGATGACCTGATTATCC FoHeli3-1-5' end (3) 
5540 AGTTGGCCGGTTGAGCAGAG 310 bp downstream of FoHeli3-1 (4) 
5539 AAGGTACACTTCGTTGACG 397 bp upstream of FoHeli3-1 (1) 
5525 AGCCTCTCTTCTCGGATGAC FoHeli4-1 5' end (2) 
5526 TTCAGTTCGAAGGAAGAAGG FoHeli4-1-3' end (3) 
5542 AGATGTCAACGTCTTCAATC 550 bp upstream of FoHeli4-1 (1) 
5541 TCATCAACATCACGGCAATG 824 bp downstream of FoHeli4-1 (4) 
5527 TCAGCTACCTCTTCTTTCC FoHeli5-1-5' end (2) 
5528 TGGAGCAACTGAGCAATAGG FoHeli5-1-3' end (3) 
5544 TACTGCAATGCGGTCAATTC 385 bp upstream of FoHeli5-1 (1) 
5543 ACAAGTTCGAGGAATCTGAG 577 bp downstream of FoHeli5-1 (4) 
5529 TGGACATTACGTGTATTCGG FoHeli6-1-5' end (2) 
5530 AATGTCGCATGGCTGTTCAG FoHeli6-1-3' end (3) 
5546 TCATGTCCCAATTCAGAAGTG 698 bp upstream of FoHeli6-1 (1) 
5545 TCTATGCAACTCTCGCTTGAC 588 bp downstream of FoHeli6-1 (4) 

*Numbers in brackets correspond to primers as shown in Figure 6A. 
 
Evolutionary relationship of Helitrons in four kingdoms 

Usually, Helitrons are identified based on DNA sequences that possess the 

characteristic structural features (3’ hairpin and CTRR-motif) or that are very similar 

to sequences that possess these features. However, many Helitrons have been 

identified that do not have these motifs. As we demonstrated above, Helitrons might 

have alternative structural features. This raises several questions regarding the origin   
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Figure 6. PCR strategy to detect FoHeli joined ends. A) Schematic representation of 
FoHeli1 in the genome. The black line represents FoHeli1 of which the 5’ and 3’ terminal 
sequences are indicated in red. The blue arrows indicate the flanking genomic region. The 
black thick arrows indicate the positions of the primers. B) Schematic representation of a 
FoHeli1 circle with joined ends (possible template for the amplification of a PCR product 
using primers 2 + 3) C) PCR experiment showing amplification of PCR products using 
primer pair A (primers 2 + 3), B (primers 1 + 2) and C (primers 3 + 4) specific for FoHeli1 – 
FoHeli6. The template for the PCR reaction was genomic DNA isolated from Fol4287. D) 
Structure of FoHeli1 joined ends. The terminal sequences are shown in red. Green and yellow 
indicate FoHeli1 5’ and 3’ regions, respectively. 
 

of Helitrons in F. oxysporum. For instance, did Fol obtain Helitrons via horizontal 

transfer? We therefore surveyed the presence of Helitrons in species related to Fol by 

scanning complete proteomes of  ~90 Pezizomycotina for proteins that possess both a  

(!

)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!.!!!!!!!

/!



Chapter 4 

! ,-#!

 

Figure 7. Maximum-likehood 
tree based on rep and hel 
domains of Helitrons from 
four kingdoms.  Green: plants 
and green algae, blue: animals, 
red: red algae and yellow: 
Fungi 
!
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rep (PF14214) and hel (PF05970) domain. In addition we scanned 6 non-fungal 

genomes (animals C. elegans, D. melanogaster, and D. rerio, green alga C. 

reinhardtii, and plants A. thaliana and Z. mays) for proteins with this domain 

architecture. Although D. Melanogaster, D. rerio, A. thaliana and Z. mays are known 

to possess Helitrons, we did not identify proteins with this architecture in these 

species, mainly because Helitrons products are generally not annotated as proteins in 

Genbank, demonstrating the limits of a protein-based survey. Finally, we included 

domain sequences for all proteins annotated as autonomous Helitrons in Repbase 

(indicated with ‘RB’). A maximum-likelihood tree using representative Helitrons 

from the aforementioned species (Figure 7) reveals two major clades within 

Helitrons, as shown in a previous study4. Clade I contains Helitron1 that include all 

plant Helitrons and some animal and fungal Helitrons with 3’ hairpin structure, 5’ TC 

and 3’ CTRR tetranucleotide. Clade II contains Helitron2 that include animal, fungal 

and algal Helitrons with 5’ and 3’ inverted repeats, 5’ and 3’ hairpin structures. All F. 

oxysporum Helitrons group within Clade II.  

