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Abstract 

Sequencing of plant genomes often identified the hAT superfamily as largest group of 

DNA transposons. Nevertheless, detailed information on the diversity, abundance and 

chromosomal localization of plant hAT families are rare. By in silico analyses of the 

reference genome assembly and BAC sequences, respectively, we performed the 

classification and molecular characterization of hAT transposon families in Musa 

acuminata. Musa hAT transposons are organized in three families MuhAT I, MuhAT 

II and MuhAT III. In total, 70 complete autonomous elements of the MuhAT I and 

MuhAT II families were detected, while no autonomous MuhAT III transposons were 

found. Based on the terminal inverted repeat (TIR)-specific sequence information of 

the autonomous transposons, 1722 MuhAT I- and MuhAT II-specific miniature 

inverted repeat transposable elements (MuhMITEs) were identified. Autonomous 

MuhAT I and MuhAT II elements are moderately abundant in the sections of the 

genus Musa, while the corresponding MITEs exhibit an amplification in Musa 

genomes. By fluorescent in situ hybridization, autonomous MuhAT transposons as 

well as MuhMITEs were localized in subtelomeric, most likely gene-rich regions of 

M. acuminata chromosomes. A comparison of homoeologous regions of M. 

acuminata and Musa balbisiana BACs revealed the species-specific mobility of 

MuhMITEs. In particular, the activity of MuhMITEs II showing transduplications of 

genomic sequences might indicate the presence of active MuhAT transposons, thus 

suggesting a potential role of MuhMITEs as modulators of genome evolution of 

Musa.  

 

Keywords Musa acuminata, Musa balbisiana, genome assembly, BAC, hAT 
transposons, FISH  



4 
 

Introduction 
 

Autonomous transposable elements (TEs) and their non-autonomous derivatives 

represent a large fraction of the DNA in most plant genomes (Heslop-Harrison and 

Schwarzacher 2011). Their mobility, amplification and decay provide an important 

source of genetic variation with respect to modifying gene expression (Capy et al. 

1998) or co-amplification along with functional sequences (Alix and Heslop-Harrison 

2009). Therefore, TEs can be regarded as important regulators of genome size, 

composition and function (Bennetzen 2005).  

The ‘cut and paste’ excision and genomic reintegration of DNA-transposons is 

enabled by an element-encoded transposase (Finnegan 1989). The superfamilies of 

DNA-transposons are mainly categorized by sequence similarities and structural 

conservation of domains of the transposase genes, terminal inverted repeats (TIRs) 

and target site duplications (TSDs), the latter occurring as a consequence of breakage, 

insertion and repair of the DNA at the junctions between the host genomic DNA and 

the mobile sequence. In plants, conservation of TIRs, TSDs and catalytic transposase 

domains define the six superfamilies hAT, Tc1/mariner, CACTA, PIF/Harbinger, 

Mutator and P (Wicker et al. 2007). Non-autonomous derivatives of DNA 

transposons, designated as miniature inverted repeat transposable elements (MITEs), 

show TIRs and TSDs, but lack transposase activity due to a partial or complete 

deletion of the transposase gene. MITE mobilization is mediated by the recognition of 

the TIRs by the transposase of related autonomous founder elements (Yang et al. 

2006). In contrast to the relatively low copy number of the autonomous transposons, 

MITE families like stowaway, tourist or hATpin, are often highly amplified within 

plant genomes (Feschotte et al. 2002; Menzel et al. 2012). 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pubmed&pubmedid=15659635#bib25�
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Transposons of the hAT superfamily are characterized by an 8 bp TSD, and short 

variable TIRs of 5 bp to 27 bp flanking a single gene coding for a transposase 

harbouring the class II-specific DDE amino acid motif at its catalytic core (Zhou et al. 

2004). Autonomous transposons and MITEs of the hAT superfamily are widespread 

among plants, but their abundance, amplification, and diversification differ 

extensively between taxa (Zhang and Wessler 2004; Holligan et al. 2006; Benjak et 

al. 2008; Du et al. 2010; Cavallini et al. 2010; Menzel et al. 2011). Therefore, the 

comparison of genomic hAT fractions across different species will enable the 

identification of principles underlying transposable element activity and 

diversification, and their contribution to genome evolution. 

The genus Musa, a non-graminaceous monocot in the Musaceae familiy, is now 

divided into the sections Musa (x=11) and Callimusa (x=10/9/7) (Häkkinen 2013). 

Section Musa includes the important tropical crops banana and plantains with diploid, 

triploid and tetraploid hybrids. The majority of the cultivated bananas result from 

inter- and intraspecific crosses between the two diploid wild species Musa acuminata 

(A genome) and Musa balbisiana (B genome). The genome size (1C) of M. 

acuminata was estimated at 523 Mbp (D’Hont et al. 2012), while the M. balbisiana 

genome is 550 Mbp in size (Heslop-Harrison and Schwarzacher 2007). The reference 

genome sequences of Musa acuminata ssp. malaccensis and M. balbisiana have 

recently been completed (D'Hont et al. 2012; Davey et al. 2013), and show the 

presence of yet unclassified hAT transposable elements. 

