
Supplementary Material 1 

Material and methods 2 

Gene data, genome data, and databases 3 

As plants have genomes in each main branch, we selected all 459 plant genomes that are 4 

published and uploaded to the NCBI search database genome homepage 5 

(https://www.ncbi.nlm.nih.gov/genome/). We used an in-house web crawler script to obtain the 6 

download links of the most complete genome sequences for each species. The detailed information 7 

of analyzed species is listed in supplementary table 1a, including species name, genome, gene 8 

download location, genome assembly version, genome release time, etc. A summary of the 9 

annotations is provided in supplementary table 1d. 10 

Due to the large time span in the release of these plant genomes, to compare the repeat 11 

sequences of different species, we abandoned the repeat column annotation attached to each 12 

species genome and chose de novo annotation to standardize the repeat sequences of all of the 13 

species. The Dfam3.1 for genome repeat annotation was the latest release of the Dfam Database 14 

(https://www.dfam.org/) in June 2019 (Hubley, et al. 2016). Repbase, downloaded from the 15 

Genetic Information Research Institute (GIRI, https://www.girinst.org/), is the latest open source 16 

version (October 2018). First, we used Repeatmodeler to predict the repeat regions de novo. 17 

Consensus sequences generated by Dfam3.1 (https://www.dfam.org/), Repbase20181026, and 18 

Repeatmodeler were loaded to Repeatmasker for homologous prediction, to output the final repeat 19 

sequence annotations. Default parameters are used in this reasearch, and the search engine is 20 

Rmblast. The schematic workflow of the analysis is shown in Supplemental figure1A. Based on 21 

the unified classification system for eukaryotic transposable elements for transposon, the 22 

annotation of repeat sequence is standardized according to Dfam database 23 

(https://www.dfam.org/classification/tree). See Supplementary Table 1c for the full description of 24 

repeat classifications. 25 

https://www.dfam.org/


Eukaryote transposons had uniform naming rules (Wicker, et al. 2007) and are divided into six 26 

hierachies: Class, Subclass, Order, Superfamily, Family, and Subfamily. (1) Class means the Class 27 

I and Class II. (2) Subclasses only exist in Class II. Subclass I is the group transposed without 28 

retaining the original copy, such as TIR and Ctypton, while Subclass II retains the original copy in 29 

the transposable process, such as Helintron and Maverick. (3) Orders were classified according to 30 

the integration mechanism of Subclass transposon, such as Class II retrotransposons classified as 31 

TIR, and Ctypton, the integrated intermediates are dsDNA and circDNA (Guillaume et al, 2018). (4) 32 

Super families were classified according to the similarity and ranking of encoded protein, the target 33 

site duplication (TSD), and so on. ClassI: LTR can be divided into Copia, Gypsy, Retrovirus, ERV, 34 

etc. The two most common types, Copia and Gypsy, are mainly different in the sequence of POL 35 

reverse transcriptase and integrase. (5) According to the 80-80-80 rule of transposons, similarity of 36 

the whole DNA or coding region was more than 80%, and the similar fragment exceeding 80 bp 37 

belonged to the same family. 38 

Plant classification 39 

Our aim was to compare the repeat sequences of plant species on different phylogenetic 40 

branches, so we classified each species in detail. The species names were downloaded from the 41 

genome homepage of each species on NCBI using an in-house Python web crawler script. We 42 

collated the sequence of species based on previous constructions and databases. Ranking of green 43 

algae according to the evolutionary tree was provided in the plant sequence database 44 

(https://www.plabipd.de/plant_genomes_pn.ep). For the species that did not exist in the database, 45 

the species were structured by classification tool ete3, which is available at NCBI. The phylogeny 46 

of land plants is retrieved from a large-scale DNA sequencing combined with the classic plant 47 

classification (Group 2016). The angiosperm clade has the largest number of species in this study, 48 

in concordance with the large number of angiosperm species in nature as well as in the plant genome 49 

databases. Hence, angiosperms were classified in more detail: ANA (early angiosperms), magnoliids, 50 

monocots, base eudicots, super rosids, fabids, malvids, super asterids, lamiids, and campanulids. 51 

For detailed taxonomy and classification branches, please see supplementary table 1b. 52 

Characterizing the repeat families 53 



 

 

Based on the Dfam database, the repeat sequences were classified into tandem repeats and TEs, 54 

where the latter are classified into RNA-intermediate retrotransposon (Class I) and DNA-55 

intermediate transposon (Class II). Retrotransposon are further categorized into DIRS, PLE, LINE, 56 

LTR, and SINE. DNA transposon are categorized into TIR, CirdsDNA (Circular dsDNA), DP (DNA 57 