 

 

Discussion 

 

Helitrons are well described in several plant and animal species, where they can 

severely impact the host’s genome. In contrast, in fungi, especially in ascomycetes, 

Helitrons appeared to be virtually absent. By searches using the protein sequences, 

rather than terminal features, we have now partially filled that gap. We identified a 

new set of Helitrons in F. oxysporum, named FoHeli that can be divided into 6 groups 

with homologues in several other Pezizomycotina.  

Several of our findings indicate that at least one of these groups, FoHeli1, is 

still active. First of all, it is present in some strains in a very large copy number, and 

we see very little sequence divergence between different copies. Moreover, the 

functional domains in autonomous versions of this family contain the conserved 

motifs that are associated with rolling circle replication mechanisms. Finally, we have 
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experimental evidence indicating the presence of a Helitron in a circular form, for this 

group.  

Transposable elements, particularly those that exist in high copy number, may 

provide an opportunity for genome rearrangement/deletion by serving as target for 

homologous recombination. For example, in Fol homologous recombination between 

two FoHeli1 elements apparently caused the deletion of a genomic region containing 

AVR1 (avirulence gene 1 corresponding to R gene I in tomato) leading to evasion of 

I-mediated resistance in tomato (Chapters 3 and 5). This indicates that Helitrons may 

have played a pivotal role in the arms race between pathogen and their cultivated 

hosts. 

It has been shown that Helitrons often capture gene fragments from different 

genomic locations. Some of the Helitron-captured gene fragments are found fused 

together, potentially producing chimeric transcripts, suggesting an important role for 

Helitrons in the emergence of novel genes. Interestingly, in addition to rep-hel 

proteins, additional ORFs encoding unknown proteins were found in FoHeli3 to 

FoHeli6 between the terminal sequences. It is unclear, however, whether the 

additional ORFs found in FoHeli3 to FoHeli6 are results of actual gene capture 

events or whether these ORFs are integral parts of these Helitrons with a specific role 

in their transposition.  

Helitrons are presumed to transpose via a rolling circle (RC) replication 

mechanism, a mode of replication that is often used by bacterial plasmids and 

bacteriophages. The RC replication involves the generation of a site-specific nick by 

plasmid- or phage-encoded replication initiator protein in double stranded, 

supercoiled DNA, followed by covalent extension of the 3’ hydroxyl end by DNA 

polymerase. These initiator proteins form a covalent protein-DNA bond via the 

hydroxyl group of a conserved tyrosine residue, leading to a phosphotyrosine linkage. 

As the newly synthesized strand is extended, the preexisting strand is displaced. A 

second tyrosine in the rep protein is involved in termination and resealing of the 

newly synthesized single strand, resulting in the generation of a circular ssDNA, a 

hallmark of RC replication3. In this study, by using primers directed outward from 

within FoHeli close to the ends, we could amplify a PCR product containing FoHeli1 
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joined ends. Whether the FoHeli1 circle is single- or double-stranded still needs to be 

elucidated. Extra-chromosomal circular transposon copies have been identified for a 

number of transposons, for example Mu1 from maize, Tc1 from Caenorhabditis 

elegans, Tat1 from Arabidopsis thaliana, Tto1 from tobacco and a fungal hAT 

transposon31-35. 

Even though the exact mechanism underlying the FoHeli1 circle formation is 

unknown, the FoHeli1 joined-end structure strongly suggests that the recognition of 

the ends by a FoHeli1 specific transposase is necessary to join these FoHeli1 ends. It 

has been shown that the rolling circle replication initiator (rep) protein has both nick 

and ligation activity36. Currently, two models have been proposed for Helitron 

transposition, the sequential and the concerted model30. Each model involves multiple 

rounds of tyrosine-mediated cleavage, DNA replication and DNA synthesis primed 

from a free 3’-OH at the cleavage site. They differ in the order of cleavage events. 

According to the sequential model, the cleavage at each end of the transposon occurs 

before target cleavage resulting in the excision of a single stranded donor element. 