In the present work, we analyzed in detail the abundance, diversity and chromosomal 

localization of the M. acuminata hAT transposon superfamily based on the genome 

assembly (Droc et al. 2013) and of M. acuminata BACs. In particular the comparison 
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of homoeologous genomic regions from M. acuminata and M. balbisiana for both 

Musa species demonstrates a genome-specific mobility of hAT MITEs. 
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Materials and methods 

 

Plant material and DNA preparation 

Plants of Musa acuminata (2n=2x=22, AA genome constitution) and the triploid 

cultivar ‘Giant Cavendish’ (2n=3x=33, AAA), Musa balbisiana (2n=2x=22, BB), 

hybrids (eg Musa ‘Obino l‘Ewai’, 2n=3x=33, AAB), Musa textilis, Musa velutina and 

Musa ornata as well as Zea mays, Glycine max, Beta vulgaris and Arabidopsis 

thaliana were grown under greenhouse conditions. Genomic DNA was isolated from 

young leaves using the CTAB (cetyltrimethylammonium bromide) protocol (Saghai-

Maroof et al. 1984). DNA of Pinus elliotii ssp. elliotii was provided by RL Doudrick 

(USDA Southern Research Station, Ashville, USA).  

 

Sequence analyses 

 

Musa hAT transposons were identified in silico in the M. acuminata ‘DH Pahang’ 

reference genome assembly comprising of 473 Mbp. Additionally analyzed were 5.17 

Mbp of 38 M. acuminata BAC sequences and 12 BACs of 1.79 Mbp from the M. 

balbisiana B genome provided by the Global Musa Genomics Consortium 

(http://www.musagenomics.org/), and 13442 ‘DH Pahang’-specific MITE entries of 

the P-MITE database (Chen et al. 2014).  

For the identification of Musa hAT transposases in the reference assembly and in 

BAC sequences, we applied a Hidden Markov Model (HMM)-based approach using 

the HMMER3 packages hmmbuild and hmmsearch (Eddy 1998,) to build HMMs and 

to query local databases. A hAT-specific HMM was built from representative plant 

hAT transposases like Ac (P08770), Mx (AAV32822) from Zea mays, Thelma13 
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(AAP59878) from Silene latifolia, Tam3 (BAA28817) from Antirrhinum majus, Tag1 

(AAC25101) from Arabidopsis thaliana and Tip100 (BAA36225) from Ipomoea 

purpurea. Prior to the HMM search, the reference genome assembly has been 

partitioned in 100 kb fragments with 2 kb overlap and translated to all six reading 

frames. This thereby created database was queried with the hAT HMM to retrieve 

amino acid sequences hAT transposase regions. In order to identify the complete 

transposon with TIRs and TSDs, the corresponding nucleotide sequence along with an 

upstream and downstream region of 5000 nt, respectively, has been extracted and 

subjected to TIRfinder (Gambin et al. 2013) with the following parameters: TSD 

mask for all searches: 'NNNNNNNN'; TIR mask for MuhAT I: 

'CANNNNTTNNNNNAG'; TIR mask for MuhAT II: 'CANNGTNNNNNNTNNCG' 

and 'CAAGGT'.  

Sequences of autonomous and non-autonomous transposons as well as homoeologous 

genomic BAC regions were aligned with the MAFFT and MUSCLE options of 

Geneious 6.1 (Available from http://www.geneious.com), respectively. Open reading 

frames of autonomous hAT transposons were identified using the GeneWise algorithm 

(Birney et al. 2004). Neighbour-joining consensus trees, including 1,000 bootstrap 

replicates, revealing the divergence of hAT transposases and the diversity of Musa 

hAT transposons were generated by Geneious 6.1. Sequence logos of hAT-specific 

sequence motifs were created by WebLogo v2.8.2 (Crooks et al. 2004). Sequence 

information on the hAT transposons identified in the M. acuminata genome assembly 

and on Musa BACs is given by the Supplementary file 1 and a Supplementary table 1, 

respectively. 

Gene association of autonomous hAT transposons and corresponding MITE families 

was analyzed with a Python script comparing the genomic coordinates of transposons 

http://www.geneious.com/�
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and genes based on the GFF annotation file for Musa acuminata DH-Pahang (v1) 

(http://banana-genome.cirad.fr). Only transposon copies on pseudochromosomes 1 to 

11 were considered. For each transposon family, the portion of intronic and exonic 

copies was determined as well as the distances of the intergenic copies to the nearest 

gene. 

 

Southern hybridization and probe amplification 

 

For Southern hybridizations, 10 µg genomic DNA was restricted with different 

enzymes, separated on 1.2% agarose gels, and transferred onto nylon membranes (Pall 

Biodyne B, Pall, Germany) using alkaline transfer. Southern hybridizations using 

radioactively labelled probes were performed using standard protocols (Sambrook et 

al., 1989). Filters were hybridized at 60°C and washed at 60°C in 2 x SSC/0.1 % SDS 

and 1 x SSC/0.1 % SDS for 10 min each. Signals were detected by autoradiography. 