Polymerase), and Rolling Circle. Others include low complexity, satellite, and simple repeat. There 58 

are 12 families in total. In addition, Unknow is primarily or only found in centromeric regions or 59 

unknown classes of interspersed repeats, Class I:unknown which is belong to Class I but hasn’t been 60 

classified in the family, Pseudogene:RNA is also just display. 61 

There are 12 repeat families considered in this study modified from the categories in the Dfam 62 

database. Six statistics were calculated to characterize the repeats in each species. (1) The total 63 

length of repeat sequence: The total length of 12 repeat sequence families was calculated according 64 

to the results of the repeat sequence annotation file for each species. (2) Number of repeat sequences: 65 

The total number of 12 repeat sequence families was calculated according to the results of repeat 66 

sequence annotation file for each species, and the annotation for different positions of the same 67 

element is 1. For example, according to the identification number of annotation file, the two terminal 68 

repeats of the same LTR and the recognition sequence between them are denoted the same. (3) 69 

Average length: The length of the repeated sequence divided by the number gives the average length. 70 

(4) The relative ratio of the number of repeat sequences: the number of each repeat sequence in a 71 

species is the numerator, and the total number of 12 repeat families is the denominator. (5) Relative 72 

ratio of length of repeat sequences: the length of each repeat sequence in a species is the numerator 73 

and the total length of the 12 repeat families is the denominator. (6) Proportion of repeats in a 74 

genome: the length of each repeat sequence in a species is the numerator and the length of the 75 

genome is the denominator. 76 

The presence and absence of repeat sequence superfamily 77 

The 12 repeating sequence families were further classified into 84 superfamilies according to 78 

the Dfam database. The classification of the five families in the retrotransposon ClassI is as follows: 79 

DIRS, PLE, LINE, LTR, Retronposon, and SINE are subdivided into 3, 1, 13, 11, 4, and 11 super 80 

families. In DNA transposons ClassII, the four families are classified as follows: TIR is 18. 81 



 

 

CirdsDNA, DP and RC as Crypton, Maverick and Helitron respectively. Besides, Satellite is 6, the 82 

Low complexity is 4, and Simple repeat with hundreds of small sequence combinations, is not 83 

discussed as a subfamily. 84 

When counting the existence and absence of a superfamily for each species, if the species has 85 

a superfamily, the species is denoted as existing. For a superfamily of a plant group, the proportion 86 

of superfamilies is equal to the number of species in the plant group divided by the total number of 87 

species in that group. 88 

The calculation of nucleotide diversity of repeat sequence families  89 

Repeat sequences play an important role in the genome as they can provide the impetus for the 90 

evolution of the genome. The most basic level of TEs classification is familial, referring to copies 91 

of ancestral sequence amplification that are scattered throughout the genome (Wicker, et al. 2007). 92 

Each TE family can be represented by a consensus sequence representing the ancestral sequence. 93 

RepeatModeler can recreate such a consensus sequence from multiple alignments of a single 94 

genome copy (or "seed") to annotate the repeat sequence and generate nucleotide differences (Bao 95 

and Eddy 2002; Price, et al. 2005; Jiang, et al. 2008; Deniger, et al. 2016). Calculating the difference 96 

of nucleotide sequence between the actual repeat sequence and the consensus sequence in the 97 

genome can be used as the divergence rate to determine the transposon evolution rate. 98 

Screening of Intact LTR 99 

Long Terminal Repeat Retrotransposons (LTR) are the transposons with highest proportion in 100 

plant genomes (SanMiguel, et al. 1998). The end repeat sequence of the two wings of the same LTR 101 

are identical at transposition, and the two wing sequences can mutate respectively. According to the 102 

neutral mutation theory, if the two wing sequences are significantly different, the initial time will be 103 

relatively early. LTR insertion time can be calculated based on the difference in nucleotide sequence 104 

between the two flanks. During evolution, the characteristics of LTR sequences may be ambiguous 105 

or even unrecognizable due to the influence of plants or nucleotide mutations themselves. Therefore, 106 

to identify LTR insertion time, we need to identify Intact Long Terminal Repeat Retrotransposons 107 



 

 

(LTR-RTs) or full length LTR first. Both LTR Finder and LTR Harvast were used for preliminary 108 

screening of candidate sequences of Intact LTR (Lowe and Eddy 1997; Xu and Wang 2007; Ou and 109 