Subsequently, the excised element is inserted into a target site in the recipient DNA. 

According to the concerted model, the 5’ end of Helitron and the target are cleaved 

together, followed by a ssDNA strand-transfer reaction between the donor Helitron 

and recipient target DNA. Replacement strand synthesis of the donor transposon and 

cleavage at the terminator sequence at the 3’ end by the rep protein releases the 

transposon strand, which is transferred to the target DNA. Because we demonstrated 

the existence of a circular FoHeli1, we propose that Helitron transpose in the 

sequential pathway using a circular intermediate (Figure 8). To initiate transposition, 

the Helitron transposase first recognizes and binds to the Helitron 5’ terminus and 

cleaves one DNA strand of the double stranded donor Helitron at its 5’ end using the 

first tyrosine residue in motif III of rep domain (Figure 8, step 1). This cleavage 

generates a free 3’-OH group in the nicked DNA. The transposase remains attached 

to the 5’ end of the ‘upper’ Helitron strand through a phosphotyrosine bond (Figure 8, 

step 1). The transposase hel domain unwinds the DNA in 5’ to 3’ direction and the 

free 3’OH is used to prime DNA synthesis (Figure 8, step 2). The transposase-   
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Figure 8. Sequential model for Helitron transposition, modified after30. Green line 
represents helitron, pink line represents acceptor DNA, red rectangles represent helitron 
termini, blue oval represent helitron transposase. 
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associated Helitron DNA strand is displaced, as the DNA synthesis progresses. The 

3’ hairpin structure in the (ss) Helitron DNA may interact with proteins associated 

with DNA replication to retard this process to allow another cleavage precisely after 

3’ terminal sequence using second tyrosine residue in motif III of rep domain (Figure 

8, step 3). The second tyrosine-mediated cleavage at the 3’ terminal sequence results 

in the excision of the Helitron as single stranded DNA. Next, a transesterfication 

reaction leads to a nucleophilic attack of free 3’-OH of displaced Helitron to its own 

5’ end, resulting into the formation of a single stranded circular Helitron (Figure 8, 

step 3).  

For reinsertion the Helitron transposase binds to both the circular Helitron 

intermediate at its joined ends and the recipient target site. The first tyrosine in motif 

III of the rep domain cleaves the circular Helitron at its joined ends and binds 

covalently to the Helitron 5’ terminus by forming a 5’-phosphotyrosine linkage. The 

second tyrosine cleaves the target and binds to the 5’ end of the nicked target ssDNA 

(Figure 8, step 4). In another transesterification reaction, a nucleophilic attack of the 

free 3’-OH group of the linear single stranded Helitron intermediate to 5’ end of 

target site at the nicked site and a nucleophilic attack of the free 3’-OH group of the 

target site at the nicked site to 5’ end of the linear single stranded Helitron 

intermediate results into the integration of the single stranded Helitron into the 

recipient site (Figure 8, step 5, 6). In next step, passive DNA replication by the host 

completes the process (Figure 8, step 7)   

In conclusion, this work provides a detailed characterization of Helitrons in F. 

oxysporum. As we demonstrated in this study, Helitrons can have different terminal 

sequences that may lead to Helitrons remaining unidentified in many species in a 

structure-based survey. The demonstration of a Helitron circle is an interesting lead 

into further investigations of Helitron transposition.  
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Materials and Methods 

 

Sequence data and analysis 

The genome sequences of 10 strains representing different formae speciales of 

Fusarium oxysporum that available in the Fusarium comparative database 

(www.broadinstitute.org) were initially selected for Helitron surveys. Homology 

searches (blastn and tblastn) of the Fusarium comaparative database were undertaken 

upto 30-04-2014. Initial searches were performed with a query sequence identified in 

our previous study that encodes a protein with a RC rep and an adjacent helicase 

domain21. Gene predictions were performed using Fgenesh online program 

(www.softberry.com). 

 For the identification of Helitrons related to FoHeli, both genome and 

complete proteome of 90 species including Fungi, animals, plants and algae were 

downloaded from joint genome institute (http://jgi.doe.gov/our-science/science-

programs/fungal-genomics), broad institute (www.broadinstitute.org) and genbank 

(http://www.ncbi.nlm.nih.gov/genbank/).  

