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SUMMARY

Sacred lotus (Nelumbo nucifera Gaertn.) is a basal eudicot plant with a unique lifestyle, physiological fea-

tures, and evolutionary characteristics. Here we report the unique profile of transposable elements (TEs) in

the genome, using a manually curated repeat library. TEs account for 59% of the genome, and hAT (Ac/Ds)

elements alone represent 8%, more than in any other known plant genome. About 18% of the lotus genome

is comprised of Copia LTR retrotransposons, and over 25% of them are associated with non-canonical ter-

mini (non-TGCA). Such high abundance of non-canonical LTR retrotransposons has not been reported for

any other organism. TEs are very abundant in genic regions, with retrotransposons enriched in introns and

DNA transposons primarily in flanking regions of genes. The recent insertion of TEs in introns has led to sig-

nificant intron size expansion, with a total of 200 Mb in the 28 455 genes. This is accompanied by declining

TE activity in intergenic regions, suggesting distinct control efficacy of TE amplification in different genomic

compartments. Despite the prevalence of TEs in genic regions, some genes are associated with fewer TEs,

such as those involved in fruit ripening and stress responses. Other genes are enriched with TEs, and genes

in epigenetic pathways are the most associated with TEs in introns, indicating a dynamic interaction

between TEs and the host surveillance machinery. The dramatic differential abundance of TEs with genes

involved in different biological processes as well as the variation of target preference of different TEs sug-

gests the composition and activity of TEs influence the path of evolution.

Keywords: transposon, retrotransposon, target specificity, Nelumbo nucifera, intron, amplification, genes.

INTRODUCTION

The angiosperm lineage is the most dominant plant taxon

containing as many as 400 000 species and ranks second

to insects in species richness (Jarvis, 2007). The two major

angiosperm groups, monocotyledons (monocots) and

dicotyledons (dicots), diverged 150–130 million years ago

(MYA) (Wikstrom et al., 2001). At present, the eudicot clade

represents approximately 75% of the species in angios-

perms (Drinnan et al., 1994). Among the dicot plants,

sacred lotus (Nelumbo nucifera) occupies a key position in

studies of angiosperm evolution. Lotus diverged from its

closest sister lineage around 137–125 MYA (Wikstrom

et al., 2001). Compared to the grape (Vitis vinifera) genome

that diverged from its sister lineage 118–108 MYA (Wik-

strom et al., 2001), the sacred lotus genome is a valuable

addition to basal eudicot studies (Ming et al., 2013; Velasco

et al., 2007). Phylogenetic comparisons between grape and

sacred lotus suggest that sacred lotus is a better model for

inferences about the common ancestors of eudicots (Ming

et al., 2013). Further, genomic analysis revealed that the c
triplication event which occurred in all core eudicots did

not occur in the sacred lotus genome and that the sacred

lotus genome shows a remarkably low substitution rate

and higher retention of duplicated genes compared with

most other angiosperm genomes (Ming et al., 2013).

Sacred lotus is a land plant adapted to an aquatic

environment, belonging to the Nelumbonaceae family, and

is found throughout Asia and northern Australia (Han

et al., 2007; Pan et al., 2010). It is cultivated as an ornamen-

tal and food crop; additionally, parts of the lotus plant such
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as the flowers, roots, and rhizomes are used for medicinal

purposes (Shen-Miller, 2002). Sacred lotus has the longest

reported seed viability, up to 1300 years (Shen-Miller,

2002). The genome of the sacred lotus variety ‘China

Antique’ was sequenced in 2013, using Illumina and 454

technologies (Ming et al., 2013), and was improved in 2018

through a linkage map and a BioNano optical map (Gui

et al., 2018). Recently, the genome of sacred lotus was fur-

ther improved through PacBio Sequel subreads (Li et al.,

2021; Shi et al., 2020). The sacred lotus genome represents

an excellent resource in the evolutionary analysis of eudi-

cots and comparative studies between dicots and mono-

cots. For simplicity, sacred lotus will be referred to as

‘lotus’ in the remainder of the manuscript.

Transposable elements (TEs) are genetic sequences

first discovered over 70 years ago by Barbara McClintock

(McClintock, 1950). TEs mobilize from one genomic loca-

tion into another and in the process may increase their

copy number. TEs are classified into two major groups

based on the intermediate form of transposition: Class I or

RNA retroelements, which transpose via RNA intermedi-

ates using a copy-and-paste mechanism, and Class II or

DNA elements, which transpose via the excision of their

DNA sequences called the cut-and-paste mechanism (Kapi-

tonov & Jurka, 2008; Wicker et al., 2007). Based on their

structural features, class I retroelements are further divided

into two subclasses: long terminal repeat (LTR) retrotrans-

posons and non-LTR retroelements, which include long

interspersed nuclear elements (LINEs) and short inter-

spersed nuclear elements (SINEs) (Kumar & Bennetzen,

1999). To date, eight superfamilies of DNA transposons

have been identified in plants, including CACTA (En/Spm/

DTC), hAT (Ac/Ds/DTA), Helitron (DHH), Mutator-like trans-

posable elements (MULEs) (Mutator/DTM), PIF/Harbinger

(Tourist/DTH), Tc1/Mariner (Stowaway/DTT), Sola, and Gin-

gerRoot (Bao et al., 2009; Cerbin et al., 2019; Wicker et al.,

2007). Among these, Sola and GingerRoot are absent from

angiosperm genomes analyzed to date. In addition, the

coding capacity of elements for transposition machinery

proteins allows for further element classification into

autonomous elements, which code for these proteins, or

non-autonomous elements, which rely on their cognate

autonomous elements for movement within the genome.

Due to their capacity to multiply within a host and

their prevalence among plant and animal genomes, TEs

contribute significantly to increases in genome size (Agren

& Wright, 2011; Bennetzen & Kellogg, 1997; Piegu et al.,

2006; SanMiguel et al., 1998). In some instances, TEs may

constitute the majority of the genome (Badouin et al.,

2017; Bertioli et al., 2019; Mayer et al., 2012; Schnable

et al., 2009; Song et al., 2021). Unlike genes, TE turnover is

rapid at an evolutionary scale (Ma & Bennetzen, 2004;

Wicker et al., 2018); therefore, TEs are only conserved in

closely related species. As a result, dramatic differences

exist in the content and diversity of TEs between organ-

isms. While the genomes of mammals typically contain a

high proportion of non-LTR retrotransposons (Lander

et al., 2001; Waterston et al., 2002), the TE composition in

arthropods is more heterogeneous (Wu & Lu, 2019). In

contrast, LTR retrotransposons largely dominate the TE

landscape in plants (Bennetzen & Wang, 2014; Interna-

tional Rice Genome Sequencing Project, 2005; Paterson

et al., 2009; Rensing et al., 2008; Schnable et al., 2009; Van-

Buren et al., 2018; Wicker et al., 2018; Zhou et al., 2021).

