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Abstract 

Arbuscular mycorrhizal (AM) fungi are important symbionts to most of the terrestrial 

plants. Recent genome sequencing projects revealed that many AM fungi have 

repetitive genetic elements in their genomes and among these repetitive genetic 

elements, cut-and-paste DNA transposable elements were very prevalent. For example, 

in Rhizophagus irregularis, up to 21% of the genome assembly content was associated 

with cut-and-paste DNA transposable elements. In Diversispora epigaea, up to 23% of 

the genome content can also be attributed to cut-and-paste DNA transposable elements. 

While cut-and-paste DNA transposable elements are very abundant in AM fungi, 

detailed studies on these repetitive elements have been lacking. In this study, we 

revealed the diversity of cut-and-paste DNA transposable elements in Claroideoglomus 

claroideum and identified many potentially autonomous transposable elements in the 

genome assembly of C. claroideum. The evolutionary relationship between the DNA 

transposons we identified and the established sequences in public databases were also 

investigated. 
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1 Introduction 

1.1 Arbuscular mycorrhizal fungi  

Arbuscular mycorrhizal (AM) fungi form symbiotic relationships with the roots of a 

vast majority of angiosperms (~74%) (Brundrett, 2009), including many agricultural 

plants like carrots, wheat, and rice (Smith and Read, 2008). A signature feature of AM 

fungi is that their hyphae penetrate the cell walls of the host to achieve symbioses. In a 

recent review, AM fungi have been placed to the phylum Mucoromycotina and the 

subphylum Glomeromycota (Martin, 2016). However, not all species within the 

Glomeromycota class are AM fungi, with a known exception of Geosiphon pyriformis, 

which forms symbioses with cyanobacteria (Gehrig et al., 1996, Schüßler, 2002). A 

phylogeny of AM fungi was reviewed and summarized, based on morphology and large 

subunit ribosomal (LSU) rRNA data (Redecker et al., 2013).  

The term “arbuscular” was coined to 

describe one of the unique structures of AM 

fungi - the arbuscules that are generated 

within the host cell (Gallaud, 1905) (Fig. 1). 

However, while having the arbuscules is 

enough for a fungus to be a member of AM 

fungi, some AM fungi do form other 

intracellular structures like vesicles and 

hyphal coils (Dickson, 2004). 

The identification of AM fungi can be dated further back to 1842 when Carl Nägeli 

published a paper titled “Pilze im Innern von Zellen” (fungus inside cells) (Nägeli, 

1842). Nevertheless, it was not until the 1950s that the fungal species that generated 

AM were discovered (Mosse, 1953, Gerdemann, 1955). In the 1953 paper, Mosse first 

demonstrated that surface-sterilized sporocarps of Endogone mosseae (now Glomus 

mosseae) generated AM with strawberry roots in test tubes (Mosse, 1953). In later 

studies, it was also demonstrated that G. mosseae produced AM in a variety of other 

hosting plants (Mosse, 1956). 

Figure 1. Arbuscular mycorrhiza in cells. 
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Now, the symbiotic relationship between AM fungi and the hosting plants is established 

to be mutualistic, in which the host transfers assimilated carbon to the fungi and the 

fungi supplies minerals nutrients like inorganic phosphates in return. The exchange of 

nutrients between AM fungi and plants can be very significant. For example, in a study 

of cucumber plants (Cucumis sativus L.), it was reported that a strain of AM fungi, 

Glomus fasciculatum, integrated up to 20% of the carbon assimilated by the cucumber 

(Jakobsen and Rosendahl, 1990). Besides, it was also observed Glomus caledottium 

supplied near equal amount of phosphates to the cucumber host using the hyphae alone 

when compared to the control system where both roots and the hyphae were present 

(Pearson and Jakobsen, 1993). Recent studies identified the dominating phosphate 

supply to plants from AM fungi in several other species such as flax, medic, tomato, 

and rice (Smith et al., 2003, Yang et al., 2012). 

The symbiotic relationship between AM fungi and plants is expected to be ancient as 

fossil records identified arbuscules in Aglaophyton major, a land plant that existed in 

Early Devonian, approximately 400 million years ago (Remy et al., 1994). Early 

Devonian was also a period when the early diverging land plants were observed (Choi 

et al., 2018). Hence, the co-existence of AM fungi and plants for at least 400 million 

years suggests that AM fungi might have contributed to the evolution of terrestrial 

plants. Therefore, the aim of studying AM fungi is twofold: 1) to understand the biology 

of AM fungi and 2) to understand the symbiosis and possible co-evolution between AM 

fungi and plants. 

Genome sequencing is essential to answer many questions about the biology of AM 

fungi. For example, a highly debated topic in AM fungi is whether the genetic material 

of the organisms is organized in form of heterokaryosis or homokaryosis (Smith and 

Read, 2008). While lacking identifiable sexual structures, genetic diversity in single 

spore isolates in some AM fungi, covering species from genus of Scutellospora (Kuhn 

et al., 2001), Gigaspora (Lanfranco et al., 1999) and Glomus (Redecker et al., 1997), 

was assumed to be high since different internal transcribed spacer (ITS) sequence of 

rDNA can be observed in the DNA extracts from single spores. The high genetic 
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diversity was explained in two different scenarios. The first possible scenario was 

described as individual nuclei within a spore are genetically different from each other 

(heterokaryosis), possibly due to the fusion of hyphae of different strains of a species 

via anastomosis (Kuhn et al., 2001). The second possible scenario was suggested as that 

nuclei are identical to each other (homokaryosis) and the observed genetic variance is 

contained within each nucleus, possibly in the form of polyploidy (Pawlowska and 

Taylor, 2004). Early results on the genetic organization of AM were based on rDNA, 

nevertheless, it was also known that rDNA commonly occurs like tandem repeats and 

the ITS sequence within could become different over time in the absence of 

recombination. Hence, accurate whole-genome sequencing data of AM fungi is 

fundamental to examine the hypotheses above. 

With recent advancement in sequencing technologies, some of the hypotheses have 

been rejected, for example, there is no evidence to support the hypothesis of polyploid 

structure in the whole genome analysis of Rhizophagus (Lin et al., 2014, Tisserant et 

al., 2013, Chen et al., 2018), Diversispora (Sun et al., 2019) and Gigaspora (Tang et 

al., 2016). In addition, results gathered from the analysis of different strains of 

Rhizophagus irregularis has put forward a new hypothesis that suggests nuclei 

harboring two unique Mating-type (MAT) genes co-existing stably in their mycelium 

in which nuclear fusion and meiotic separation are proposed to happen in a cryptic sex 

cycle (Ropars et al., 2016). 

