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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  
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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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