The majority of LTR retrotransposons in plants are classi-

fied into two major superfamilies, Copia and Gypsy,

depending on the arrangement of the genes in the pol

region (Kumar & Bennetzen, 1999). In both major super-

families, the canonical LTR found at the ends of these

retroelements typically start with 50-TG and end in CA-30

(Kumar & Bennetzen, 1999), which forms a short inverted

repeat. In fact, many computational tools use these criteria

in de novo searches for LTRs (Ellinghaus et al., 2008;

McCarthy & McDonald, 2003; Xu & Wang, 2007). However,

there is a small subset of LTR retrotransposons with atypi-

cal ends rather than 50-TG and CA-30, called non-canonical

or non-TGCA retroelements, accounting for about 1% of

the total LTR retroelements in plants (Ou & Jiang, 2018).

Despite their low abundance, non-TGCA retroelements

have often been involved in gene and genome evolution

due to their proximity to genes (Ou & Jiang, 2018). The

best-characterized non-TGCA retrotransposon is Tos17

(ending with TGGA), a Copia retrotransposon activated in

tissue culture in rice (Oryza sativa) (Hirochika et al., 1996).

Tos17 specifically targets genic regions, which has been

used to build a transposon tagging population for func-

tional analysis of rice genes (Miyao et al., 2003). Hop-

scotch, a Copia retroelement ending with TACA, was

discovered as an insertion into the maize (Zea mays) gene

Wx (White et al., 1994). Subsequently, it was reported that

an element related to Hopscotch was responsible for the

elevated expression of Tb1, a major domestication gene in

maize (Studer et al., 2011). In addition, three Gypsy

retroelements, ending with TGCT, were detected from the

soybean (Glycine max) genome (Du et al., 2010), suggest-

ing elements with alternative ends could occur in both

Copia and Gypsy retroelements.

Different compositions of TEs lead to distinct distribu-

tion patterns. For example, in humans, a large TE fraction

is located in the introns of genes, leading to the expansion

of genic regions (Lander et al., 2001; Sela et al., 2007). In

plants, the prevalence of large introns is predominantly

observed in gymnosperms with very large genome sizes of

10 Gb or more (Guan et al., 2016; Nystedt et al., 2013; Sti-

val Sena et al., 2014; Voronova et al., 2020; Zimin et al.,

2017). In contrast, most sequenced angiosperms have rela-

tively compact genic regions. In the small Arabidopsis gen-

ome (125 Mb), most TEs are located in pericentromeric
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regions (The Arabidopsis Genome Initiative, 2000). Maize

has a relatively large genome (2.5 Gb) among angiosperm

plants, where TEs account for 85% of the genomic DNA,

yet maize TEs are mostly located in pericentromeric

regions as well as intergenic heterochromatic islands (Huf-

ford et al., 2021; Schnable et al., 2009). Due to its position

in the eudicot phylogeny, lotus may offer important biolog-

ical insights in terms of its TE content, structure, distribu-

tion, and diversity. Here we report the detailed results of a

comprehensive computational analysis of the repetitive

content in the assembled lotus genome. Our analysis

reveals a unique landscape of TEs in lotus. Despite its

moderate genome size (less than 1 Gb), the size of genic

regions of lotus is much larger than that of most

sequenced angiosperm species and comparable to that of

gymnosperm species, with half of the gene space filled by

TEs. Moreover, we reveal the dramatic difference among

lotus genes in their association with TEs and the excep-

tional abundance of non-TGCA retroelements in lotus.

RESULTS

The content and diversity of TEs in the lotus genome

Characterization of repeats in lotus (cv. China Antique) was

performed using the most recent assembly of 821 Mb (Li

et al., 2021; Shi et al., 2020), which accounts for approxi-

mately 88% of the estimated lotus genome (929 Mb) (Diao

et al., 2006). The N50 of the contigs is 1.8 Mb, and the LTR

Assembly Index is 11. This indicates the assembly is of ref-

erence quality (Ou et al., 2018), so the intergenic regions

are reasonably assembled. TEs were mined using a combi-

nation of structure-based and homology-based approaches

(see the Experimental Procedures section), with manual

curation to ensure accuracy. About 59% of the genome is

composed of recognizable TEs, with nearly 400 000 copies

(Table 1).

Based on genome coverage, the majority of recogniz-

able TE sequences in lotus is contributed by retrotrans-

posons (42% of the genome), a familiar phenomenon

across the plant kingdom, where the amplification of LTR

retroelements contributes to genome size expansion (Ben-

netzen et al., 2005; Vitte & Panaud, 2005). In lotus, the LTR

retrotransposon content (35% of the genome) is comprised

of slightly more Copia retroelements than Gypsy retroele-

ments in terms of genomic fraction (18.5% versus 16.8%,

Table 1) and copy numbers (37 831 versus 33 089,

Table 1). Although this pattern is not unique, the Gypsy

content is considerably higher than the Copia content in

the majority of examined plant genomes (Table S1).

Among the 93 genomes with an available Gypsy:Copia

ratio, Copia content is higher than Gypsy content in only

13 (14.0%) genomes (Table S1). An alternative possibility

is that Gypsy retroelements are enriched in sequencing

gaps, so the apparent low abundance of those elements in

lotus is an artifact of imperfect assembly. In addition, the

lotus genome contains a relatively high coverage of non-

LTR retrotransposons (6.5%), predominantly contributed

by LINEs (Table 1). Only nine other plant genomes ana-

lyzed (9.7%) contain a higher fraction of non-LTR retro-

transposons, ranging from 7.0% to 21.7% (Table S1).

Taken together, these results suggest a higher net accumu-

lation of non-LTR and Copia retrotransposons in the lotus

genome compared to many other plants.

DNA elements comprise about 17% of the genome.

This level of DNA TE content is notable, and only two other

characterized genomes, those of rice (20%) and red bay-

berry (Morella rubra) (21%), contain more DNA TEs (Jia

et al., 2019; Jiang & Panaud, 2013) (Table S2). Moreover,

the copy number of DNA transposons is over twice that of

retrotransposons (Table 1). The largest contributors are

hAT elements, with over 122 000 copies accounting for 8%

of the genome, which is the highest observed genomic

Table 1 The abundance of different superfamilies of TEs in lotus

Class Subclass Superfamily Length (Mb)
Average element
length (bp) Copy number

Genomic
fraction (%)

Percent of total
copy number (%)

Class I LTR LTR/Copia 152.20 4023 37 831 18.53 9.47
LTR/Gypsy 138.21 4177 33 089 16.83 8.29
LTR/other 1.70 613 2772 0.21 0.69

Non-LTR LINE 50.82 2362 21 516 6.19 5.39
SINE 2.31 156 14 803 0.28 3.71
Total class I 345.24 3138 110 011 42.04 27.55

Class II TIR CACTA 1.41 2655 531 0.17 0.13
hAT 65.81 536 122 726 8.01 30.73
MULE 20.95 323 64 867 2.55 16.24
PIF/Harbinger 25.95 324 80 090 3.16 20.06

Non-TIR Helitron 25.72 1220 21 085 3.13 5.28
Total class II 139.84 483 289 299 17.02 72.45

Total TEs 485.08 1215 399 310 59.06 100
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fraction of hAT elements in plants sequenced to date