Recently, a genome assembly of C. claroideum was generated in our group with a 

combination of single-nuclei sequencing techniques (Montoliu-Nerin et al., 2019). This 

newly generated assembly was the first publicly available genome of the 

Claroideoglomus genus, providing valuable information for studying the genomics of 

AM fungi. Previously, the most studied genome was that of R. irregularis DAOM-

197198, which was built firstly with DNA extracted from millions of spores (Tisserant 

et al., 2013). Although single nuclei sequencing attempts on R. irregularis DAOM-

197198 were made, only four nuclei were successfully assembled (Lin et al., 2014). 

The assembly we generated for C. claroideum, however, was based on 24 nuclei 
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assemblies, resulting in the best C. claroideum assembly to date to study genome 

features and provides room for comparative genetics analysis of individual nuclei. 

 

1.2 Cut-and-paste transposable elements 

Transposable elements (TEs), or transposons, are genetic elements that move within the 

genome. TEs were first discovered by Barbara McClintock when studying the 

mechanisms of chromosomal translocations in the 1940s and 1950s (Ravindran, 2012). 

McClintock observed that breakage on maize chromosome 9 repeatedly occurred at a 

specific location (Ravindran, 2012). The breakage point was later termed by 

McClintock as the “dissociation” or Dc locus (McClintock, 1950). Later, a second locus 

(named the Activator/Ac) which could transpose to other locations on its own was also 

identified (McClintock, 1950). It was also discovered that the Ac locus was required for 

the transposition of the Dc locus (McClintock, 1950). 

However, it was not until the 1980s that the Ac and Dc locus was cloned and the 

molecular mechanisms of these two transposons were elucidated (Fedoroff et al., 1983). 

The Ac locus was found to contain a 4.3 kb DNA transposon that encodes its transposase 

while the Dc locus contains an internally deleted version of the DNA transposon 

(Fedoroff et al., 1983). The deletion caused the truncation of the open reading frame 

(ORF) of the transposase, but since the Ac locus could still encode the transposase, the 

mobility of the Dc locus was restored (Fedoroff et al., 1983).  

In the current classification system, TEs are classified into two classes, depending on 

whether RNA intermediates are used during transposition (Wicker et al., 2007). TEs 

that transcribes to RNA and then reverse transcribes to DNA are referred to as Class I 

transposons or retrotransposons. TEs that transpose directly, without RNA 

intermediates are grouped as Class II transposons or DNA transposons. Traditionally, 

the retrotransposons were referred to as “copy-and-paste” transposons while DNA 

transposons were referred to as “cut-and-paste” transposons (Finnegan, 1989). 

However, discoveries of transposons that “copy-and-paste” without the use of RNA 

intermediates such as the Helitron (Kapitonov and Jurka, 2001) and the Maverick 
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superfamily (Kapitonov and Jurka, 2006) have hampered the casual association 

between transposon classes and their proliferation consequences. Hence, in the current 

classification of TEs, DNA transposons were further divided into two subclasses, and 

the cut-and-paste DNA transposons are formally classified as Class II, Subclass I 

transposons (Wicker et al., 2007). 

A commonly used TE database for identification of potential repeats is Repbase 

(https://www.girinst.org/repbase/), developed and maintained by the Genetic 

Information Research Institute (GIRI). As of April 26, 2019, in Repbase, there were 21 

cut-and-paste DNA transposon superfamilies, namely the Academ, Crypton, Dada, 

EnSpm/CACTA, Ginger1, Ginger2/TDD, hAT, Harbinger, ISL2EU, IS3EU, Kolobok, 

Merlin, MULE/MuDR, Mariner/Tc1, Novosib, P, PiggyBac, Sola, Transib, Zator and 

Zisupton. Among them, the hAT and the Mariner/Tc1 superfamily were the most 

abundant and ubiquitous, shown by the 1729 autonomous entries of Mariner/Tc1 and 

1357 autonomous entries of hAT in the Repbase. The Activator that McClintock found, 

for example, was later classified as a member of the hAT superfamily (Lazarow et al., 

2013). Except for Crypton, the rest of the 21 superfamilies have a conserved genetic 

structure in which autonomous members encode a functional transposase, and the ORF 

is flanked by a pair of terminal inverted repeats (TIRs) and a target site duplication 

(TSD) (Fig. 2). Hence, the superfamilies that contain TIRs were classified further into 

the TIR order (Wicker et al., 2007). 

TIRs are essential for the mobility of cut-and-paste DNA transposons since these are 

the binding sites of transposases. The function of TIRs was confirmed when the 

oligonucleotide-transposase complex of Hermes, a hAT transposon, was crystallized 

(Hickman et al., 2014, Hickman et al., 2005). The complex was found to be an 

octameric ring of eight copies of transposase in which each monomer is bound to one 

TIR fragment (Hickman et al., 2014). In addition, it was found that the transposase 

dimer was the functional unit and the octamer ring was made by locking a protein helix 

of one monomer to a pocket of another copy of monomer in trans (Hickman et al., 

2014). The transposase dimer was found to be highly mobile in vitro but had no detected 
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activities in vivo, suggesting an octameric structure is necessary for in vivo mobility of 

Hermes (Hickman et al., 2014). TSDs, on the other hand, are not associated with the 

function of cut-and-paste DNA transposons since they are consequences of DNA repair 

systems. Upon insertions, transposases act as endonucleases and introduce double-

strand breaks at the target site, thereby generating single-strand DNA overhangs. Once 

the overhangs get filled by DNA polymerase, a pair of direct repeats are generated. 

When the ORF of an autonomous TE of the TIR order gets disrupted, the element 

becomes non-autonomous and relies on transposases encoded elsewhere to move. A 

unique group of non-autonomous genetic elements of the TIR order is the miniature-

inverted repeat elements (MITEs). MITEs also rely on the transposase encoded by an 

intact element to transpose, but the genetic element only contains the TIRs and no 

truncated transposases ORF in between. There are two predominant MITE families: 

Stowaway and Tourist, each was discovered to be the derivative form of the 

Mariner/Tc1 and the Harbinger superfamily. Most MITEs are short in length (< 500 bp) 

but were reported to be very successful in terms of the rate of expansion. For example, 

when exposed to γ-irradiation as laboratory stress, a Tourist element termed 

mPing proliferated from 50 to approximately 1,000 copies in rice strains (Oryza sativa) 

in one generation (Naito et al., 2006). Overall, MITE copy numbers were estimated to 

be ∼56 000 in sorghum (Sorghum bicolor) (Paterson et al., 2009), ~73 500 in rice (Oki 

et al., 2008) and ~150 000 in human (Smit and Riggs, 1996). 

 

Figure 2. The genetic structure of an autonomous DNA transposon of the TIR order. 

The yellow internal region marks the ORF of a transposase, flanked by terminal 

inverted repeats (green) and target site duplications (purple). The black arrows indicate 

the reading direction of the TIRs. 
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1.3 Cut-and-paste TEs in AM fungi 

Detailed studies of TEs in AM fungi has been lacking, and little was known about the 

genetic and protein structure diversity of TEs in this ancient lineage of eukaryotes. 