 

Phylogenetic analysis 

In some species, Helitrons have additional domains. To avoid aligning non-

homologues sequences, we cut out the subsequences that represent a rep and a hel 

domain from protein sequences and concatenated them. We aligned these 

concatenated domain sequences using clustal omega and trimmed the alignment using 

TrimAl with the –strict flag37,38. We inferred the phylogenetic tree using PhyML 

v3.039 with 4 substitution rate categories, estimated proportion of invariable sites and 

gamma distribution, and SH-like aLRT for branch support. 

  

DNA isolation, PCR analysis and sequencing  

Fungal genomic DNA (gDNA) was extracted using the following method. A patch of 

mycelium was scraped from the margin of a colony and suspended in 400 !l Tris-

EDTA buffer (1 M Tris pH 8, 0.5 M EDTA pH 8) together with 300 !l 
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phenol:chloroform (1:1) and approximately 300 !l glass beads (212–300 µm). Cells 

were mechanically disrupted by vortexing for 2 minute. The supernatant (150 !l) was 

collected after centrifugation (5 minute) at maximum speed and mixed with equal 

volume of chloroform. Again, the supernatant (100 !l) was collected after vortexing 

and centrifugation (5 minute) and kept in -200c for further use. 1 !l of genomic DNA 

was used for PCR experiments. Primers used for amplification of the FoHeli joined 

ends are listed in Table 3. The amplified products were resolved electrophoretically 

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

(www.dnastar.com). 
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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  
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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. 



Evolution of races within Fusarium oxysporum f.sp. lycopersici 

! "#%!

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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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 
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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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Summary 

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

tomato, is an asexual, soil-born and highly devastating xylem-colonizing fungal 

pathogen. Three physiological races of Fol have been reported based on their ability 

to infect tomato cultivars carrying different monogenic resistance (R) genes. Tomato 

R genes that confer race-specific resistance to Fol are known as Immunity (I) genes. 

To date, three I genes, notably I (or I-1), I-2 and I-3, have been identified in wild 

tomatoes and have been introgressed into tomato cultivars. The three I genes confer 

tomato resistant against Fol isolates which contain the avirulence genes 

corresponding to these I genes, notably AVR1, AVR2 and AVR3, respectively.  AVR1 

is present in all Fol race 1 isolates, but absent in race 2 and 3.. Absence of AVR1 

enables these isolates to infect tomato cultivars carrying I. AVR2 is present in all Fol 

isolates, albeit that I-2 breaking (race 3) isolates contain an AVR2 allele with a point 

mutation leading to an amino acid change in the protein. So far, three AVR2 alleles 

have been described with the following amino acid changes: V41>M, R45>H and 

R46>P. All three amino acid changes lead to loss of the avirulence function of Avr2, 

whereas its virulence function remains unaffected. Two AVR3 alleles have been 

described, one encoding a protein with a glutamic acid (E) at position 165 and one 

with a lysine (K) residue at this position (E165<>K165). Both proteins still act as 

avirulence factor, but differ in the degree of virulence they confer.  

Besides its avirulence function, Avr1 (product of AVR1) also functions to 

suppress I-2/Avr2 and I-3/Avr3 triggered immunity. The suppressive ability of Avr1 

enables race 1 isolates to infect tomato cultivars containing I-2 and I-3 without 

deleting or mutating the avirulence genes (AVR2 and AVR3) corresponding to R genes 

I-2 and I-3 . In Chapter 2, it is shown that not all race 1 isolates infect I-2 and I-3 

tomato cultivars even though all contain a functional AVR1 gene. Furthermore, the 

observed differences in the suppressive ability cannot be explained by one or more 

mutations in either the Avr1 coding region or the flanking regulatory sequences that 

would affect the suppressive function but not the avirulence function of Avr1. Based 
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on the results obtained in this study, a model for the suppression of I-2/Avr2 or I-

3/Avr3 by Avr1 has been proposed. 