(Table S2). This is followed by PIF/Harbinger and Helitron

elements (both occupying approximately 3% of the gen-

ome). Although the majority of DNA transposon families

present in angiosperms are identified in lotus, the Tc1/Mar-

iner superfamily is absent. The absence of Tc1/Mariner ele-

ments has been reported in 11 other plant genomes,

including two basal angiosperms and grape (Table S2). In

addition, CACTA elements are poorly represented (0.2% of

the genome) in lotus. New active transposons can be intro-

duced through horizontal transfer, preventing a TE family

or superfamily from extinction (Schaack et al., 2010; Wal-

lau et al., 2012). The absence of Tc1/Mariner elements from

multiple plant genomes and the very low abundance of

CACTA elements in lotus suggests that horizontal transfer

events of both elements in plants are rare or unsuccessful,

compared with the frequent horizontal transfer of Tc1/Mari-

ner elements in animals (Loreto et al., 2008; Robertson &

Lampe, 1995; Zhang, Peccoud, et al., 2020). This is also in

contrast to LTR retrotransposons, which may have had 2

million horizontal transfer events in angiosperms (El Bai-

douri et al., 2014). Due to the very low copy number of

CACTA and LTR retroelements with unknown classification

(LTR/other, Table 1), these two groups of TEs are excluded

from the subsequent comparative analysis for different

genomic regions.

Abundance and diversity of hAT elements

DNA transposable elements belonging to the hAT super-

family are widespread in plant and animal genomes and

have been widely used in gene tagging and functional

genomics studies (Kunze & Weil, 2002; Sundaresan et al.,

1995). Although widespread in plants, the contribution of

hAT elements to genomic repeat content is typically low, as

this is typical for most DNA transposons. Among the 85

plant genomes with hAT elements detected, these elements

represent ≤1% of the genome for 54 (64%) plants (Table S2).

The copy number of hAT elements (over 122 000) is the

highest among all superfamilies of TEs, higher than the

total number of copies of all retrotransposons detected

(Table 1). In addition, the lotus genome contains about

twice the number of hAT elements as that in blueberry,

which has the second highest hAT fraction among all

sequenced species (8.0% versus 4.4%, Table S2). There is a

correlation between the abundance of hAT elements and

the total DNA TE fraction among different genomes (Fig-

ure S1, Pearson Correlation r = 0.45, P < 0.001). However, if

the hAT elements are excluded from total DNA TE content,

the correlation between the abundance of hAT elements

and other DNA transposons is not significant (Figure S1,

r = 0.19, P = 0.078), suggesting independent amplification

of different superfamilies of DNA transposons.

To evaluate whether specific families of hAT elements

have expanded in the genome, the contribution of

individual families was determined. Results indicate that

overall, the high abundance of hAT elements in lotus was

not due to the massive amplification of a single or a few

families; instead, it was attributed to the amplification of

numerous distinct families. Even though some elements

are more abundant than others, the most amplified family

(in terms of genomic fraction) contributes 0.3% of the gen-

ome, and the top 20 families comprise 3.3% of the gen-

ome. This contrasts with the LTR retrotransposons in

maize, where the top 20 families contribute up to 70% of

the maize genome (Baucom et al., 2009). Our repeat library

contains a total of 239 families of hAT elements from the

lotus genome, including 47 families encoding transposases

and 192 families of non-autonomous elements. Among the

top 20 families of hAT elements in lotus, only two poten-

tially encode a transposase. The low abundance of families

with transposase sources suggests that either many of

these elements are no longer capable of transposition (an-

cient elements) or they are primarily non-autonomous ele-

ments without significant homology to the autonomous

partner. As most hAT elements are non-autonomous, the

average size of all hAT elements is only 536 bp (Table 1).

This explains why hAT elements contribute a much smaller

proportion of the genome than retrotransposons despite

their higher copy number (Table 1).

To test whether diversity in hAT transposases may

reflect their successful amplification in the lotus genome,

phylogenetic analysis of the most conserved domain (mo-

tif 3, which contains the E region of the catalytic DD/E

motif) of the hAT transposase among autonomous copies

was performed (Kempken & Windhofer, 2001; Lazarow

et al., 2012). Our analysis indicates substantial diversity

among the hAT transposases found in the lotus genome,

which contains autonomous hATs from the two clades typ-

ically found in plants: Ac/Tam3 and Tag1 (Figure S2)

(Kempken & Windhofer, 2001; Robertson, 2002). Despite

the expansion of some lineages in lotus, the majority of

the hAT elements with a recognizable motif 3 show a wide

spectrum of diversity wherein various subgroups are more

closely related to hAT proteins from other plant species

than hAT transposases of the lotus genome. Overall, these

results suggest that diversity within autonomous elements

may have contributed to the success of the hAT superfam-

ily in lotus.

LTR retroelements with non-canonical ends

Prior to this study, we screened for LTR retroelements with

non-canonical ends (non-TGCA LTR retroelements) using

an automated tool and revealed their presence in most (42

out of 50) of the sequenced plant genomes (Ou & Jiang,

2018). Nevertheless, overall those elements seemed to

only account for about 1% of the total LTR retroelements

(Ou & Jiang, 2018). In this study, the improved lotus

assembly combined with manual curation of the repeat

� 2022 The Authors.
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library allows more accurate quantification of non-TGCA

LTR retroelements.

In lotus, nine different non-canonical LTR ends were

found, and the vast majority of retroelements with non-

canonical ends (or non-TGCA) are Copia elements (Table 2,

Table S3). The non-TGCA Copia retroelements collectively

contribute 4.9% of the genome or over 25% of the total

Copia retroelements (Table 2), suggesting non-TGCA ele-

ments could represent a considerable portion of the Copia-

like retroelements. Among the eight groups of Copia

retroelements with non-canonical ends, four (TGCT, TGGA,

TACA, and TGTA) harbor mutations in one nucleotide com-

pared to the canonical ends, and the remainder (TGGT,

TACT, TATA, and TGTT) harbor two mutations. Those

eight ends no longer form a short inverted repeat except

TATA. Overall, the groups containing a single mutation are

more abundant than those harboring two mutations (4.2%

versus 0.7%; Table 2). In addition, variations are observed

in mutations at the four sites: (i) no mutation was detected

at the first nucleotide (always ‘T’); (ii) the second nucleo-

tide is a purine (G or A); (iii) the third nucleotide is the least

constrained, and C, G, or T is observed; and (iv) for the last

nucleotide ‘A’ or ‘T’ is observed. The most abundant non-

canonical end type is found in retroelements starting with

the canonical 50-TG but ending in CT-30 (referred to as

TGCT LTR), where the most terminal nucleotide is not

inverted. This LTR end type includes an estimated 6203

copies, making up 3.1% of the genome (Table 2). Consis-

tent with our previous study (Ou & Jiang, 2018), the LTR

regions of non-TGCA retroelements are about one third of

the size of that of the canonical TGCA retroelements

(316 bp versus 972 bp, Table 2). On the other hand, the

internal region of non-TGCA retroelements is only slightly

shorter than that of TGCA retroelements (4446 bp versus

4656 bp).