Recent attempts on resolving the TE landscape in AM fungi using whole-genome 

sequencing data were achieved bioinformatically. In R. irregularis isolates, it was 

reported that DNA transposons were the most abundant of the identified repeats (Chen 

et al., 2018, Sun et al., 2019). Dependent on strains, DNA transposons constitutes about 

14% ~ 21% of the genome content of R. irregularis (Sun et al., 2019). However, the 

diversity of the detected TEs was not reported. Interestingly, based on RNAseq data of 

the strain DAOM197198, over 98% of identified TE superfamilies were found to have 

10 or more mapped reads, which was interpreted as a sign that some TEs in R. 

irregularis might be active (Chen et al., 2018). In 2017, a large-scale study of cut-and-

paste transposons in fungi was conducted, with R. irregularis representing the 

Glomeromycetes (Muszewska et al., 2017). It was found that the Kolobok superfamily 

was most abundant in R. irregularis among all major fungal lineages and other DNA 

TE superfamilies namely the Academ, EnSpm/CACTA, Ginger, hAT, Harbinger, 

Kolobok, MULE/MuDR, Mariner/Tc1, P, PiggyBac, Sola, Zator, and Zisupton were also 

detected. 

In the genome assembly of D. epigaea, DNA transposons were also reported to be the 

most abundant of the identified repeats, which corresponds to ~23% of the assembly 

content (Sun et al., 2019). However, no other information was reported to date. Early 

molecular studies on Gigaspora suggested the existence of a 28-bp MITE (GrARS2) in 

the genome of these AM fungi. A recent comparative genomic study revealed that 

repetitive elements accounted for ~63% of the assembly content of G. rosea, and a wide 

variety of DNA transposons were identified (Morin et al., 2019). 

 

1.4 Aim of the study 

Quick inspections of the newly generated genome of C. claroideum (Montoliu-Nerin et 

al., 2019) revealed that 43.3% of the genome was made of repetitive genetic elements 
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such as rDNA sequences, tandem repeats, and interspersed repeats (i.e., TEs). Hence, 

annotating these repetitive elements constitutes an important part of our understanding 

of the genomic organization of C. claroideum and the knowledge acquired from C. 

claroideum can be used to study other species in Glomeromycetes. The goal of this 

project specifically was to study the TIR order of the TEs (i.e., cut-and-paste DNA 

transposons except for the Crypton superfamily). The motivation behind studying the 

TIR order was because the C. claroideum genome had a relatively large proportion of 

repetitive genes that mapped to existing DNA TEs of the TIR order. Besides, some of 

those DNA TEs appeared to have low divergence (< 5%), which could be indicative of 

recent amplification events. In addition to conventional methods of estimating the TEs 

through repeat modeling, protein homology of transposases was investigated to resolve 

the evolutionary relationship between the TEs of the TIR order in C. claroideum and 

other eukaryotic lineages. In detail, the study consists of three parts. 

 

a) Estimate overall repeat content 

The TE landscape of C. claroideum was carefully investigated by using a more stringent 

assembly by removing contigs shorter than 2000 bp, and potential protein paralogs were 

identified from the masked repeats. The result provided a conservative estimate of TEs 

and their diversities in the genome of C. claroideum. 

 

b) Find autonomous TEs of the TIR order 

Finding the autonomous TEs of the TIR order can locate the transposases of different 

superfamilies that mediated the mobility of the TEs. With the amino acid sequence of 

transposases that were retrieved from C. claroideum and other entries in the public 

database, protein phylogenies were constructed to reveal the diversity of TEs in C. 

claroideum. 

 

c) Profile TIRs and TSDs of autonomous TEs 

A dominant proportion of the identified repeats of C. claroideum could not be classified 
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by current software. We hypothesized that some of those repeats could be derivatives 

of the autonomous TEs of the TIR order. Hence, for some identified TEs, the TIRs and 

TSDs were also profiled. The profiled information on TIRs can be used to examine our 

hypothesis of MITEs in future studies. 

 

2 Methods 

2.1 De novo identification of repeats 

2.1.1 Working principles of RepeatModeler 

RepeatModeler (repeatmasker.org/RepeatModeler/) is a commonly used software that 

identifies repeated sequences in a genomic database. At the core of RepeatModeler are 

two other programs called RECON (Bao and Eddy, 2002) and RepeatScout (Price et al., 

2005), two tools that carry out the de novo repeat identification. In addition, Tandem 

Repeat Finder (TRF) (Benson, 1999) is also used by RepeatModeler to search for low 

complexity repeats. 

Given one or more DNA sequences, RECON performs all versus all pairwise 

comparison of the sequences, and significant hits are grouped together according to 

their overlaps (Bao and Eddy, 2002). RECON also builds a consensus sequence from 

the ten longest hits based on the majority rule for each nucleotide column (Bao and 

Eddy, 2002). RepeatScout employs a different strategy by shredding input sequences 

into l-mers (l=14 in RepeatModeler) and stacks the l-mers based on their similarities 

(Price et al., 2005). After a group of l-mers is established, RepeatScout extends the 

boundaries of each l-mer to build a progressively longer consensus sequence based on 

a customized scoring matrix to define the boundaries of a repeated element (Price et al., 

2005).  

After the work of RepeatScout, RECON, and TRF, RepeatModeler refines the 

consensus sequence built previously and classifies them based on homology searches 

of proteins and DNA motifs using libraries files that come with another software called 

RepeatMasker (repeatmasker.org). It is important to note here that RepeatModeler 

follows the nomenclature code of Dfam to classify TEs, which is considerably different 
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from the naming system used by Repbase. For example, the superfamily Mariner/Tc1 

in Repbase has been split into multiple superfamilies in Dfam such as Mariner/Tc1, 

Mariner/Tc2, Mariner/Tc4 and Mariner/Pogo. To reduce confusion in terminology, I 

adopted the Repbase superfamily names and grouped consensus sequences that 

classified by RepeatModeler as Tc1-Mariner-like elements into the Mariner/Tc1 

superfamily. In addition, the Sola superfamily is established as a single superfamily in 

Repbase, but it was proposed that the Sola superfamily should be split into three 

separate superfamilies: Sola1, Sola2, and Sola3, as these three lineages were shown to 

be only conserved on the DDD amino acid triad (Yuan and Wessler, 2011). For clarity, 

I treated Sola1, Sola2, and Sola3 as three separate superfamilies and the “Sola 

superfamily” as the Sola1-Sola2-Sola3 superfamily complex in this project. 

The output of RepeatModeler is a library file that includes consensus sequences built 

by the software. Consensus sequences that mapped to existing TE nucleotide motifs or 

proteins in the library files of RepeatMasker are named as to the significant hits of 

references while other consensus sequences that have no homology to the references 

were labeled as “Unknown” by the RepeatModeler software. The consensus sequences 

built by RepeatModeler are also often referred to as repeat models as each of them 

represents the group of repeats identified in the analyzed genome that together make up 

the consensus. 