Hybridization probes were generated with primers designed from internal and 

flanking regions of MuhAT transposons localized on Musa acuminata BACs, and 

used for the amplification of probes with 50-75 ng DNA of BAC DNA. PCR was 

performed in 50 µl reaction volume with 2.0 mM MgCl2, 200 mM dNTP, 1 U Taq 

polymerase, 10x reaction buffer (Kapa Biosystems), and 10 pmoles of forward and 

reverse primers. A MuhAT I-specific transposase fragment of 200 bp was amplified 

with the primer pair 5’-ATTTTATAGTGAATGGTGG-3’ and 5’-

TAAAAAAGATCGTGCAATCG-3’. A MuhMITE I probe was generated with the 

primers 5’-CAGTGATTGAAAAAGGTGCTC-3’ and 5’-

AGTGATTTAAAAAGCGCTAGG-3’. PCR conditions were 5 min denaturation at 
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94 ˚C, 34 cycles of 1 min denaturation at 94 ˚C, 1 min at the primer-specific annealing 

temperature, 1 min elongation at 72 ˚C, finalized by 5 minutes extension at 72 ˚C.  

 

Fluorescent in situ hybridization 

 

The meristem of young roots of Musa plants was used for the preparation of mitotic 

chromosomes. After fixation in ethanol:acetic acid (3:1), the material was macerated 

in an enzyme mixture consisting of 2% (w/v) cytohelicase from Helix pomatia 

(Sigma), 4% (w/v) cellulase from Aspergillus niger (Sigma), 2% (w/v) cellulase 

Onozuka-R10 from Aspergillus niger (Serva), 0.2% (w/v) pectolyase from 

Aspergillus japonicus (Fluka) and 20% (v/v) pectinase from A. niger. After washing 

in fixative, the chromosomes were spread on slides as described by Schwarzacher and 

Heslop-Harrison (2000) with modifications (Desel 2002). Probes were labelled with 

biotin-11-dUTP or digoxigenin-16-dUTP by PCR before hybridization to 

chromosomes (Schwarzacher & Heslop-Harrison 2000). Preparations were 

counterstained with DAPI (4´, 6´-diamidino-2-phenylindole) and mounted in antifade 

solution (CitiFluor). 

Slides were photographed with Zeiss Axioplan epi-fluorescence microscopes with 

appropriate filters. Micrographs were acquired with the Applied Spectral Imaging 

camera ASI BV300-20A or a Jenoptic ProgRes C12 camera and processed in Adobe 

Photoshop CS5 using only contrast optimization, Gaussian and channel overlay 

functions affecting the whole image equally. 
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Results 
 

Identification of Musa acuminata hAT transposases  

 
For the identification of hAT transposases, the 473 Mbp genome assembly of Musa 

acuminata ‘DH Pahang’ and 38 M. acuminata BAC sequences, comprising of 5.17 

Mbp, were analyzed by a Hidden Markov Model (HMM) built from plant hAT 

transposase families from Zea mays, Silene latifolia, Antirrhinum majus, Arabidopsis 

thaliana, Vitis vinifera and Ipomoea purpurea. The HMM analysis identified 274 

transposase sequences, 114 of which span the five conserved hAT-specific amino acid 

blocks B-F (Rubin et al. 2001). The relation of these 114 Musa-specific hAT 

(MuhAT) transposases to representative plant hAT transposases is shown in a 

neighbour joining (NJ) tree (Fig. 1). 61 MuhAT I transposases and 47 MuhAT II 

transposases form two well-supported MuhAT families, which are clearly separated 

from the third family MuhAT III consisting only of six members. The MuhAT III 

family can be regarded as Ac/Tam3-specific due to the grouping to corresponding 

members from different monocotyledoneous and dicotyledoneous plant species. 

MuhAT I members show the closest relationship to the Vitis vinifera element Hatvine-

1 (Benjak et al. 2008), while members of the family MuhAT II are more closely 

related to the hAT transposon Bg from maize (Hartings et al. 1991).  

 

Classification of autonomous and non-autonomous MuhAT transposons 

 

To identify complete MuhAT transposons, genomic sequences flanking the coding 

regions of the MuhAT transposases in the reference assembly and on BACs of M. 

acuminata were in silico scanned for terminal inverted repeat (TIR)- and target site 

duplication (TSD)-motifs. 
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For the MuhAT I family, 49 complete transposons including TIRs and hAT-specific 8 

bp TSDs were localized in the genome assembly, while two transposons are located 

on M. acuminata BACs. Autonomous MuhAT I transposons range in size from 2206 

bp to 6814 bp and are terminated by TIRs of 15 bp. Moreover, two MuhAT I elements 

were shown to contain an intact transposase open reading frame (ORF) with three 

short introns at conserved positions, as exampled for MuhAT I-14 (Fig. 2). In silico 

analyses of genomic regions adjacent to MuhAT II transposase ORFs revealed 19 

autonomous elements, one of which located on a BAC, ranging in size from 4203 bp 

to 5644 bp with diverging TIR lengths from 6 bp to 12 bp and flanking 8 bp TSDs. 