To determine the relationship between the non-

canonical retroelements and canonical retroelements, a

phylogenetic tree was constructed using the conserved cat-

alytic domain of integrase of Copia LTR retroelements in

lotus as well as Copia retroelements from other plant spe-

cies. It is apparent that Copia retroelements fall into many

clades, yet retroelements with the same type of ends are

not always monophyletic (Figure 1). For example, the well-

known rice Tos17 retroelement (with TGGA end) is not

clustered with any retroelement with the same end in lotus

(Figure 1, red circle). If we consider branches with boot-

strap value over 50%, only in one case does a lotus TACA

LTR retroelement group with a grape retroelement with

the same end (Figure 1, denoted with a green arrow). In

addition, a retroelement from Arabidopsis is located on the

same branch as two grape retroelements, and they all ter-

minate with TATA (Figure 1, denoted with a purple arrow).

This may indicate the termini of these two groups formed

in the early stage of the dicot lineage. However, there are

six groups of lotus retroelements with different ends clus-

tering together (Figure 1, denoted with red arrows), includ-

ing retroelements with the canonical end TGCA. This

seems to imply that the majority of the non-canonical

Copia retroelements in lotus may have a relatively recent

origin.

The prevalence of TEs in genic regions

To study the distribution of TEs around genes, the gene

annotation was downloaded from the Nelumbo Genome

Database (Li et al., 2021). We developed a high-confidence

gene set by filtering out potential TEs, very short genes,

and truncated genes (see Experimental Procedures), leav-

ing 28 455 genes in the dataset. We examined the insertion

of TEs within genic regions (from transcription start site

[TSS] to transcription termination site [TTS]) as well as 2-

kb flanking sequences (upstream and downstream) of

genes, resulting in a total of 328 Mb gene space analyzed.

Nearly 146 000 TE copies were detected with 152 Mb of TE

sequences in these regions, accounting for 37% of total TE

Table 2 The abundance of Copia LTR retrotransposons with different termini in lotus

Terminal
sequence

Average LTR
length (bp)

Average length
of internal region
(bp) Copy number

Genome
fraction (%)

TGCA 972 4656 28 063 (74.18) 13.648 (73.64)
TGCT 333 4562 6203 (16.40) 3.106 (18.73)
TGGA 266 4384 820 (2.17) 0.407 (2.20)
TGTA 288 4046 941 (2.49) 0.395 (2.13)
TGGT 341 4514 656 (1.73) 0.361 (1.95)
TACA 241 4194 548 (1.45) 0.302 (1.63)
TACT 331 4024 438 (1.16) 0.226 (1.22)
TATA 229 4147 154 (0.41) 0.084 (0.45)
TGTT 299 4249 9 (0.02) 0.004 (0.02)
Total non-TGCA 316 4446 9769 (25.82) 4.885 (26.36)

Numbers in parentheses indicate the percentage of all Copia retroelements.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 112, 172–192

176 Stefan Cerbin et al.

 1365313x, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.15938 by M

ichigan State U
niversity, W

iley O
nline Library on [30/05/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



copies and 31% of total TE length, respectively. If we

exclude the TEs in the 2-kb flanking regions, about 82 000

copies (20%) with 120 Mb (25%) of TEs are within 15 084

(53%) lotus genes, and the majority are in introns (97% of

the TE copies and 99% of the TE length).

Since different families of TEs vary dramatically in ele-

ment size (Table 1), a high number of TE insertions is not

necessarily correlated with a longer total TE sequence in a

certain region. To account for this discrepancy, we use two

parameters, the insertion density (copy number per

100 kb) and the genomic fraction (%) of TEs, to indicate

the abundance in different regions. Predictably, there are

minimal TE insertions into exons (Figure 2, Table S4). The

total intron size of lotus genes is about 200 Mb, which is

larger than the entire Arabidopsis genome (The Arabidop-

sis Genome Initiative, 2000), and the average intron size is

close to 2 kb (1988 bp). The TE insertion density within

introns is slightly lower than the genome-wide level; how-

ever, the genomic fraction of TEs in introns is comparable

to the genomic average (Figure 2), with approximately

60% of the intron sequences composed of TEs. Unlike all

other genomic regions, which contain numerically more

DNA TE insertions, the insertion density of the two classes

of TEs in introns is similar (Figure 2a). As a result, retro-

transposons are most abundant in introns with respect to

both insertion density and genomic fraction (Figure 2). The

TE density in the immediate 2-kb flanking regions of genes

is the highest among all genomic regions, significantly

higher than that of the genome-wide level (v2 test,

P < 1e�10), yet the genomic fraction of TEs is much lower,

due to the enrichment of small DNA TEs upstream and

downstream of genes (Figure 2). Upstream of genes,

Figure 1. The phylogeny of the core integrase of

Copia retroelements with different terminal motifs

in lotus and other plants. Numbers next to

branches indicate the % bootstrap support (1000

replicates, 50% cutoff). Retroelements with the

same ends are labeled with the same color and

shape. Retroelements starting with ‘TG’ are shown

as dots, while elements starting with ‘TA’ are

shown as triangles. Red arrows and vertical bars

indicate branches containing lotus retroelements

with different ends. A branch containing lotus and

grape retroelements with ‘TACA’ motif is denoted

by a green arrow and a vertical bar. A branch con-

taining Arabidopsis and grape retroelements with

‘TATA’ motif is denoted by a purple arrow and a

vertical bar. The tree is unrooted. Abbreviations for

species: At, Arabidopsis thaliana; Gr, Gossypium

raimondii; Nn, Nelumbo nucifera; Os, Oryza sativa;

Sl, Solanum lycopersicum; Nt, Nicotiana tabacum;

Vv, Vitis vinifera.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 112, 172–192
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25 341 out of 28 455 (89%) genes harbor TEs within 2 kb

and the median distance of those genes to a TE is 511 bp

(588 bp for all genes). The TE distribution in the down-

stream region is similar; 25 239 out of 28 455 (89%) genes

harbor TEs within 2 kb and the median distance of those

genes to a TE is 498 bp (578 bp for all genes).

Distinct niches for different superfamilies of TEs and

selection pressure against large insertions in flanking

regions and exons

As mentioned above, most TEs in genic regions are

located in introns and flanking regions of genes. The flank-

ing regions are associated with the highest TE insertion

density in the genome while introns harbor the highest

fraction of TEs among genic regions. The discrepancy

between insertion density and genomic fraction is due to

the distinct composition of TEs in these regions. To com-

pare differences in TE families across genic regions we

analyzed their genomic fraction as well as their enrichment

index (EI), shown in Figure 3. We define EI as the percent

difference between the genomic fraction (%) of each super-

family in each region and that at the genome-wide level. A

positive EI value indicates higher TE abundance, whereas a

negative value indicates an underrepresentation of TEs

compared to the genome-wide average. Not surprisingly,

the fraction of all TEs is very low in exons, with very

negative EI values (Figure 3). In introns, the two largest

genomic fractions are contributed by Copia LTR retrotrans-

posons and LINEs (Figure 3a), and all retrotransposons are

enriched except for Gypsy LTR retroelements (Figure 3b).