 

2.1.2 Inputs and settings 

Assembly 1N of C. claroideum was used as the input for repeat identification 

(Montoliu-Nerin et al., 2019). RepeatModeler (version open-1.0.8) was used to 

construct the consensus sequences, using default options. The database for the masking 

of simple repeats and the classification of consensus sequences was included in 

RepeatMasker (version 4.0.7). 

 

2.1.3 Estimate the repeat landscape using consensus sequences 

The library file generated by RepeatModeler was used to estimate the coverage of 
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different classes of repeats in the genome of C. claroideum. Consensus sequences in 

the library file were mapped to the genome, and highly identical regions were 

documented and aligned automatically by the RepeatMasker software (version 4.0.7). 

A built-in utility of RepeatMasker called calcDivergenceFromAlign.pl was used to 

calculate the molecular divergence of those regions using the Kimura 2-parameter 

model with CpG-correction turned on. The CpG-correction was designed to count two 

transition mutations at a CpG site as a single transition and count one transition as 1/10 

of a standard transition at non-CpG sites. Transversions at CpG sites were counted 

normally as non-CpG sites. 

 

2.2 Scan for Pfam domains in consensus sequences 

All consensus sequences built by RepeatModeler were six-frame translated using the 

esl-translate function in HMMER (version 3.2.1) (Eddy, 2011), with default options. 

The translated sequences were scanned against the Pfam-A database (release 31.0) 

using pfam_scan.pl to detect common protein and transposase domains mentioned in 

the literature (Muszewska et al., 2017) (Table 1). Translated sequences with good 

alignments (E-value < 10-10) to any of the DDE_1, DDE_3, DDE_Tnp_1_7, 

DDE_Tnp_4, DDE_Tnp_IS1595, Dimer_Tnp_hAT, DUF4371, DUF4413, DUF659, 

MULE, Plant_tran, RAG1, rve, Tnp_P_element_C, Tnp_P_element, Transposase_1, 

and Transposase_mut family were labelled as potential autonomous DNA transposons 

(Fig. 3). Meanwhile, consensus sequences that had a clear match to a protein family in 

the Pfam database (E-value < 10-10) were labelled as potential protein paralogs. 

 

2.3 Search for transposase domains using custom HMMs 

Since some conserved transposase domains suggested in literature were not represented 

in Pfam, profile Hidden Markov Models (HMMs) that were built by another group 

(Muszewska et al., 2017) were used to identify DNA transposons in the family of 

Academ, Dada, KDZ, Kolobok, Sola1, Sola2, Sola3 and Zator. The HMMs downloaded 

from the supplementary of the work of Muszewska et al. (2017) were re-formatted to 
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remove the headers and then fetched to HMMER (version 3.2.1) to perform searches 

against six-frame translated RepeatModeler consensus sequences (Fig. 3). 

 

 

Table 1. Assignment of Pfam domains to superfamilies of DNA TEs. 

Pfam domains Superfamilies 

Transposase_21, Transposase_23, Transposase_24 EnSpm/CACTA 

rve Ginger 

Dimer_Tnp_hAT, DUF659, DUF4371, DUF4413 hAT 

DDE_Tnp_IS1595 Merlin 

Transposase_mut, MULE MULE 

Plant_tran, DDE_Tnp_4 P 

DDE_Tnp_1_7 PiggyBac 

DDE_1, DDE_3, Transposase_1 Mariner/Tc1 

RAG1 Transib 
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Figure 3. The workflow for the identification of autonomous cut-and-paste DNA 

transposons. The input is the library file generated by RepeatModeler that includes 

consensus sequences. TE protein signatures are first searched in consensus sequences 

then on individual matching regions of consensus sequences in the genome assembly. 

During the analysis, potential protein paralogs and truncated transposase sequences are 

filtered out, shown as the black unfilled circles. 
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2.4 Generate nucleotide alignments of consensus sequences  

Previous steps of searching for TE domains were performed on the consensus 

sequences to achieve fast filtering of repeat models that may contain autonomous DNA 

TEs. However, the consensus sequences built by RepeatModeler were not true 

sequences in the genome assembly but rather an average representation of a group of 

repeats. The actual individual repeats that constituted the consensus may contain broken 

or more intact open reading frame (ORF) of the transposase domain of interest. 

Therefore, to find the autonomous DNA TEs, consensus sequences that had significant 

hits to Pfam domains or the custom HMMs were mapped back to the genome using 

BLASTN (version 2.7.1+) (Altschul et al., 1990). For each hit of the consensus in the 

genome, the 2 kb flanking sequences on both sides were also recorded. After a heuristic 

search of all significant hits, the query (RepeatModeler consensus) and the hits with 

extended boundaries were aligned together using MAFFT (version 7.407) (Katoh and 

Standley, 2013), with default options. Therefore, in this project, each consensus 

sequence corresponded to multiple individual matches in the genome assembly. A 

collection of the consensus sequence and its matches with extended boundaries was 

referred to as a repeat model. 

The second round of Pfam scan was then performed on each hit of the consensus 

sequences (individual insertions in the genome), with extended boundaries of 2 kb. 

Individual sequences that contained intact TE domains were recorded, and the amino 

acid sequences of the intact domains were retrieved by using the ExPASy translation 

tool (Gasteiger et al., 2003). For those superfamily members that were detected through 

custom HMMs, individual sequences that aligned to the consensus were translated with 

ExPASy (https://web.expasy.org/translate/) and aligned to other members in the same 

superfamily provided in the literature (Yuan and Wessler, 2011) to visually examine the 

integrity of ORF. 
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2.5 Construct transposase phylogeny  

Transposases identified in this study were aligned with the corresponding members 

provided in the literature (Yuan and Wessler, 2011). Maximum-Likelihood phylogenies 

of transposases were constructed with MrBayes (version 3.2.7a) (Huelsenbeck and 

Ronquist, 2001). The substitution models were chosen based on the results of the mcmc 

option of Mr. Bayes using one chain and 300,000 generations. 

 

2.6 Identification of TIRs and TSDs 

MAFFT (web server at mafft.cbrc.jp/alignment/server/), the sequence alignment tool, 

was used to identify TIRs by aligning the query to the reverse complementary of the 

query. Because due to the sequence feature of TIRs, the reverse complement of a TIR 

fragment is identical to itself. TSDs were then visually inspected around detected TIRs. 

The identification of TIRs and TSDs was performed manually, and repeat models were 

individually checked. 
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3 Results 

3.1 Overview of RepeatModeler consensus sequences 

RepeatScout did not return any repeat models after filtering out low complexity repeats. 