Two MuhAT II transposons harbour an intact transposase ORF with two conserved 

intron positions (MuhAT II-6 in Fig. 2). In contrast to MuhAT I and MuhAT II, no 

TIRs and flanking TSD motifs were identified for the six members forming the 

MuhAT III family. Nevertheless, translation of the putative ORF regions of MuhAT 

III-3 resulted in an intact and continuous transposase ORF of 2148 bp, including start 

and stop codons (Fig. 2). 

Musa-specific hAT MITEs (MuhMITEs) were identified by queries of 300 bp, 

designed from 150 bp of both the 5’-and 3’-untranslated regions including TIR motifs 

from autonomous MuhAT I and MuhAT II transposons. These queries were used for 

searches within the M. acuminata genome assembly, 38 M. acuminata BACs and 

13442 ‘DH Pahang’-specific MITE entries of the P-MITE database (Chen et al. 

2014). 

Using the MuhAT I-specific query, 116 MITEs ranging in size from 646 bp to 1072 

bp were located in the reference assembly (104 MuhMITEs I, Supplementary File 1) 

and on M. acuminata BACs (11 MuhMITEs I, Supplementary Table 1). Nucleotide 

alignments revealed that MuhMITEs I are exclusively derived from the non-coding 
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regions of the autonomous MuhAT I transposons (Fig. 3a). For a detailed analysis of 

terminal structures specific for the MuhAT I family, the lengths and the relative 

nucleic acid residue frequencies of 5’-TIR and 5’-TSD were depicted by sequence 

logos. The TIR logo generated from 159 5’-TIR motifs with at most one mismatch 

(Fig. 3b) shows a uniform length of 15 bp starting with the hAT-specific consensus 

(T/C)A(A/G)NG (Rubin et al. 2001). The sequence logo of 140 TSDs, allowing only 

one mismatch between 5’- and 3’-TSD, indicates a slight preference for an 8 bp target 

site containing a 6 bp palindromic motif consisting of T and A residues.  

Mining for MuhAT II-specific non-autonomous elements revealed 1701 MuhMITEs 

II in the ‘DH Pahang’ reference genome assembly (Supplementary File 1) and 24 

MuhMITEs II on M. acuminata BACs (Supplementary Table 1), with a size 

distribution from 163 bp to 561 bp. The 5’- and 3’ terminal regions of the 1722 

MuhMITEs II, in different extent, are derived from autonomous MuhAT II 

transposons (Fig. 4a). In contrast to non-autonomous MuhAT I elements, MuhMITEs 

II contain internal sequences from 27 bp to 518 bp in size with no homology to the 

transposase ORF of autonomous MuhAT II transposons. A diversity analysis revealed 

13 classes of internal regions, as shown by a cladogram (Fig. 4b), which were 

regarded as transduplicated sequences acquired from unknown genomic regions of the 

Musa genome, as no significant sequence homologies were detected in BLASTN 

searches.  

The TIRs of the MuhAT II family differ in size from 6 bp to 12 bp, with a strong 

conservation of the first five nucleotides containing the hAT-specific TIR consensus 

(T/C)A(A/G)NG (Rubin et al. 2001), as shown by a sequence logo derived from 1703 

5’-TIR motifs (Fig. 4c). Notably, the TIR lengths differ even between MITEs 

containing similar transduplicated genomic sequences. 
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In contrast to the integration preference of MuhAT I elements to target sites with a 

slight conservation at positions 2 and 7, the sequence logo of 902 MuhAT II-specific 

5’-TSD motifs shows a significant preference for 8 bp target sites with a strong 

conservation of T residues at the nucleotide positions 2 and 3, and A residues at 

positions 6 and 7 (Fig. 4d). Overall, the sequence logo suggests a palindromic target 

site specific for the MuhAT II family. 

Although the identification of MuhAT III-specific MITEs was hampered by the lack 

of TIRs flanking the corresponding six transposase ORFs, genomic regions terminated 

by putative hAT-specific TIR-motifs were fused with their reverse complement and 

used as queries for BLASTN searches. However, no MuhAT III-derived MITEs were 

present in the M. acuminata data set. 

In total, 9.31 Mbp of complete autonomous MuhAT transposons and MuhMITEs as 

well as fragmented MuhAT-specific transposase ORFs and MITEs sequences, 

respectively, were identified. Thus, MuhAT transposons form approximately 1.97% 

of the M. acuminata ‘DH Pahang’ genome. 