The most enriched TEs in introns are LINEs (EI = 148), fol-

lowed by non-canonical Copia retroelements (EI = 127),

whereas canonical Copia retroelements are only slightly

enriched (EI = 19). Overall introns contain 20% of the TE

copies in the genome, yet 60% of LINE retroelements are

located in introns. In contrast, all DNA TEs, particularly

MULEs and PIF/Harbinger elements, are underrepresented

in introns (Figure 3b). On the other hand, all DNA TEs are

enriched in flanking regions except Helitrons, with MULEs

being the most enriched (EI = 123) in upstream regions

(Figure 3b). The distribution bias of hAT elements is not as

strong as that for MULEs and PIF/Harbinger elements (Fig-

ure 3b), yet it contributes to the largest fraction of flanking

sequences (Figure 3a) due to the sheer number of ele-

ments (Table 1). In the flanking regions of genes, all retro-

transposons are underrepresented except SINEs

(Figure 3b), which are enriched in downstream regions. As

DNA elements and SINEs are both short (Table 1), this
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Figure 2. Overview of TE abundance indicated as

insertion density (a) and genomic fraction (b) in dif-

ferent genomic regions. Upstream refers to regions

2 kb upstream of the transcription start site, and

downstream refers to regions 2 kb downstream of

the transcription termination site. Genic regions

include upstream regions, downstream regions,

exons, and introns. Intergenic refers to the genome

excluding gene bodies and 2-kb flanking

sequences.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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explains why the flanking regions of genes are associated

with the highest insertion density in the genome but a

much lower TE fraction than the genomic average (Fig-

ure 2). We also calculated EI using the insertion density

(copies/100 kb), and the trend is highly similar to that

based on the genomic fraction (Table S4).

As flanking regions of genes and introns harbor func-

tional elements for gene expression, termination, and

splicing, there is likely a certain level of selective pressure

against TE insertions, particularly large insertions. To fur-

ther explore the role of element size in the distribution of

TEs, we conducted Pearson correlation analysis to test the

effects of element size on enrichment in a certain region.

There are significant negative correlations between EI and

element size in downstream regions (r = �0.93,

P = 0.0003), followed by upstream regions (r = �0.84,

P = 0.0042) and exons (r = �0.82, P = 0.0072) (Figure S3).

Nevertheless, there is no significant correlation between EI

and element size in introns (r = 0.31, P = 0.4185, Fig-

ure S3). This suggests selection for small TEs may have

played significant roles in the TE composition in down-

stream regions, and it also influences TE distribution in

upstream regions and exons.

A summary of the skewed distribution of different

superfamilies of TEs is provided in Table 3. Evidently, each

superfamily of TEs has a unique distribution pattern. This

is even true for LINEs and SINEs, which share transposi-

tion machinery (Singer, 1982). Among retrotransposons,

LINEs and non-TGCA Copia retroelements have the highest

specificity as they are only enriched in introns and are

underrepresented in the remainder of the genome. No

strong preference is observed for canonical Copia retroele-

ments except they are underrepresented in flanking

regions of genes. Among DNA transposons, MULEs

demonstrate the strongest bias, with exceptional enrich-

ment in upstream regions of genes, followed by down-

stream regions, and are the most underrepresented TEs in

introns. PIF/Harbinger elements are also enriched in flank-

ing regions but a preference is more evident in down-

stream regions. In contrast, hAT and Helitron elements

have relatively minor preferences (Figure 3, Table 3), yet

hAT elements are enriched in flanking regions of genes

while Helitron elements are not. These distinct TE distribu-

tion patterns have shaped the different genomic regions in

lotus.

Recent activity of LTR retrotransposons in introns and

declining activity of gypsy elements in intergenic regions

To understand the dynamics of LTR retroelement amplifi-

cation, the LTR identity of intact LTR retroelements in
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Figure 3. The abundance and enrichment of TE

superfamilies in genic regions. (a) The composition

of TEs (fraction of genome) in each region. (b) The

enrichment/underrepresentation of different TE

superfamilies in each region, reflected by the

enrichment index, which represents the percent dif-

ference between the genomic fraction in each

region and that at the genome-wide level.

Upstream refers to 2-kb regions upstream of the

transcription start site, and downstream refers to 2-

kb regions downstream of the transcription termi-

nation site.

� 2022 The Authors.
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introns and intergenic regions was examined. LTR identity

refers to the sequence identity between the 50 LTR and 30

LTR of an individual retroelement. The upstream and

downstream regions of genes were not considered since

the majority of full-length LTR retroelements are longer

than 2 kb, so those regions harbor few intact retroele-

ments. As shown in Figure 4(a), the distribution of intact

Copia and Gypsy retroelements is complimentary as the

majority of Copia retroelements are located in introns

whereas Gypsy retroelements are largely located in inter-

genic regions, consistent with the above analysis using all

retroelement-related sequences (Figure 3). Canonical Copia

retroelements appear to be the youngest, with 50% of the

retroelements associated with an LTR identity of >97%.

This is followed by non-canonical Copia retroelements

(33% of elements have an identity of >97%), and Gypsy

retroelements are the oldest retroelements (17% of ele-

ments have an identity of >97%). The age of Gypsy

retroelements is largely due to the older intergenic

retroelements (Figure 4), whereas the distribution of Gypsy

retroelements in introns is almost identical to that of non-

TGCA Copia retroelements (Figure 4b). All retroelements in

introns (solid lines) are much younger than those in inter-

genic regions (dashed lines in Figure 4b). Particularly, only

12% of the intergenic Gypsy retroelements fall into the 97–
100% bin (compared to 40% in introns), suggesting the

declining activity of Gypsy retroelements in intergenic

regions. Combining all LTR retroelements, there is an

enrichment of recent insertions (97–100% identity) into

introns compared to intergenic regions (104 versus 29 per

10 Mb, 3.6-fold higher, Figure 4a). In contrast, there are

nearly twice as many older insertions (<94% identity) into

intergenic regions than into introns (54 versus 28 per

10 Mb, 1.9-fold higher, Figure 4a).

Since the non-TGCA Copia retrotransposons are older

than their TGCA counterparts (Figure 4b), the question

arises whether these non-canonical LTR-RTs are simply

derived from post-transpositional mutation of the canoni-

cal TGCA LTR retroelements. If this is the case, one would

not expect any non-TGCA LTR element with identical LTRs

due to the time required for mutations. Given the average

LTR length for non-TGCA retroelements is 316 bp

(Table 2), the probability for an intact retroelement to accu-

mulate mutations at both terminal sequences but not the

remainder of the LTR is 1/(316 9 316), or approximately 1

in 100 000 LTR retrotransposons with identical LTRs. In

lotus, 129 retrotransposons with identical LTRs were

detected, so one would expect 0.0013 [129/(316 9 316)]

non-canonical elements with identical LTRs. Nevertheless,

13 non-TGCA retroelements with identical LTRs were

detected (Table S5), about 10 000 times the expected value

(P = 1.6 9 10�14, v2 test). Moreover, one would expect

more non-TGCA Gypsy retrotransposons than Copia retro-

transposons since Gypsy retroelements are the oldest ones

in the genome (Figure 4). However, non-TGCA Copia

retroelements are much more abundant than non-TGCA

Gypsy retroelements (9769 versus 184, Table S3). Whereas

the above observation does not completely rule out the

possibility that some of the old non-TGCA retroelements

are mutated forms of the canonical elements, it is clear

that the non-TGCA retroelements have evolved into a dis-

tinct group, with smaller LTRs, more closely associated

with genes, and competent for transposition.