Hence, all repeat models discovered in this study were built by RECON. In total 604 

consensus sequences were constructed and consensus sequences that classified as DNA 

transposons accounted for nearly half of the total classified repeats. Subclass II DNA 

transposons that proliferate in copy-and-paste fashion called the Helitron and Maverick 

were also detected, and their consensus sequences were constructed by RepeatModeler 

(Fig. 4a). However, the Subclass II members did not have a significant presence in the 

genome assembly. In addition to DNA transposons, retrotransposons such as Long 

Interspersed Elements (LINEs) and Long Terminal Repeats (LTRs) were also identified 

(Fig. 4a). A large proportion of consensus sequences remained unclassified, and these 

unclassified repeats contributed to 28.9% of the genome assembly (Fig. 4b). Among 

the classified repeats, DNA transposons of the Mariner/Tc1 and the hAT superfamily 

were the most and the second most abundant (Fig. 4c). Overall, repeats contributed to 

43.3% of the total length of the genome assembly (Fig. 4b).  

In terms of sequence divergence, a significant presence of repeats that had divergence 

level below 5% was discovered (Fig. 4a). The presence of these repeat families peaked 

at 1~2 % divergence. Among these recently diverged repeats, DNA transposons of the 

Mariner/Tc1 and the hAT superfamily also had the first and the second largest coverage 

(Fig. 4a). It is important to note that RepeatModeler adopted the nomenclature system 

of Dfam and treated Mariner/Tc1 superfamily in Repbase as Tc1-Mariner-like elements. 

RepeatMasker also abbreviated the name of Tc1-Mariner-like to “TcMar” (Fig. 4). 

The consensus sequences constructed by RepeatModeler had a range of length from 36 

to 8604 bp (Fig. 5). The median length of the consensus pool was 1079 bp. In the length 

distribution, most consensus sequences had length below 3000 bp and clustered around 

1000 bp. Unclassified consensus sequences had a ubiquitous presence across the entire 

length range (Fig. 5). 
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Figure 4. Mapping of RepeatModeler consensus sequences to the genome assembly. a) 

The overall interspersed repeat landscape. The vertical axis represents the genome 

percentage (%), and the horizontal axis represents the divergence level of a 

group/groups of repeats. Different superfamilies are differently colored, shown in the 

bar on the right. The term “DNA/TcMar” stands for Tc1-Mariner-like elements. b) The 

overall coverage of different repeats in the genome assembly. c) The proportional 

genome coverage of different repeats. In b) and c) DNA transposons are colored in red. 

RNA transposons are colored in green (LTR) and blue (LINE). Simple repeats are 

colored in yellow. Non-repeating genes are colored in purple in b). 
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Figure 5. The length distribution of RepeatModeler consensus sequences in 50bp bin 

width. The vertical axis represents the number of consensus sequences. The bars are 

shaded with color codes that correspond to different transposons classes. Class I 

transposons (retrotransposons) are collapsed into a single category (blue). Class II 

transposons (DNA transposons) are colored in red. Simple repeats are colored in yellow. 

 

3.2 Filtering of protein paralogs 

The existence of protein paralogs could potentially cause an overestimation of TEs. 

Based on the result of Pfam scan, unclassified RepeatModeler consensus sequences 

contained multiple non-TE proteins like cell surface receptors, microtubule binding 

proteins, steroid dehydrogenases, and DNA topoisomerase I (Table 2). Notably, the 

longest consensus sequence cclaro5-5666 (8604 bp) had a match to AAA_12 in Pfam. 

AAA_12 domain is commonly found in ATPases associated with diverse cellular 

activities. The Kimura substitution level (%) for these consensus sequences ranged 

from 3.02 to 21.55%, suggested high nucleotide diversity between paralogs. 
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Table 2. Potential protein paralogs in repeat models 

Consensus ID Accession Abbreviation E-value wellCharLen* Kimura%* 

cclaro5-945 PF00749.20 tRNA-synt_1c 5.50E-63 38455 bp 7.34 

cclaro5-684 PF02544.15 Steroid_dh 4.90E-16 31557 bp 6.15 

cclaro5-5666 PF13087.5 AAA_12 3.10E-16 41169 bp 9.44 

cclaro5-541 PF02919.14 Topoisom_I_N 5.00E-77 24391 bp 5.03 

cclaro5-3623 PF07992.13 Pyr_redox_2 1.50E-37 22816 bp 3.02 

cclaro5-343 PF07714.16 Pkinase_Tyr 7.40E-26 392283 bp 14.02 

cclaro5-3317 PF00069.24 Pkinase 6.70E-13 65413 bp 19.93 

cclaro5-2252 PF00225.22 Kinesin 2.50E-18 24200 bp 11.11 

cclaro5-2091 PF00069.24 Pkinase 6.50E-15 44947 bp 14.51 

cclaro5-1418 PF16796.4 Microtub_bd 5.10E-53 22536 bp 9.22 

cclaro5-1059 PF00521.19 DNA_topoisoIV 6.30E-64 33488 bp 21.49 

cclaro4-983 PF14370.5 Topo_C_assoc 7.80E-33 99267 bp 9.86 

cclaro4-191 PF07714.16 Pkinase_Tyr 1.30E-31 664655 bp 19.68 

cclaro4-1010 PF00385.23 Chromo 2.30E-15 88555 bp 12.91 

cclaro3-483 PF07714.16 Pkinase_Tyr 1.70E-23 98696 bp 21.55 

cclaro3-1 PF00069.24 Pkinase 2.40E-11 368989 bp 8.26 

cclaro2-11 PF07714.16 Pkinase_Tyr 1.70E-29 891166 bp 11.96 

NOTE. The term wellCharLen stands for “well-characterized length” (i.e., length of sequences when 

excluding Ns). The Kimura substitution level is given in %. 

 

3.3 Mariner/Tc1 

3.3.1 Overview 

In total, 34 consensus sequences were classified as members of the Mariner/Tc1 

superfamily by RepeatModeler. Among these 34 consensus sequences, 13 were further 

classified as Tc1 elements. Conserved Mariner/Tc1 domains were identified in 6 (Table 

3) of these 13 Tc1 consensus sequences, which partially confirmed the classification 

results of RepeatModeler. While some other consensus sequences classified as 
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members of the Mariner/Tc1 superfamily were also found to contain specific TE 

proteins (Table 3), they were not inspected due to the timespan of the project. It was 

also found that none of the unclassified consensus sequences map to conserved 

Mariner/Tc1 domains in Pfam. Potentially autonomous Mariner/Tc1 individual 

sequences were identified in 2 of the 6 repeat models. These two repeat models were 

named as cclaro5-376 and cclaro4-117. For both repeat models, one individual 

sequence (insertion) with intact domains was picked as the representative for the model 

and aligned to the reference sequences of Mariner/Tc1 (Fig. 6). The reference 

sequences of Mariner/Tc1 collected from the literature were to represent most 

eukaryotic lineages (Yuan and Wessler, 2011).  