 

BAC-specific organization and mobility of MuhAT transposons 

 

The genomic organization of MuhMITEs was examined on less complex physical 

entities of M. acuminata and M. balbisiana BACs, rather than in the reference 

genome assembly which might be misassembled in sequence regions containing 

repeated fractions of homologous MuhMITE sequences. From 38 M. acuminata 

BACs analyzed, nine contain MuhMITEs I, while MuhMITEs II were localized on 12 

BACS. Out of those, collocalization of MuhMITEs I and MuhMITEs II occurs on six 

BAC sequences. We also noted a serial localization of seven MuhMITEs II on the M. 
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acuminata BAC 2G17 (AC226036), and a nested organization of three MuhMITEs 

was detected on the M. acuminata BAC MA4_88K20 (AC226051) (Supplementary 

Fig. 1a and b). 

The mobility of selected MuhMITEs was revealed by the comparison of a 

homoeologous region of 101.7 kb with an 83% nucleotide identity between the BAC 

sequences MA4_82I11 (AC186955.1) from M. acuminata and MBP_81C12 

(AC186754) from M. balbisiana (Fig. 5). Within this homoeologous region, the M. 

acuminata BAC MA4_82I11 harbours the insertions of the 265 bp MuhMITE II-14 

and the 866 bp MuhMITE I-5 flanked by the 8 bp TSDs 5’- TCCCTGAG -3’ and 5’-

GTG(C/T)TA(A/G)C-3’, respectively (Fig. 5a and b). On the M. balbisina BAC 

sequence, insertions of MuhMITE II-1723 (1284 bp) and MuhMITE II-1724 (516 bp) 

with the flanking TSDs 5’-GTTGCAAC-3’ and 5’-TTCAAATG-3’, respectively, 

were identified (Fig. 5c and d). The sequence alignments (Fig. 5) show the absence of 

these four MuhMITEs in the corresponding homoeologeous BAC region, while the 

lack of these MuhMITEs on both homoeologous chromosomes of the M.acuminata 

and M. balbisiana genomes, respectively, was proven by PCR with flanking primers 

(Supplementary Fig. 1). In particular, the finding of a single 8 bp target site motif in 

the sequences lacking MuhMITEs suggests species-specific integrations of the MITEs 

rather than excisions, which would be marked by an excision footprint consisting of 

two TSD motifs (Fig. 5a-d). 

 

Genomic organization and chromosomal localization of Musa hAT  transposons 

 

The genus Musa is divided into the sections Musa (x=11) and Callimusa (x=10/9/7) 

(Häkkinen 2013). The genomic organization of autonomous MuhAT transposons and 

http://www.ebi.ac.uk/ebisearch/redirect.ebi?url=http%3A%2F%2Fwww.ebi.ac.uk%2Fena%2Fdata%2Fview%2FAC186754&id=AC186754&requestFrom=field&rank=1&domain=emblrelease_standard&digest=3F21F2EF5BE2D823EA528621367770DC524D2C07�
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MuhMITEs in seven Musa genomes from the sections Musa and Callimusa was 

compared by Southern hybridization (Fig. 6). Probing of a 200 bp fragment coding for 

the conserved hAT transposase-specific dimerization domain indicates the specificity 

of autonomous MuhAT transposons for the genus Musa (Fig. 6a, lanes 1-7). Species 

and hybrids from the section Musa (Fig. 6a, lanes 1-4, 6 and 7), and M. textilis from 

the section Callimusa (Fig. 6a, lane 5) showed patterns of multiple conserved 

fragments from 0.5 kb to 10 kb, which were different between the sections. Notably, 

the section Musa species M. velutina revealed a unique strong 3 kb fragment 

suggesting a species-specific diversification of MuhAT transposon variants (Fig. 6a, 

lane 6). The coding region of MuhAT-specific dimerization domains was not 

detectable in representative angiosperm and gymnosperm species (Fig. 6a, lanes 8-

12). 

Hybridization with a MuhMITE I probe to genomic Musa DNA showed a strong 

smear over the whole range of separation (Fig. 6b, lanes 1-7). A similar distribution 

pattern, but with different intensities is present in the angiosperm and gymnosperm 

species tested (Fig. 6b, lanes 8-12). The detection of hybridization signals in outgroup 

species, in particular in maize (Fig. 6b, lane 8), is most likely the result of cross-

hybridizations to a MuhMITE I-specific (TAACCC)4-6 microsatellite motif, as 

confirmed by at least 500 corresponding hits from BLASTN searches in the maize 

genome database (http://www.maizegdb.org/), rather than an indication for the 

presence of homologous MuhMITEs in this outgroup genome.  

The chromosomal distribution of autonomous and non-autonomous MuhAT 

transposons was examined by fluorescent in situ hybridization (FISH) to metaphase 

chromosomes of a triploid Musa acuminata (Fig. 7). FISH with the 200 bp fragment 

coding for the dimerization domain of the MuhAT I transposase shows hybridization 
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signals of different intensities on both arms of all chromosomes (Fig. 7a, middle and 

right). The signals are predominantly localized in intercalary and subterminal 

euchromatic regions.  

Similar to autonomous MuhAT I transposons, hybridization signals of a non-

autonomous MuhMITEs I probe are detectable predominantly in subterminal, 

presumably euchromatic positions of all 33 chromosomes (Fig. 7b, middle and right). 