Genes involved in distinct biological processes are

differentially enriched with TE insertions

TE target specificity is determined by a variety of genetic

and epigenetic features, which vary from gene to gene. To

investigate whether different genes have distinct insertion

patterns by TEs, we examined the total TE abundance

(length) in genes involved in different biological processes

according to their GO terms. The abundance of TEs in

Table 3 Summary of distribution preference of TEs in lotusa

TE group Enrichment Underrepresentation

LTR/Copia_TGCA Intron and intergenic (weak) Flanking region (very strong)
LTR/Copia_nonTGCA Intron (very strong) Flanking region (very strong) and intergenic region (strong)
LTR/Gypsy Intergenic (strong) Flanking region and intron (strong)
LINE Intron (very strong) Intergenic, upstream, and downstream (strong)
SINE Downstream and intron (moderate) Intergenic (strong)
hAT Upstream and downstream (weak) Intron (weak)
Helitron Intergenic (moderate) Intron (moderate) and downstream (weak)
MULE Upstream (very strong), downstream (moderate) Intron (strong)
PIF Downstream and upstream (moderate) Intron (strong)

aThe copy numbers of CACTA and LTR/other are too low to evaluate preference. All TEs are significantly underrepresented in exon regions.
The strength of preference or bias is based on the enrichment index value derived from the genomic fraction (Figure 3, Table S4). For genic
regions: preference: 10–40 (weak), 40–80 (moderate), 80–120 (strong), >120 (very strong); bias: �10 to �25 (weak), �25 to �50 (moderate),
�50 to �75 (strong), �75 to �100 (very strong). For intergenic regions: preference: 10–25 (moderate), >25 (strong); bias: �10 to �25 (moder-
ate), <�25 (strong).

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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introns of different genes varies dramatically, with a 43-

fold variation (from 333 bp to over 14 kb per gene,

Table S6). Compared to the average level of TE abundance

in all biological processes, TEs are underrepresented in

genes involved in processes such as fruit ripening, abscis-

sion, secondary metabolic processes, pollen–pistil interac-
tion, and responses to various stimuli (endogenous, biotic,

abiotic, chemical, light) (Table S6). In contrast, TEs are

enriched in genes involved in regulation of gene expres-

sion and epigenetics, DNA metabolic processes, cell-to-cell

signaling, the cell cycle, etc. The number of introns only

varies twofold in different categories of genes (compared

to the 43-fold variation of TE abundance), and TE abun-

dance is positively correlated with the number of introns,

which is expected (Table S6). However, this relationship

does not always hold. For example, genes involved in pol-

lination have fewer introns than those involved in abscis-

sion (5.88 versus 6.32), yet the former have over twice the

number of TEs (8.41 versus 3.07 kb per gene, Table S6) in

introns. This suggests that intron number is not the sole

factor that determines the abundance of intronic TEs.

Among the 50 GO terms examined, 26 are associated

with significant enrichment/underrepresentation (P < 0.01

or P < 0.001, Kolmogorov–Smirnov test, Table S6) of TEs

in introns, and the gene numbers in those GO terms range

from 67 to 4579, with 18 (70%) GO terms containing >500
genes. To test whether the gene number in each GO term

influenced the results, a simulation analysis was con-

ducted. We randomly drew 67, 150, 346, and 1000 genes

from the gene pool and analyzed TE enrichment/underrep-

resentation as described above for genes from a GO term.

If the amount of TEs within this group of genes was signifi-

cantly different (P = 0.01 or P = 0.001) from the actual data

analyzed with genes in all biological processes, it was con-

sidered a false positive event. The experiment was

repeated 1000 times. As shown in Figure S4, the putative

false discovery rate (FDR) was indeed slightly higher with

small gene numbers. Nonetheless, the overall FDR is very
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Figure 4. Comparison of abundance of intact LTR

retrotransposons with different LTR sequence iden-

tity of individual intact retroelements in introns and

intergenic regions. (a) The insertion density of

retroelements in each identity range. (b) The per-

centage/fraction of retroelements in each identity

range for each group of retroelements. Intergenic

regions refer to the genome excluding gene bodies

and 2-kb flanking sequences.
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low (FDR ≤ 0.021 for P = 0.01, FDR ≤ 0.004 for P = 0.001).

The low FDR values and the fact that most GO terms con-

tain over 500 genes suggest that the differential enrich-

ment of TEs is unlikely an artifact of small sample sizes.

As mentioned above, genes involved in the regulation

of gene expression and epigenetic pathways are the most

enriched with TE insertions in introns (Table S6). Genes

involved in this pathway are associated with more introns

than average (9.27 versus 6.37, Table S6) as well as large

coding regions (Zhao et al., 2017). One example of the

genes in the epigenetic pathway is the Dicer-like 3 gene

(DCL3), which is known to be responsible for the genera-

tion of 24–26-nt small RNAs and silencing of TEs (Mari-

Ordonez et al., 2013; Slotkin & Martienssen, 2007; Xie

et al., 2004). As shown in Figure 5, the coding sequences

of this gene are well conserved in Arabidopsis, grape, and

lotus, yet the gene sizes vary more than 10-fold, largely

due to the expansion of introns. The introns within the Ara-

bidopsis DCL3 gene are all very small (<500 bp) and lack

TEs, and the gene is 7.3 kb in length. The grape gene is

28.6 kb, largely due to the expansion of four introns (Fig-

ure 5), caused by TE insertions. The largest contribution to

the intron size in grape DLC3 is from LINEs (6.0 kb) and a

Copia retroelement (5.1 kb). The lotus DCL3 gene is over

100 kb, with numerous TEs in 11 introns, and seven

introns are longer than 5 kb. TE sequences account for

76% of the intron sequences of lotus DCL3, with the major-

ity from retrotransposons (67% of the intron). The dramatic

gene size variation of DCL3 in the three species demon-

strates that amplification of retrotransposons leads to a

significant expansion of intron size. Compared with

introns, there is little variation in total TE abundance in the

flanking regions of genes that are involved in different bio-

logical processes (Figures S5 and S6).

Diverged preference for different superfamilies of TEs

In the above analysis, we analyzed the overall abundance

of TEs in genes involved in different biological processes.