 

3.3.2 Transposase phylogeny 

The two Mariner/Tc1 transposase sequences identified in this study aligned well to the 

backbone structure of other members of this superfamily. The DDE triad is a 

transposase signature that includes three acidic amino acids. However, the first aspartic 

acid (D) of the triad was not present in cclaro5-376 (Fig. 6). To examine whether 

truncated transposase sequences in other Mariner/Tc1 models clustered with the two 

autonomous members, representatives from three other Mariner/Tc1repeat models were 

picked and aligned (Fig. 7). The repeat model names for these three truncated sequences 

were cclaro3-179, cclaro5-4413 and cclaro5-443 (Table 3). We found that Mariner/Tc1 

superfamily in C. claroideum may have multiple lineages as truncated versions of the 

transposase were different from the two autonomous candidates but close to other 

references at position 78, 113, 121~122 and 143 in the alignment. To determine the 

evolutionary relationship between the two identified Mariner/Tc1 with transposase 

sequences in the literature, a maximum likelihood tree was generated using MrBayes 

(Fig. 7). Based on the tree topology, the two sequences identified in this study were 

placed together as a single clade, which suggested that they were phylogenetically 

distinct from transposase sequences collected from the literature. Around the newly 

identified sequences (Fig. 7), species where the transposase sequences were collected 
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were the roundworm (Caenorhabditis elegans), the silkworm (Bombyx mori), 

Drosophila hydei, the western honey bee (Apis mellifera), the marsh mosquito 

(Anopheles gambiae), Philodina roseola, the western clawed frog (Xenopus tropicalis) 

and a fungus called Fusarium oxysporum. 

 

Table 3. Repeat models that mapped to Mariner/Tc1 domains in Pfam 

Pfam match E-value Repeat model names Classification Full length? 

HTH_Tnp_Tc3_2 4.1E-13 cclaro5-4413 DNA/TcMar-Tc1 Truncated 

HTH_Tnp_Tc3_2 9.30E-15 cclaro5-413 DNA/TcMar-Tc1 Truncated 

DDE_3 2.90E-16 cclaro5-376 DNA/TcMar-Tc1 Yes 

HTH_Tnp_Tc3_2 2.30E-14 cclaro5-376 DNA/TcMar-Tc1 Yes 

HTH_Tnp_Tc5 9.20E-18 cclaro5-340 DNA/TcMar-Tigger NA 

DDE_1 9.20E-13 cclaro5-3083 DNA/TcMar-Pogo NA 

DDE_1 7.70E-23 cclaro5-1588 DNA/TcMar-Tc2 NA 

DDE_3 1.30E-12 cclaro4-29 DNA/TcMar-Tc1 Truncated 

HTH_Tnp_Tc3_2 1.20E-14 cclaro4-29 DNA/TcMar-Tc1 Truncated 

HTH_Tnp_Tc5 7.00E-11 cclaro4-2186 DNA/TcMar-Tc2 NA 

DDE_1 1.50E-18 cclaro4-1362 DNA/TcMar-Pogo NA 

DDE_1 9.20E-12 cclaro4-1362 DNA/TcMar-Pogo NA 

HTH_Tnp_Tc3_2 1.50E-14 cclaro4-117 DNA/TcMar-Tc1 Yes 

DDE_1 7.00E-47 cclaro4-1 DNA/TcMar-Pogo NA 

DDE_1 8.10E-11 cclaro3-217 DNA/TcMar-Pogo NA 

DDE_1 7.00E-12 cclaro3-217 DNA/TcMar-Pogo NA 

HTH_Tnp_Tc5 4.30E-11 cclaro3-217 DNA/TcMar-Pogo NA 

HTH_Tnp_Tc3_2 6.30E-12 cclaro3-179 DNA/TcMar-Tc1 Truncated 
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Figure 6. The alignment of transposase domains of the Mariner/Tc1 superfamily. 

Amino acids with over 50% similarity across their columns are shaded. The dataset 

includes the two amino acid sequences identified in this study (cclaro4-117 and cclaro5-

376, enclosed in the black rectangle) and the amino acid sequences retrieved from the 

literature (Yuan and Wessler, 2011). Three truncated transposase sequences (indicated 

with the filled red circles) of Mariner/Tc1 in C. claroideum are also included to show 

the sequence diversity of the Mariner/Tc1 superfamily in the genome assembly.  
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Figure 7. The Bayesian phylogeny of transposase sequences in the superfamily of 

Mariner/Tc1, based on the alignment in Fig. 6. Two autonomous sequences identified 

in this study (cclaro4-117 and cclaro5-376) and 44 transposase sequences from the 

literature were included in the analysis (Yuan and Wessler, 2011). The node labels 

indicate posterior probability for the respective clades. The tip labels show the Repbase 

abbreviations for the transposase sequences. The scale bar indicates the number of 

amino acid substitutions per site. The dashed green arrows indicate two newly identified 

transposase sequences. Around these two sequences, species names from which the 

transposase sequences were collected are labeled. 
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3.3.3 Profiling TIRs and TSDs 

The TIRs and the TSDs that associated with autonomous members of model cclaro5-

376 and cclaro4-117 were successfully identified (Fig. 8). For cclaro5-376, the TIR was 

5’-TATATACAGTGTGTTAAGAAAAAAATTGGCCTCC-3’ and TSD was TA motifs. 

For cclaro4-117, the TIR was shorter and read as 5’-AAAAGTTTTTGGAAA-3’. The 

TSD motif for cclaro4-117 was GATC.  

 

3.4 hAT 

In total, 42 consensus sequences were classified as members of the hAT superfamily by 

RepeatModeler. Among these 42 consensus sequences, Pfam domains associated with 

the hAT superfamily were detected in 12 consensus sequences (Table 4). In addition, 

one consensus sequence that was classified as general DNA transposons and one 

consensus sequences that was not classified by RepeatModeler mapped to a hAT 

domain in Pfam (Table 4).  

RepeatModeler consensus sequences of hAT only mapped to two Pfam domains: 

Dimer_Tnp_hAT and DUF659 (Table 4). However, no intact DUF659 domain was 

found in repeat models that had their consensus sequences mapped to DUF659, which 

means these TE insertions might be non-autonomous. Multiple instances of intact 

Dimer_Tnp_hAT domain were detected from the individual sequences of the repeat 

models in Table 4, but the recovered amino acids failed to align to full-length hAT 

elements collected from the literature (Yuan and Wessler, 2011). In addition, since the 

Dimer_Tnp_hAT domain was later realized as the C-terminal of the transposase based 

on the Pfam documentation, repeat models that mapped to Dimer_Tnp_hAT could not 

be concluded as candidates that hold autonomous members. Hence, the alignment of 

detected Dimer_Tnp_hAT domains to full-length hAT transposase sequences from 

literature was not included in this report. 
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Table 4. Repeat models that mapped to hAT domains in Pfam 