In several studies it has been suggested that deletion of AVR1 from race 1 

isolates resulted in the emergence of race 2 (avirulence genotype: –, AVR2, AVR3), 

and that a point mutation in AVR2 of race 2 brought about the birth of race 3 (–, avr2, 

AVR3). However, the molecular mechanism underlying the loss of AVR1 has not been 

determined. In Chapter 3, the molecular mechanism underlying the deletion of AVR1 

in Fol is investigated. To this end, a 100 kb genomic region containing AVR1 from a 

race 1 isolate has been sequenced and compared to the reference genome sequence 

that lacks AVR1. The 100 kb genomic region aligned completely to a genomic region 

in the reference genome with sequence identity over 99.9%, except for a 31 kb 

genomic region containing AVR1 in the race 1 isolate and found to be absent in the 

reference genome. Further analysis suggested that race 2 evolved from race 1 isolate 

by the deletion of a 31 kb genomic region containing AVR1, most probably due to 

homologous recombination between two Helitron transposable elements. A 

worldwide collection of Fol isolates was subjected to PCR analysis of the AVR1 

locus, including the two bordering transposable elements. The results obtained 

showed that race 2 evolved from race 1 by the deletion of either a 31 kb or a 102 kb 

genomic fragment containing AVR1 due to the homologous recombination between 

two Helitrons bordering these fragments. The results suggest that, based on the 

deletion event that led to the loss of AVR1, Fol isolates can be divided into two 

distinct evolutionary lineages. The results indicate that Helitron transposable 

elements played a major role in the evolution of races within Fol. 

Helitrons are a novel type of DNA transposon that have been and still are 

being identified in many eukaryotic species. They are distinct from other transposons 

in their terminal structural features, ability to capture gene fragments and their 

rolling-circle mode of replication mechanism. In fungi, the structural features of 

Helitrons have been studied poorly. In Chapter 4, the structural features of Helitrons 

in Fusarium oxysporum (Fo) are identified and described. Six groups of Helitrons 

were discerned in Fo, called FoHeli1 to FoHeli6. Their terminal features suggest that 

FoHeli forms a novel group within the Herlitron family. Most importantly, evidence 
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has been obtained for the existence of Helitron in a circular form. Together with this 

data, a model for the transposition of Helitron has been proposed. 

In Chapter 5, the evolution of races was investigated further by extending the 

number of isolates. The analysis of the AVR1 locus including its flanking Helitrons in 

these isolates confirmed the idea that in most cases race 2 evolved from race 1 by a 

homologous recombination event between two Helitrons. Next to that one race 2 

isolate was identified which lost AVR1 likely due to a homologous recombination 

event between two NHT2-like retro-transposons resulting in a deletion of 

approximately 457 kb. In two other race 2 isolates no clear indications were obtained 

as to how the AVR1 locus was lost. Four point mutations were identified in Avr2 that 

caused the emergence of race 3 from race 2. Among these, one is a novel mutation. 

All these mutations caused the evasion of I-2 mediated resistance in race 3 isolates. 

Based on phylogenetic analysis using the sequence of EF-1 alpha gene (partial), Fol 

isolates could be grouped into five evolutionary lineages. Four clonal lineages 

correlated well with known VCGs of Fol whereas one is a novel clonal lineage 

associated within an unknown VCG of Fol. All results obtained in this study were 

used to propose a model to explain the evolution of races within Fol. 

In Chapter 6, it is discussed how the knowledge obtained in this thesis 

contributes to a better understanding the co-evolutionary arms race between a 

pathogen and its host, particularly in agricultural settings. This research highlights 

that the introgression of a monogenic resistant gene against a particular pathogen in 

cultivars and the widespread use of these cultivars in an agrosystem may impose a 

selection on the pathogen to evolve quickly evasion that particular host resistance. A 

model for the origin of formae speciales of Fusarium oxysporum as well as the 

polyphyletic nature of a forma specialis is presented. New research questions are 

posed and directions for future research aimed to get better understanding of host-

pathogen evolution are proposed.     
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Samenvatting 
 

Fusarium oxysporum f.sp. lycopersici (Fol), een asexuele bodemschimmel, is de 

veroorzaker van de Fusarium verwelkingsziekte van tomaat. Het pathogeen dringt de 

plant via de wortels binnen en koloniseert vervolgens het xyleem. Drie fysiologisch 

rassen van Fol worden onderscheiden op basis van het vermogen om cultivars van 

tomaat met verschillende, monogene resistenties te infecteren. Resistentie (R) genen 

van tomaat die zorg dragen voor ras-specifieke resistentie tegen Fol staan bekend als 