Jiang 2018). 110 

Calculation of insertion time 111 

Using the formula T=D/2μ, the insertion time of LTR can be calculated: D is the Nucleotide distance 112 

and μ is nucleotide mutation rate of LTR (for its calculation, refer to the method of Norwegian 113 

spruce) (Nystedt, et al. 2013). Two kinds of ferns, Adiantum capillus and Azolla filiculoides, are 114 

used as examples to demonstrate this method. (1) First, find the homologous LTR of Adiantum 115 

capillus and Azolla filiculoides, 500 bp (500 bp NRR) in the upstream of 5'-LTR and the initial 500 116 

bp of 5'-LTR were extracted (500 bp LTR), and the same treatment was performed for 3'-LTR. Then 117 

extract 500 bp (500 bp LTR) before termination of 3 '-LTR and 500 bp (500 bp NRR) downstream 118 

the extension of 3'-LTR. Blast comparison of Tract Adiantum capillus (LTR+NRR) and Azolla 119 

filiculoides was proceeded. Only compatible homology tract of Azolla filiculoides and Salvinia 120 

cucullata were selected, and four sections were made (Azolla filiculoides 5' tract, Azolla filiculoides 121 

3' tract, Adiantum lapillus 5' tract, and Adiantum lapillus 3' tract) more than 800 bp in length. (2) 122 

The LTR was separated from NRR of each homologous tract, and it was used in muscle sequence 123 

alignment on LTR. Distmat in EMBOSS (Version 6.6.0) was used to calculate nucleotide distances 124 

based on Kimura two-parameter (K2p). Nucleotide mutation rates were calculated by the formula μ125 

= D/2T, where T is the time of species differentiation of Adiantum capillus and Azolla filiculoides, 126 

which is 218.04 mya (million years ago) (Schneider, et al. 2004). Thus, the nucleotide replacement 127 

rate of ferns can be calculated as 1.55E-09. LTR Retrieve calculated the insertion time of LTR Trice 128 

with the default rice µrice (1.8E-08), combined with µnew of each plant group (1.55E-09 of ferns is 129 

µnew of ferns). Geometric conversion was conducted according to Tnew = Trice*µrice/µnew, and Tnew 130 

was taken as the actual LTR insertion time of species. After we calculated the insertion time of each 131 

Inact LTR transposon, we counted 100 windows with 1 as the sliding window for the detected LTR 132 

in each species in two time periods of Mya and Hundred thousand year. The µ of alage, byophyte, 133 

lycophytes and fern all as 1.55E-09, gymnosperms is 2.2E-09, ANA is 1.8E-08, monocots is 1.5E-134 

08, others as 1.3E-8. 135 
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Gene flanking transposons 

With the gene annotation file from NCBI, we wrote Python scripts to retrieve the repeat 

sequences inside and on the sides of each gene from its characteristic coordinates. In order to carry 

out the statistics and comparison between species, we used a standardized statistical interval to 

perform a four-stage statistics for each gene: at the transcription start site (TSS) and transcription 

end site (TES) in the direction of 5' untranslated region (UTR) and 3' UTR, respectively. By this 

analysis, we observed that the average length of plant genes was 3.9kb, and a few was over 10 kb. 

Therefore, the length extension of plant genes was set as 10 kb. The total average length of the 

repeat sequence was 309 bp, the long terminal repeat (LTR) with the longest average was 831 bp, 

and the sliding window was set to 500 bp after consideration. Each gene extended 10kb in the 

direction of 5' UTR and 3' UTR with TSS and TES respectively, and 20 windows were counted 

respectively, totaling 80 windows. 

When we slide three windows, we count the number of genes in each valid window. If the 

extension length is less than 10kb, then the window in which the gene is not within the extension 

length is invalid and the number is denoted as 0. In the gene start site, the window number is denoted 

as 1. Within 80 Windows of a species genome, the number of effective genes is the number of genes 

that actually exist in the window. Two genes belonging to the same genome were samples, gene A 

(55555,66666) with a total Mb scaffold and gene B (2020,7102) with a 1 Mb scaffold. For gene A, 

the direction from TSS and TES to 5' UTR and 3' UTR meets the conditions, so the 80 sliding 

windows have a count of 1 for gene B, (1) because when it extended from TSS to 5 'UTR, there is 

no sequence after sliding to the 6th window, so the number of windows from the 6th window to 

the 20th window was invalid and 0. (2) When it extended from TES to 3' UTR, there is no 

sequence after it slid to the 7th window, so the number was 0. (3) When it extended from TSS to 3' 

UTR or from TES to 5' UTR, the number of sequences not belonging to the gene region after 

sliding to the 11th window was 0. After counting the number of genes in the valid window, we 

counted the number of transposons in each window. The methods were the same as the method for 

counting the number of genes in a species above. After calculating the number of genes and 

repeating sequences in each window, the proportion of various repeating sequences in each 

window was calculated, that is, the 
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number of repeat sequences divided by the number of genes. 164 
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