Pfam match  E-value Repeat model names Classification 

DUF659 3.80E-21 cclaro5-877 DNA/hAT-Tag1 

DUF659 6.80E-11 cclaro5-837 DNA/hAT-Tag1 

DUF659 3.20E-11 cclaro5-76 DNA/hAT-Tag1 

DUF659 4.20E-19 cclaro5-4208 DNA/hAT-Tag1 

DUF659 3.70E-26 cclaro4-885 DNA/hAT-Tag1 

DUF659 5.80E-20 cclaro4-1798 DNA/hAT-Tag1 

DUF659 7.70E-23 cclaro4-1359 DNA/hAT-Tag1 

Dimer_Tnp_hAT 6.30E-14 cclaro5-848 DNA 

Dimer_Tnp_hAT 6.10E-20 cclaro5-1855 DNA/hAT-hobo 

Dimer_Tnp_hAT 3.60E-18 cclaro4-384 DNA/hAT-Ac 

Dimer_Tnp_hAT 3.40E-11 cclaro4-2040 DNA/hAT 

Dimer_Tnp_hAT 4.30E-17 cclaro4-1912 DNA/hAT-Ac 

Dimer_Tnp_hAT 4.50E-13 cclaro4-1359 DNA/hAT-Tag1 

Dimer_Tnp_hAT 1.90E-23 cclaro4-130 Unknown 
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Figure 8. The TIRs and the TSDs of Mariner/Tc1 members identified in this study. The 

consensus sequences of both models were removed, and all sequences shown in the 

alignment are individual sequences in the genome assembly. The TIR on the 5’ end and 

the TIR on the 3’ end is enclosed in black boxes. a) Repeat model cclaro5-376. b) 

Repeat model cclaro4-117.  
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3.5 Sola1-Sola2-Sola3 complex 

The superfamily complex Sola1-Sola2-Sola3 was the third most abundant group of 

repeats in the genome assembly among all classified RepeatModeler consensus 

sequences. However, none of these three Sola superfamilies had their transposases 

established into a Pfam entry. Therefore, I performed custom searches for the 

transposase using the profile HMMs. The profile HMMs for the Sola1-Sola2-Sola3 

complex were retrieved from a previous study (Muszewska et al., 2017). In total, 

transposase domains of Sola were detected in 8 consensus sequences. Consensus 

sequence cclaro2-21, cclaro3-327, cclaro4-227, cclaro4-204, cclaro4-147, cclaro4-

1391 aligned to the profile of Sola1. Surprisingly, the consensus sequence cclaro3-504 

aligned to Sola2, a superfamily that was not detected in a previous study across fungi 

(except Pezizomycotina) (Muszewska et al., 2017). Consensus sequence cclaro3-252 

aligned to the profile of Sola3. Notably, consensus cclaro3-252, cclaro3-327, and 

cclaro4-147 were not previously classified by RepeatModeler and were labelled as 

unknowns but identified as belonging to the Sola superfamily by custom searches 

through HMMs. 

 

3.5.1 Transposase phylogeny 

Among the consensus sequences that aligned to the profile of Sola1, intact transposase 

domains were identified in repeat model cclaro2-21, cclaro3-327, cclaro4-227, cclaro4-

204, and cclaro4-139. One autonomous candidate sequence was chosen from each of 

these five models to build the alignment of the transposase of Sola1 (Fig. 9). The 

transposase sequences identified in this study were substantially different from the ones 

in literature at multiple sites such as site 292 and 297 in the alignment. However, 

between these newly identified transposases, a high level of diversity could still be 

observed. Most noticeably, many insertions were observed in the newly identified 

transposase sequences. The evolutionary distance between the identified Sola1 

elements to other members in the superfamily was calculated from the alignment and 

illustrated in a Bayesian phylogeny (Fig. 10). The sequences of other Sola1 members 
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were collected from a previous study (Yuan and Wessler, 2011). Like the conclusion of 

visual inspection, transposase of Sola1 in C. claroideum appeared to be genetically 

diverse. Sola1 sequences identified in this study (indicated by their repeat model names) 

formed multiple lineages in the phylogeny (Fig. 10). Model cclaro4-204 and cclaro4-

1391, cclaro3-327 and cclaro4-227 appeared as two separate lineages. Model cclaro2-

21, however, was placed closer to the references than to other models identified from 

C. claroideum. 

Repeat model cclaro3-504 mapped to Sola2 during custom HMM searches. However, 

no full-length sequences were found among the individual sequences in the model. The 

best-aligned individual and other representative sequences in Sola2 from literature 

(Yuan and Wessler, 2011) were compared for sequence similarity (Fig. 11). It was found 

that despite the fact that the C-terminal of the amino acid sequence was truncated, the 

identified Sola2 element shared multiple conserved amino acids with the reference 

sequences. The phylogeny of Sola2 was not constructed since no full-length sequences 

of Sola2 were identified in C. claroideum. 

Repeat model cclaro3-252 showed a significant hit to the profile of Sola3, and intact 

transposase was detected in this model. An individual sequence was chosen from the 

model and aligned to other representative sequences in Sola3 (Yuan and Wessler, 2011) 

(Fig. 12). It was found that the proposed autonomous individual in cclaro3-252 was 

conserved on the DDE triads and several other glycine and serine sites. In the 

phylogenetic analysis (Fig. 13), cclaro3-252 was placed into a unique lineage, which 

suggests cclaro3-252 was evolutionary different from the sequences included in the 

analysis. 
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Figure 9. The alignment of the transposase domain of the Sola1 superfamily. Amino 

acids with over 50% similarity across their columns were shaded. The dataset includes 

amino acid sequences identified in this study (claro2-21, cclaro3-327, cclaro4-227, 

cclaro4-204, cclaro4-1391) and amino acid sequences retrieved from the literature 

(Yuan and Wessler, 2011). The sequences identified in this study contained multiple 

insertions, shown as the gaps between the conserved regions.   
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Figure 10. The Bayesian phylogeny of transposases in the superfamily of Sola 1, based 

on the alignment in Fig. 9. Five autonomous sequences identified in this study (claro2-

21, cclaro3-327, cclaro4-227, cclaro4-204 and cclaro4-1391) and 23 transposase 

sequences from the literature (Yuan and Wessler, 2011) were included. The branch 

length indicates the average substitutions per site, and the scale bar is provided on the 

bottom. Node labels indicate the posterior probability for each clade. Samples collected 

from the literature are shown in Repbase abbreviations. Autonomous TEs identified in 

this study are labeled using their model IDs and highlighted in the dashed green box.  
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Figure 11. The alignment of the transposase domain of the Sola2 superfamily. Amino 

acids with over 50% similarity across their columns were shaded. The dataset includes 

an autonomous individual in the model of cclaro3-504 and amino acid sequences 

retrieved from the literature (Yuan and Wessler, 2011). The C-terminal of cclaro3-504 

was found to be truncated. 