To test whether each superfamily of TEs has specific pref-

erences, a similar analysis was conducted with individual

superfamilies. As shown in Figure 6, different superfami-

lies of TEs vary substantially in terms of the degree of

enrichment/underrepresentation in introns of different

genes. Again, we used an EI to quantify the degree of

enrichment or underrepresentation. Here the EI refers to

the percent difference between the average TE length in

genes involved in an individual biological process com-

pared with the average of all processes. Only genes

involved in two biological processes are enriched in all

superfamilies of TEs, with genes involved in two other bio-

logical processes associated with underrepresentation of

every superfamily of TEs. Particularly, MULEs have unique

preferences compared to other TEs. For instance, most TEs

are enriched in genes involved in regulation of gene

expression and epigenetic pathways (GO:0040029), with

LINE retroelements being 147% enriched, whereas MULE

elements are not significantly enriched (Figure 6). MULEs

are the only elements enriched in genes involved in cellu-

lar homeostasis (GO:0019725) and the only elements

underrepresented in genes involved in translation

(GO:0006412) (Figure 6). Copia retroelements are the sole

TEs enriched in genes related to pollen–pistil interaction

(GO:0009875), with other elements underrepresented in

these genes (Figure 6). Gypsy retroelements are the only

TEs enriched in genes involved in response to extracellular

stimulus (GO:0009991) and cell communication

(GO:0007154). Although LINEs are much more enriched in

introns than SINEs (Figure 3), the two superfamilies of TEs

seem to have a common preference for genes in different
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Figure 5. Comparison of the Dicer-like 3 (DCL3) gene structure in Arabidopsis, grape, and sacred lotus. Top, Nn (Nelumbo nucifera) DCL3 (107 kb); bottom, At

(Arabidopsis thaliana) DCL3 (7.3 kb, AT3G43920, TAIR10); middle, Vv (Vitus vinifera) DCL3 (28.6 kb, GenBank accession No. NC_012010.3, 1 757 859–1 786 478,

GeneID: 100254311). Blue boxes indicate exons of genes, white boxes indicate UTRs, triangles indicate transposons denoted by color, black and horizontal lines

represent non-transposon intron sequences. Triangles stacked on top of other triangles signify a nested insertion. Green and red dots signify transcription start

and stop sites of the genes, respectively. Dash lines of blue exons denote regions of homology of coding regions between grape and other species.
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biological processes (Figure 6), consistent with the notion

that they share transposition machinery.

Although the total TE abundance does not vary dra-

matically in upstream or downstream regions of genes

(see above), individual TE superfamilies exhibit insertion

differences, particularly retrotransposons (Figures S5 and

S6). Among those, Gypsy retroelements are more abun-

dant than other retrotransposons in flanking regions (Fig-

ure 3a) and are enriched in the upstream regions of genes

involved in pollen–pistil interaction (GO:0009875, EI = 85)

(Figure S5). Interestingly, Gypsy retroelements are more

enriched in the downstream regions of this group of genes

(EI = 214, Figure S5), together with Copia retroelements

(EI = 162, Figure S6). As mentioned above, Copia retroele-

ments are also enriched in introns of genes involved in

pollen–pistil interaction. Therefore, both gene bodies and

the flanking regions of genes involved in pollen–pistil inter-
action are preferred targets for LTR retrotransposons in

lotus.

DISCUSSION

In this study, we analyzed and characterized the TE content

and diversity of lotus and showed that 59% of the genome

sequence is composed of TEs. Although TEs in lotus are

not as abundant as those in plants with larger genomes,

the distribution, diversity, and amplification dynamics of

some lotus TE families provide new insights into the co-

evolution between TEs and other components in the gen-

ome. The high-quality repeat library generated by this

study represents a useful resource for the community.

DNA transposons have replicated more substantially than

retrotransposons in lotus

It has been well established that amplification of TEs, par-

ticularly LTR retrotransposons, is responsible for the

expansion of plant genomes (Bennetzen & Wang, 2014).

The contribution of retrotransposons to the genome size is

attributed to their ‘copy and paste’ transposition mecha-

nism, which leads to a rapid amplification of LTR retroele-

ments (Michael, 2014). Nevertheless, the composition of

TEs in lotus challenges the assumption that retrotrans-

posons amplify more rapidly than DNA transposons. Simi-

larly to other plant genomes, a large portion of the lotus

genome is contributed by LTR retrotransposons. Solely

considering the copy numbers, which reflect the efficacy of

replication or retention, the copy number of DNA trans-

posons is much higher than that of retrotransposons

(Table 1). Retrotransposons occupy more genomic space

due to a larger average element length than DNA trans-

posons (3.14 kb versus 0.48 kb, Table 1), not due to higher

copy numbers or more substantial amplification. The

higher copy number of DNA transposons could be

explained by the observation that small TEs are more com-

petent for transposition (Zhao et al., 2015) or are more

likely to be retained due to less deleterious consequences

of their insertions. The lotus genome is not an outlier with

a high copy number of DNA transposons. In a previous

comparison of copy numbers and the genomic fractions of

different TEs among 12 angiosperm plant species, five
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species were found to have more DNA transposons than

retrotransposons in terms of copy numbers (Kejnovsky

et al., 2012), suggesting DNA transposons amplify as effi-

ciently as retrotransposons.

The most abundant DNA elements in lotus belong to

the hAT superfamily. A recent study indicated that the tar-

geting of hAT elements is not as precise as MULEs (Zhang,

Zhao, et al., 2020), which is consistent with our finding

that, among DNA transposons, hAT and Helitrons are more

uniformly distributed than others (Figure 3, Table 3). The

relatively low specificity may confer more potential targets

for insertions as an adaptive advantage. Unlike MULEs,

which target highly expressed genes, hAT elements prefer-

entially insert into moderately expressed genes (Zhang,

Zhao, et al., 2020). Given that highly expressed genes are

often subject to more selective constraints (Davidson et al.,

2012; Drummond et al., 2005; Koonin & Wolf, 2010), target-

ing moderately expressed genes may favor element reten-

tion. Moreover, the intensity of epigenetic silencing of a TE

family is positively correlated with the family copy number

in plants (Cheng et al., 2006; Hirochika et al., 2000; Noreen

et al., 2007); thus, the modest amplification of numerous

individual hAT families instead of the dominance of a few

families may prevent complete silencing of transposition

activity. Taken together, the size, diversity, and target

specificity of hAT elements may all contribute to the excep-

tional abundance of hAT elements in lotus.

Both classes of TEs occupy genic regions in lotus but are

concentrated in different domains

According to their locations in plant genomes, TEs can be

divided into two mutually exclusive groups: (i) one concen-

trated in large constitutive heterochromatic blocks found in

the pericentromeric regions, knobs, and TE islands (hete-

rochromatic TEs) and (ii) one that is found frequently near

or inside genes (genic TEs). The activity of those two TE

groups is regulated by distinct silencing mechanisms (Sig-

man & Slotkin, 2016). Among plants, the abundance of TEs

in genic regions in the lotus genome is exceptional, includ-

ing 25% by fraction (20% by copy number) within protein-

coding genes, with 53% of the genes influenced. This con-

trasts with Arabidopsis, where only 3% of TEs (by copy

number) are located within genes, including both protein-

coding and RNA genes (Le et al., 2015). This is not simply

attributed to the overall TE abundance in lotus since the

maize genome harbors many more TEs than lotus but TEs

are only located within a small subset (15%) of maize

genes (Anderson et al., 2019). In addition, TEs in the flank-

ing regions of lotus genes are closely adjacent to genes,

with a median distance of approximately 500 bp in both

upstream and downstream regions. As a comparison, only

a small subset (22%) of Arabidopsis genes have a TE

around genes and the median distance is 1089 bp to a

DNA TE and 8.6 kb for retrotransposons (Hollister & Gaut,

2009). For bread wheat (Triticum aestivum L.), a species

with an extraordinary abundance of TEs (85% of the gen-

ome), the median distance from a gene to an adjacent TE

is 1.52 kb at the 50 end and 1.55 kb at the 30 end (Wicker

et al., 2018). Accordingly, there is a high prevalence of TEs

inside or adjacent to genes in lotus compared to either

compact genomes (such as Arabidopsis) or expanded gen-

omes (such as maize and wheat).