Immuniteit (I) genen. Tot nu toe zijn er in wilde tomaat drie I genen geïdentificeerd, 

namelijk I (of I-1), I-2 en I-3, en ingekruist in cultivars. Deze genen verschaffen 

resistentie tegen Fol isolaten die de avirulentie (AVR) genen bevatten die met deze 

drie I genen corresponderen, te weten AVR1, AVR2 en AVR3, respectievelijk. AVR1 is 

aanwezig in alle ras 1 isolaten, maar afwezig in ras 2 en ras 3. De afwezigheid van 

AVR1 maakt het mogelijk dat ras 2 en 3 isolaten cultivars van tomaat infecteren die 

het I gen bevatten. AVR2 is aanwezig in alle isolaten, zij het dat isolaten die I-2 

planten kunnen infecteren (ras 3 isolaten) een puntmutatie bevatten in AVR2 die een 

aminozuur verandering in het eiwit tot gevolg heeft. Tot nu toe zijn er drie AVR2 

allelen beschreven en wel met de volgende aminozuur veranderingen; V41>M, 

R45>H en R46>P. Al deze drie veranderingen leiden tot het verlies van de avirulentie 

functie van Avr2 (het product gecodeerd door AVR2), terwijl de virulentie functie in 

takt blijft. Twee AVR3 allelen zijn er beschreven, één coderend voor een eiwit met 

een glutaminezuur (E) residu op aminozuur positie 165 en één met een lysine (K) op 

deze positie (E165<>K165). Beide eiwitten fungeren als avirulentie factor, maar 

verschillen in de mate waarin zij bijdragen aan virulentie. 

 Behalve als avirulentie factor, fungeert Avr1 (het product van AVR1) ook als 

suppressor van de I-2/Avr2 en I-3/Avr3 gemedieerde immuniteit. Het resistentie-

onderdrukkende vermogen van Avr1 maakt het mogelijk dat ras 1 isolaten cultivars 

van tomaat die I-2 en I-3 bevatten, kunnen infecteren zonder deletie van of mutatie in 

de avirulentie genen (Avr2 en Avr3) die corresponderen met deze resistentie genen. 

In Hoofdstuk 2 wordt getoond dat niet alle ras 1 isolaten cultivars van tomaat met I-2 
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en I-3 kunnen infecteren ook al beschikken ze over een functioneel AVR1 gen. De 

waargenomen verschillen in de resistentie-onderdrukkende aktiviteit kunnen niet 

verklaard worden door één of meer mutaties in de Avr1 coderende sequentie of 

flankerende gebieden, die wel de suppresserende aktiviteit zouden aantasten maar niet 

de Avr1 avirulentie functie. Op basis van de resultaten uit deze studie wordt een 

model voorgesteld voor de suppressie van de I-2/Avr2 en I-3/Avr3 gemedieerde 

resistentie door Avr1. 

 In verschillende studies is gesuggereerd dat deletie van AVR1 uit ras 1 

geresulteerd heeft in het ontstaan van ras 2 (avirulentie genotype: –, AVR2, AVR3), en 

dat een puntmutatie in AVR2 van ras 2 vervolgens geleid heeft tot het ontstaan van ras 

3 (–, avr2, AVR3). Echter, het moleculaire mechanisme dat ten grondslag ligt aan het 

verlies van AVR1 is nooit beschreven. In Hoofdstuk 3 wordt dit mechanisme 

onderzocht. Hiertoe is de basenvolgorde bepaald van een AVR1 bevattend fragment 

van ongeveer 100 kb van het genoom van een ras 1 isolaat en is de verkregen 

sequentie vergeleken met die van het referentie genoom van een ras 2 isolaat waarin 

AVR1 niet aanwezig is. Het 100 kb fragment bleek met een sequentie identiteit van 

meer dan 99,9% overeen te komen met een deel van het referentie genoom, met 

uitzondering van een 31 kb gebied uit het genoom van ras 1 dat niet terug gevonden 

werd in het referentie genoom. Verdere analyses suggereerden dat ras 2 geëvolueerd 

is vanuit ras 1 door de deletie van dat AVR1 bevattend 31 kb fragment, 

hoogstwaarschijnlijk als gevolg van homologe recombinatie tussen twee Helitron 

transposons. Een wereldwijde collectie van Fol isolaten is vervolgens onderworpen 

aan een PCR analyse van het AVR1 locus met inbegrip van de twee flankerende 

Helitrons. De verkregen resultaten toonden aan dat ras 2 geëvolueerd is vanuit ras 1 