 

 

Figure 12. The alignment of the transposase domain of the Sola3 superfamily. Amino 

acids with over 50% similarity across their columns were shaded. The dataset includes 

amino acid sequences identified in this study (claro3-252) and amino acid sequences 

retrieved from the literature (Yuan and Wessler, 2011). 
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Figure 13. The Bayesian phylogeny of the transposase in the superfamily of Sola3, 

based on amino acid alignment in Fig. 12. The dataset includes a representative 

autonomous sequence from cclaro3-252 (green arrow) and seven transposase sequences 

from the literature. The node labels show the posterior probability of the respective 

clade. The branch length indicates the average substitutions per site, and the scale bar 

is provided on the bottom. The tip labels show the abbreviation names in Repbase for 

the autonomous TEs. The species from which the TEs were identified are indicated on 

the right by the black dash arrows. 
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3.6 PiggyBac 

While members of PiggyBac not being as prevalent as the other top three superfamilies 

in the repeat landscape, subsequent screening to Pfam domains revealed that translated 

PiggyBac consensus sequences were very similar to the reference profile in the database. 

RepeatModeler constructed two PiggyBac models (cclaro5-538 and cclaro5-382) and 

full-length transposase sequences were found in both models. An amino acid alignment 

of the transposase was generated using one representative sequence from each model 

and sequences from the literature (Yuan and Wessler, 2011) (Fig. 14). Two newly 

identified PiggyBac sequences were found to be highly similar to the references 

sequences and the phylogenetic analysis placed these two sequences next to Mucor 

circinelloides (Fig. 15), a dimorphic fungus that belongs to the Mucoromycota phylum, 

with a supporting probability of 1. Interestingly, another fungal taxon, PiggyBac-1_FO 

was also placed next to the sequences identified with a supporting probability of 1. 

Repbase documentation indicated that PiggyBac-1_FO was identified in Fusarium 

oxysporum. F. oxysporum is a soil fungus belongs to the phylum Ascomycota. 
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Figure 14. The alignment of transposase domains of the PiggyBac superfamily. Amino 

acids with over 50% similarity across their columns were shaded. The dataset includes 

amino acid sequences identified in this study (cclaro5-538 and cclaro5-382) and 

sequences retrieved from the literature (Yuan and Wessler, 2011).  
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Figure 15. The Bayesian phylogeny of transposases in the superfamily of PiggyBac, 

based on the alignment in Fig. 14. Two autonomous sequences identified in this study 

(cclaro5-538 and cclaro5-382) and 22 transposase sequences from the literature (Yuan 

and Wessler, 2011) were included in the analysis. The posterior probability for nodes is 

labeled accordingly. Sample names in Repbase abbreviations are displayed as tip labels. 

For samples identified in this study, repeat model names are used to distinguish the 

individual autonomous sequence representatives. The scale bar indicates the number of 

amino acid substitutions per site. Two closely placed taxa of the newly identified 

sequences are labeled with the respective species names. Green dash arrows indicate 

sequences identified in C. claroideum. 

 

 

 



Cut-and-paste transposable elements in the arbuscular mycorrhizal fungi Claroideoglomus claroideum 

 38 / 44 
 

4 Discussion 

In this study, the diversity of repetitive elements in the genome assembly of C. 

claroideum was revealed. Virtually all transposase examined, except the ones from the 

PiggyBac, were phylogenetically unique. This finding indicates that DNA TEs in C. 

claroideum may have independently evolved from the TEs in reference species for a 

substantial amount of time. Therefore, the transposase sequences we predicted can be 

used as complementary data for future studies in the evolution of different DNA TEs. 

In addition, these sequences can be added to the current HMMs to capture the ORF of 

DNA transposons more efficiently. 

We also profiled TIRs and TSDs of Mariner/Tc1 elements. However, the TIR sequences 

we collected were very different from the ones described in the literature. For example, 

it was reported that in Parodontidae fish the TIR sequences of Mariner/Tc1 elements 

start as CACTC from the 5’ end (Schemberger et al., 2016) and in rice, the TIR 

sequences of Mariner/Tc1 elements start as TTCC or CTCC from the 5’ end (Feschotte 

et al., 2003). Therefore, it is very likely that the real TIR for cclaro5-376 was 5’-

CAGTGTGTTAAGAAAAAAATTGGCCTCC-3’, without the TATA motifs at the 

beginning. For model cclaro4-117, the TIR was very short and started and ended with 

poly-A, which increased the probability of the TIR to be present by chance. However, 

the TIR of model cclaro4-117 was flanked directly by TSDs in the form of GATC motifs, 

which provided a counterargument for the biological meaning of the suggested TIR 

sequence. Nonetheless, further analysis or molecular experiments are needed to validate 

the function of suggested TIRs. Experiment design for the detection of active TEs can 

use previous studies as examples (Jiang et al., 2003, Zhang et al., 2001). On the 

bioinformatics side, the TIR sequence I predicted can be used to probe the existence of 

MITEs in the repeats that were not classified by RepeatModeler using software like the 

MITE-Hunter (Han and Wessler, 2010). 

Some unclassified repeat models mapped to Sola1, which suggests the library files that 

RepeatModeler used to classify consensus sequences might be insufficient to cover the 

diversity of Sola1 in AM fungi. I also identified Sola2 in C. claroideum, a superfamily 
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that previously thought to be missing in Glomeromycota (Muszewska et al., 2017). In 

the previous study, Sola2 was only present in less than 10% isolates of Pezizomycotina, 

but not in other fungal lineages (Muszewska et al., 2017). That could be attributed to 

the diversity of Sola2 superfamily as the Sola2 in C. claroideum might be closer to the 

HMM profile built with incomplete reference sequences. However, it is also important 

to note that the Sola2 model identified in this study did not contain full-length 

sequences. Subsequent hunting for Sola2 can use the DNA sequences in cclaro3-504 to 

search for nontruncated sequences in individual nuclei. 

The phylogeny of the transposase of PiggyBac appeared to be coherent with the species 

tree where C. claroideum and M. circinelloides both belongs to Mucoromycota while 

F. oxysporum is from Ascomycota. This finding suggests PiggyBac models we 

identified may share a common ancestor with the PiggyBac elements within these two 

reference taxa. Future studies can explore the possibilities of using molecular clocks to 

date the time to the most recent common ancestor of PiggBac elements in AM fungi. 

It was to some extent surprising that no autonomous sequences were detected in the 

superfamily of hAT since in the repeat landscape, low divergence hAT clusters were 

observed, which is often indicative for recent amplification events. There are three 

possibilities:  

1. hAT sequences in C. claroideum encode a transposase different enough from the 

ones in Pfam to make similarity searches inefficient. 

2. hAT sequences in C. claroideum use transposases encoded by other superfamilies 

to move. 

3. Repeat models that mapped to Dimer_Tnp_hAT may contain full-length 

autonomous sequences. All individual sequences in these models that mapped to 

Dimer_Tnp_hAT can be translated and aligned to reference sequences of full-length 

hAT transposase to inspect for potentially autonomous sequences. 
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