Furthermore, a representative close-up showed weak hybridization along 

chromosomes with pronounced stronger signals in distal chromosomal regions (Fig. 

7d middle and right). At higher resolution of interphase hybridization, signals were 

detected adjacent to brightly DAPI-stained heterochromatic foci (Fig. 7b). However, 

consistent with signal distribution along metaphase chromosomes (Fig. 7b), co-

localization with few heterochromatic sites were observed. 

 

The FISH hybridization patterns of MuhAT I and MuhMITE I in euchromatic 

chromosomal regions suggest a close association of hAT transposons with genes. in 

the genome. Therefore, the insertion preference of the MuhAT transposons and 

MuhMITEs localized on the 11 M. acuminata pseudochromosomes was in silico 

detected (Fig. 8). The 33 MuhAT I and 12 MuhAT II transposons are predominantly 

integrated in exons, introns, or close to gene ORFs with a distance up to 1500 bp. The 

6 MuhAT III copies were exclusively found in exonic regions. In contrast, 

MuhMITEs I and MuhMITEs II, in a portion of at least 70 %, show an intronic 

integration.
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Discussion 

The comparison of genome sequences has revealed contrasting portions of hAT 

transposons in plant species. While relatively small hAT fractions are present in 

Arabidopsis, Brassica, sunflower and sugar beet (Zhang and Wessler 2004; Cavallini 

et al. 2010; Menzel et al. 2011), hAT elements form the largest DNA transposon 

superfamily within the grapevine genome (Benjak et al. 2008). According to the 

initial analysis of the reference genome sequence of the doubled-haploid M. 

acuminata genotype ‘DH-Pahang’ (2n=22), approximately 1.24% of hAT elements 

form the largest portion of DNA transposons (D'Hont et al. 2012, supplementary 

information). Our in silico analyses, in particular the detection of a substantial 

representation of MuhMITEs, with 9.31 Mbp consisting of complete and incomplete 

autonomous as well as non-autonomous MuhAT transposons has increased the hAT 

portion to 1.97%. Thus, although the ‘DH Pahang’ reference assembly covers only 

90% of the genome and a detailed analysis regarding the abundance of other DNA 

transposon superfamilies has not been performed yet, our data suggest the hAT 

superfamily as most likely the largest DNA transposon superfamily of the M. 

acuminata genome. 

The hAT transposon superfamily is ancient and conserved throughout the plant 

kingdom. Nevertheless, the number and diversity of hAT families is still unclear. 

Members of this superfamily are predominantly grouped into the Ac/Tam3 family, 

while transposons like Bg and Tag1 from maize and Arabidopsis, respectively, are 

hitherto regarded as members of minor hAT families (Rubin et al. 2001; Xu and 

Dooner 2005). A comprehensive analysis of hAT transposons in plant genomes has 

been performed only in grapevine and sugar beet so far (Benjak et al. 2008; Menzel et 

al. 2011). In grapevine, two Hatvine families were classified as Ac/Tam3-like, while 
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the majority of eight Hatvine families were grouped together with Bg and Tag1. In 

contrast, BvhAT transposons of sugar beet exclusively consist of Ac/Tam3-like hAT 

members. Within the M. acuminata genome, hAT transposases can be classified in 

three well supported MuhAT families. Similarly to grapevine, the Ac/Tam3-like 

MuhAT III family with only six copies is underrepresented, while the Bg-like MuhAT 

II family and the MuhAT I family, which is closely related to Hatvine-1, form the 

dominant DNA transposon fraction of the ‘DH Pahang’ genome. Thus, M. acuminata 

is a prime example of a plant genome with a remarkable amount of hAT transposons 

organized in families different from Ac/Tam3 family. On the other hand, the low copy 

MuhAT III transposons, which are truncated and also lack MITE derivatives, or the 

absence of Bg-like transposons in the sugar beet reference assembly (Menzel et al. 

2011), indicates genome–specific expansions, reductions or even eliminations of hAT 

transposon families in evolutionary time scales. 

Non-autonomous miniature inverted-repeat transposable elements (MITEs) derived 

from DNA transposon superfamilies are present in a wide variety of plant species 

(Feschotte et al. 2003; Zhang et al. 2004; Macas et al. 2005; Moreno-Vázquez et al. 

2005; Benjak et al. 2009; Menzel et al. 2011). Compared to the relatively low copy 

number of the autonomous founder elements, MITE derivatives of some DNA 

transposon superfamilies are highly amplified within plant genomes, as shown for 

Mariner-derived stowaway MITEs (Feschotte et al. 2003; Menzel et al. 2006). In 

contrast, low numbers of hAT-specific MITEs in plant genomes have been identified 

in rice, grapevine and sugar beet (Fujino et al. 2005; Moreno-Vázquez et al. 2005; 

Moon et al. 2006; Benjak et al. 2009; Huang et al. 2009; Menzel et al. 2011). In M. 

acuminata, only few unclassified MITEs have been detected on BAC end sequences 

as well as in the ‘DH Pahang’ reference genome assembly so far (Cheung and Town 
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2000; D’Hont et al. 2012). Our analysis identified in total 1722 MuhAT I- and 

MuhAT II-specific MuhMITEs lacking transposase coding regions. Thus, hAT-

specific MITEs are highly amplified in Musa genomes, as also shown by Southern 

hybridization. This amplification of MuhMITEs is most likely mediated by active 

autonomous members of the MuhAT I and MuhAT II families detected in silico. 