door de deletie van óf een 31 kb óf een 102 kb AVR1 bevattend genoom fragment als 

gevolg van homologe recombinatie tussen twee Helitrons die deze fragmenten 

flankeren. Dit suggereert dat gebaseerd op de deletie gebeurtenis die aanleiding geeft 

tot verlies van AVR1, Fol isolaten onderverdeeld kunnen worden in twee 

afzonderlijke evolutionaire lijnen. Het geeft ook aan dat Helitron transposons een 

belangrijke rol vervulden in de evolutie van rassen binnen Fol. 
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 Helitrons vormen een nieuw type DNA transposon die gevonden zijn, en nog 

steeds worden, in vele eukaryoten. Zij verschillen van andere transposons in de 

structurele karakteristieken van hun uiteinden, het vermogen om DNA fragmenten op 

te pikken en hun rolling-circle wijze van repliceren. In schimmels zijn de structurele 

karakteristieken van Helitrons nog maar weinig bestudeerd. In Hoofdstuk 4 worden 

de kenmerken van Helitron  uiteinden in Fusarium oxysporum (Fo) geïdentificeerd en 

beschreven. Zes Helitron groepen worden onderscheiden in Fo, aangeduid met 

FoHeli1 tot FoHeli6. Hun terminale karakteristieken suggereren dat FoHeli’s een 

nieuwe groep vormen binnen de Helitron familie. Voorts is er evidentie verkregen 

voor het bestaan van een circulaire vorm van Helitrons. Op basis van alle verkregen 

data wordt er een transpositie model voor Helitrons voorgesteld.  

 In Hoofdstuk 5 wordt de evolutie van rassen verder onderzocht via een 

uitbreiding van het aantal isolaten betrokken bij de studie. Analyse van het AVR1 

locus met inbegrip van de flankerende Helitrons in de nieuwe isolaten bevestigt het 

idee dat in de meeste gevallen ras 2 geëvolueerd is vanuit ras 1 via een homologe 

recombinatie gebeurtenis tussen twee Helitrons. Daarnaast is er één ras 2 isolaat 

geïdentificeerd dat AVR1 kwijt geraakt is waarschijnlijk als gevolg van een homologe 

recombinatie gebeurtenis tussen twee NHT2-achtige retro-transposons met als 

resultaat een deletie van ongeveer 457 kb. In twee andere ras 2 isolaten zijn geen 

duidelijke aanwijzingen gevonden ten aanzien van de wijze waarop het AVR1 locus 

verloren is gegaan. In AVR2 zijn vier puntmutaties gevonden die aanleiding geven tot 

het ontstaan van ras 3 vanuit ras 2. Eén van deze vier betreft een nieuwe mutatie. Alle 

vier mutaties zorgen ervoor dat de I-2 gemedieerde resistentie omzeild wordt in ras 3 

isolaten. Op basis van fylogenetische analyses waarbij gebruik gemaakt is van de 

sequentie van het EF-1 alpha gen, kunnen Fol isolaten gegroepeerd worden in vijf 

evolutionaire lijnen. Vier van die lijnen correleren zeer goed met bekende VCGs van 

Fol, terwijl er één geassocieerd kan worden met een onbekende VCG van Fol. Alle 

verkregen resultaten in deze studie zijn gebruikt om een model voor te stellen om de 

evolutie van rassen binnen Fol te verklaren. 

 In Hoofdstuk 6 wordt bediscussieerd hoe de nieuw verkregen kennis 

beschreven in dit proefschrift bijdraagt aan een beter begrip van de co-evolutionaire 
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wapenwedloop tussen een pathogeen en zijn gastheer, met name onder agriculturele 

omstandigheden. Er wordt benadrukt dat het inkruisen in gewas cultivars van een 

monogene resistentie tegen een gegeven pathogeen én het wijdverbreide gebruik van 

deze cultivars, het pathogeen selectief kunnen forceren tot een snelle evolutionaire 

ontwikkeling van de omzeiling van die specifieke gastheer resistentie. Een model 

voor het ontstaan van formae speciales van Fusarium oxysporum als ook de 

polyfyletisch aard van een forma specialis wordt gepresenteerd. Nieuwe 

onderzoeksvragen worden geponeerd en richtingen voor verder onderzoek worden 

voorgesteld, bedoeld om een beter begrip te krijgen van de evolutie van gastheer-

pathogeen relaties.  
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