
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Evolution of races within Fusarium oxysporum f.sp. lycopersici

Vadakkemukadiyil Chellappan, B.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Vadakkemukadiyil Chellappan, B. (2014). Evolution of races within Fusarium oxysporum f.sp.
lycopersici. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/evolution-of-races-within-fusarium-oxysporum-fsp-lycopersici(794efe3e-2520-48b2-9b98-4f78392cd6ce).html


 

 
 
 
 
 
 
 
 
 
 
 

 

Evolution of Fusarium oxysporum f.sp. lycopersici race 2 and race 3 
from race 1 isolates  

 

Chellappan BV, Houterman PM, Rep M, Cornelissen BJC 
 

Molecular Plant Pathology, Swammerdam Institute for Life Sciences, University of 
Amsterdam, PO Box 94062, 1090 GB Amsterdam, The Netherlands. 

 

 

 



 Chapter 3 

! +,!

    
 
 

 

 

 

 

 

 

 

 

 

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.  
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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).   

 



Chapter 3 
 

! #$!

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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