Beside amplification, MITE of diverse DNA transposon superfamilies are able to 

incorporate unrelated genomic sequences, as reported for Stowaway MITEs in the 

sugar beet genome and for PIF/Harbinger-derived MITEs in grapevine (Menzel et al. 

2006, Benjak et al. 2009). The acquisition of genomic regions, referred to as 

transduplication (Juretic et al. 2005), by MuhMITEs II and the subsequent 

amplification of transduplicated sequences resulting in the formation of diverse 

MuhMITE II subfamilies might indicate a general mechanism of MITE diversification 

in plant genomes.  

The comparison of the DNA transposon, and in particular hAT transposon content in 

the genomes of M. acuminata and M. balbisiana showed an almost similar percentage 

for both species (Davey et al. 2013, Novak et al. 2014). Moreover, Southern analyses 

presented in this work indicate a similar abundance and similar families of hAT 

transposons and MITE derivatives in all Musa species. The hybridization also 

supports the taxonomic revision of the genus into two sections (Häkkinen 2013). 

Nevertheless, a comparison of homoeologous BAC regions of M. acuminata and M. 

balbisiana suggests significant differences in the MuhMITE landscape of both 

species. As MITE mobilization depends on the transposase activity of related 

autonomous elements (Feschotte et al. 2002), the differential MuhMITE mobilization 

of both Musa genomes is most likely the result of a genome-specific activity of 

MuhAT I and MuhAT II transposases.  
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FISH on M. acuminata metaphase chromosomes clearly demonstrates the insertion 

preference of the autonomous MuhAT transposons and derived MITEs in gene-rich 

euchromatic regions, as also observed for sugar beet hAT transposons (Menzel et al. 

2011). The differences in signal intensities might reflect the chromosome-specific 

densities and distributions of genes on the 11 M. acuminata chromosomes (D’Hont et 

al. 2012), most likely in combination with local clustering and nested organization in 

particular of MuhAT MITEs as observed in M. acuminata BACs.  

In plants and animals, the genomic integration of hAT transposons is obviously 

influenced by the structure of the 8 bp target site. Ds elements in maize exhibit no 

specificity for a certain target site nucleotide composition, but indicate a target site-

specific increase in GC-content inducing a hydrogen bonding signature, which 

possibly mediates the preferential recognition by the transposase (Vollbrecht et al. 

2010). In contrast, transposons of the MuhAT I and especially the MuhAT II families 

in M. acuminata prefer integration sites containing T residues at positions 2 and 3 and 

A residues at positions 6 and 7, respectively. A similar nucleotide dominance within 

TSD motifs is detectable for the hAT transposon families in sugar beet and Ds 

elements in Arabidopsis (Menzel et al. 2011; Kuromori et al. 2004). Moreover, the 

target sites flanking hAT elements in 12 Drosophila species exhibit a strong 

specificity requiring the nucleotide residues T and A at positions 2 and 7, respectively 

(de Freitas Ortiz et al. 2010). Thus, hAT transposon families might prefer integration 

sites with nucleotide positions conserved in plant and animal genomes, rather than 

integrate in 8 bp target sites with random nucleotide compositions. The specific 

integration of MITEs within genes, which was also shown for MuhMITEs, can affect 

gene expression by providing new splicing sites, transcription start sites, new exons, 

and poly(A) sites (Benjak et al. 2009). In particular, the targeting of MITEs to 

http://gbe.oxfordjournals.org/content/1/75.long#ref-22�
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promoter regions might provide novel regulatory sequences most likely resulting in a 

modulation of gene expression (Vollbrecht et al. 2010). Therefore, it is tempting to 

speculate that the differing insertion preferences of MuhMITEs I and MuhMITEs II 

might reflect a family-specific MuhMITE targeting to distinct genic and intergenic 

regions of the Musa genome and, in association with the mobility of MuhMITEs II 

transduplicating and amplifying various genomic sequences, suggests a possible role 

of these MuhMITEs as modulators of gene evolution in Musa genomes.  
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Figure legends 

Fig. 1 Neighbour Joining analysis of Musa hAT transposases. The Neighbour Joining 

consensus tree, resulting from a MUSCLE alignment of transposase regions spanning 

the five conserved hAT-specific amino acid blocks B-F (Rubin et al. 2001), shows the 

relationship of 61 MuhAT I, 47 MuhAT II and six MuhAT III transposases (arcs) to 

hAT elements from plants such as Arabidopsis thaliana (Tag1 AAC25101, Tag2 

AAD24567, Daysleeper AEE77728), Oryza sativa (Tam3 BAA28817, EEC71336), 

Zea mays (Ac P08770, Bg X56877, ACN33643), Vitis vinifera (Hatvine-1, Hatvine-2, 

Hatvine-7, Hatvine-9, Hatvine-10; all from Repbase), and Ipomoea purpurea (Tip100 

BAA36225). Bootstrap percentages from 1000 repetitions are indicated at the 

branches. 

 

Fig. 2 Schematic organization of MuhAT transposons (not to scale). Autonomous 

members of the MuhAT I and MuhAT II families with transposase genes are flanked 

by terminal inverted repeats (TIR; grey triangle) of 15 bp and 6 bp, respectively. Open 

reading frames (dark grey) with start codon (arrow) and stop codon (*) are interrupted 

by introns (white bars) of the designated lengths, and code for transposases of 724 

amino acids (aa) and 773 aa, respectively. Characteristic conserved motifs including 

untranslated regions and TIRs of MuhAT III are not detectable (n.d.). 

 

Fig. 3 Structural features of the MuhAT I transposon family a Scheme of the 

relationship revealed for 51 autonomous transposons and 116 non-autonomous 

MuhMITEs I. Transposons of the MuhAT I family are composed of TIRs (patterned 

arrows) and 5’- and 3’-untranslated regions (white bars) derived from the autonomous 

elements harbouring the transposase ORF (black bar). b Nucleotide composition of 
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the 15 bp 5’-TIR and c Nucleotide composition 8 bp 5’-TSD motif, shown by 

sequence logos generated with (n) sequences. Overall heights of nucleotide stacks 

indicate the sequence conservation at the given nucleotide positions measured in bits. 

 

Fig. 4 Structural features of the MuhAT II transposon family a Scheme showing the 

relationship of 1722 MITEs and 19 autonomous transposons. MuhMITEs II consist of 

TIRs (patterned arrows) and 5’- and 3’-untranslated regions (white bars) as well as 

different internal regions (i1-i13) with no relationship to the transposase ORF (black 

bar). b Cladogram showing the diversity of the transduplicated MuhMITE II regions 

i1-i13. c nucleotide composition of the 15 bp 5’-TIR and d Nucleotide composition 8 

bp 5’-TSD motif, shown by sequence logos generated with (n) sequences. Overall 

heights of nucleotide stacks indicate the sequence conservation at the given nucleotide 

positions measured in bits. The black arrow in c marks the conserved TIR motif of all 

TIRs analyzed. 

 

Fig. 5 Genome-specific insertions of MuhMITEs on Musa BAC clones. The 

alignment of four regions (a, b, c and d) of the Musa acuminata BAC MA4_82I11 

(AC186955) and the Musa balbisiana BAC MBP_81C12 (AC186754) revealing the 

presence of MuhMITEs and their absence in the homoeologous genomic regions. The 

relative positions of the MuhMITE insertions are indicated at the flanking nucleotide 

residues (bp). Target site duplications flanking MuhMITE insertions are given in bold 

and underlined, while the corresponding single nucleotide motifs are underlined. 

 

Fig. 6 Abundance of MuhAT transposons in Musa species. Genomic DNA of the 

Musa species, from the sections Musa (M) and Callimusa (C), M. acuminata (lane 1), 
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M. balbisiana (lane 2), Giant Cavendish (lane 3), M. obino l‘Ewai (lane 4), M. textilis 

(lane 5), M. velutina (lane 6) and M. ornata (lane 7), as well as DNA of Zea mays 

(lane 8), Glycine max (lane 9), Beta vulgaris (lane 10), Arabidopsis thaliana (lane 11) 

and the gymosperm Pinus elliotii (lane 12) was restricted with the endonuclease DraI. 

The Southern filter was subsequently probed with the M. acuminata-specific sequence 

region coding for the dimerization domain of the MuhAT I transposase (a) and a full-

length MuhMITE I (b). 

 

Fig. 7 Chromosomal localization of MuhAT transposases and MuhMITEs I. 

Fluorescent in situ hybridization of probes derived from an autonomous MuhAT I 

transposon (a) and a MuhMITE I to interphase nuclei (c) and metaphase 

chromosomes (b and d) from M. acuminata ‘Giant Cavendish’ (2n=3x=33, AAA 

genome). The blue fluorescence of DAPI stained DNA (left in a, b and d, above in c) 

shows the morphology of the chromosomes, while hybridization signals are visible as 

red fluorescent signals (middle and right overlay in a, b and d, overlay below in c). 

The scale bars correspond to 5 µm. 

 

Fig. 8 Association of MuhAT transposons and MuhMITEs with M. acuminata genes. 

Element positions of MuhAT I, MuhAT II, MuhAT III, MuhMITE I and MuhMITE II 

were compared to gene annotations on the 11 M. acuminata ‘DH-Pahang’ 

pseudochromosomes to identify exonic (yellow), intronic (green), and intergenic 

transposon copies (grey), with specific grey shading according to distance to nearest 

gene. The number of transposon copies located on the pseudochromosomes is 

provided below the x-axis. 
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