In the lotus genome, the variation in the abundance

and composition of TEs among different genic regions

(even excluding exons) is much more dramatic than that

between genic and intergenic regions (Figure 2, Figure 3,

Table S4). DNA TEs are predominant in flanking regions,

whereas retrotransposons are enriched in introns, suggest-

ing the composition and impact of ‘genic TEs’ depends on

the exact genomic context. Due to selective forces, the dis-

tribution pattern does not always reflect TE target speci-

ficity. Nevertheless, the distribution pattern of some TEs in

lotus seems to be in accordance with their target speci-

ficity. For example, the enrichment of MULEs at the

upstream regions (Figure 3) is consistent with their target

specificity at the 50 end of genes (Dietrich et al., 2002; Jiang

et al., 2011; Liu et al., 2009). Based on our analysis, it is

likely that both flanking regions are associated with selec-

tion for small TEs, but the correlation between TE size and

the degree of enrichment is much more significant in

downstream regions than in upstream regions (Figure S3).

This may suggest that the distribution pattern of TEs in

downstream regions is largely shaped by the constraint for

disruption of function (such as the integrity of the poly-A

signal), while in upstream regions more targeting speci-

ficity by TEs is involved.

Previous studies based on model plants such as Ara-

bidopsis and rice indicated that miniature inverted trans-

posable elements (MITEs) are predominant in genic

regions including introns (Bureau et al., 1996; Feschotte

et al., 2002; Hua-Van et al., 2005; Kejnovsky et al., 2012).

Lotus represents a counterexample to these previous

observations with its large introns. Average introns in

model plants are rather small (Wendel et al., 2002); accord-

ingly, they contain limited amounts of TEs. Prevalence of

large introns has been reported for several gymnosperm

species, with giant genomes ranging from 10 to 31 Gb

(Guan et al., 2016; Nystedt et al., 2013; Stival Sena et al.,

2014; Voronova et al., 2020; Zimin et al., 2014; Zimin et al.,

2017). In addition, a few angiosperm plants have been

reported with large introns (average size 2 kb or longer),

including Phalaenopsis equestris, Liriodendron chinense,

and Ceratophyllum demersum (Cai et al., 2015; Chen et al.,

2019; Yang et al., 2020), yet the composition and enrich-

ment of TEs were not well studied in these species. In this

study, we show that intron size could be significantly

expanded in an angiosperm species with a moderate gen-

ome size of approximately 900 Mb. As a result, intron and

� 2022 The Authors.
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genome expansion does not have to be correlated with

each other. The largest contributions to intron size are

from Copia LTR retrotransposons and LINEs. Notably, DNA

transposons are more underrepresented in introns than in

any other regions (except exons) in the genome (Figure 2,

Table S4), suggesting introns are unlikely the preferred tar-

gets for DNA transposons, at least in lotus.

The abundance of TEs in genic regions may be influ-

enced by the asexual propagation and growth behavior of

lotus. Our analysis indicates that elements in introns are

much younger than those in intergenic regions (Figure 4),

suggesting accumulation of TEs in introns is due to recent

insertions, not because of low efficacy of exclusion com-

pared to intergenic regions. Lotus propagates through rhi-

zomes, which permits the genome to carry a masked

deleterious TE insertion over time instead of being

selected out immediately in the gametes. This provides

more opportunity for a TE insertion to be retained.

Certainly, a heterozygous TE insertion will require sexual

reproduction to be fixed in the genome, and in general,

selfing or inbreeding favors the retention of a TE insertion

due to the small effective population size and limited

recombination (Charlesworth & Charlesworth, 1995; Gle-

min et al., 2019; Wright et al., 2001). Lotus is considered to

be an outcrossing plant as an individual lotus flower is not

self-fertile because of a lag time between the maturation of

stigmas and that of stamens in the same flower (Shen-

Miller, 2002). Nonetheless, the rhizomes of lotus plants can

generate secondary and tertiary rhizomes. Over time, a

single plant forms a network of rhizomes, and their aerial

apices, leaves, and flowers can occupy an entire pond

(Shen-Miller, 2002). As a result, the probability of pollina-

tion between lotus flowers from the same plant is high,

which favors the fixation of TE insertions even if they

are slightly deleterious. This is consistent with the rather

low heterozygosity (0.03%) of the lotus genome (Ming

et al., 2013), suggesting the true outcrossing rate is low for

lotus.

Distinct composition and amplification dynamics of TEs

within a single genome

Given the possible selection against large elements in

flanking regions of genes (Figure S3), one question is

whether the complimentary enrichment of DNA trans-

posons and retrotransposons in introns and flanking

regions simply reflects the differential selection pressure

against insertions in different regions. In this scenario,

LINEs and Copia retroelements prefer genic regions, per-

haps due to the accessibility of open chromatin, and uni-

formly target flanking sequences and introns. Thereafter,

most of the insertions of LINEs and Copia retroelements in

flanking regions are purged out due to their large size,

whereas introns could tolerate large insertions so most are

retained. According to this hypothesis and logic, Gypsy

retroelements should be most underrepresented in flank-

ing regions since they are slightly larger than Copia

retroelements, yet they are more abundant in upstream

regions than Copia and LINE retroelements (Figure 3).

Moreover, the non-TGCA Copia retroelements are only

slightly shorter than the TGCA Copia retroelements

(Table 2) and the two types of retroelements are similarly

underrepresented in the flanking regions of genes (Fig-

ure 3b), indicating similar selection pressure against these

two groups of elements. Nevertheless, the non-TGCA

retroelements are much more enriched in introns than the

TGCA elements (Figure 3b), suggesting Copia retroele-

ments with non-canonical ends preferentially target introns

compared with their counterparts with canonical ends.

This is consistent with the observation that Tos17, a non-

TGCA Copia retroelement in rice, is enriched in gene bod-

ies but not upstream regions (Zhang, Zhao, et al., 2020).

Finally, SINEs are the smallest elements (Table 1) in the

genome. If the observed distribution is simply due to selec-

tion in flanking regions, one would expect SINEs to be

most abundant in flanking regions, yet SINEs are enriched

in introns but not upstream of genes (Figure 3). Accord-

ingly, while selection may play a role in the composition of

TEs in flanking regions especially downstream regions

(Figure S3), the enrichment of LINEs and non-TGCA Copia

retroelements in introns likely reflects their target speci-

ficity. Moreover, it is likely TEs employ different strategies

to target introns than flanking regions.

The comparison of retroelement ages between introns

and intergenic regions represents another piece of evi-

dence that the enrichment of LINEs and non-TGCA Copia

retroelements in introns is unlikely due to retention. As

shown in Figure 4, all LTR retroelements in introns are

much younger than their counterparts in intergenic

regions. Certainly, this observation does not exclude the

possibility that intronic elements are retained longer than

those in flanking regions, but it is evident that TEs in

introns are not retained for an extended time, and the turn-

over of elements in introns is likely more rapid than that in

intergenic regions (Figure 4). Moreover, it indicates that

the overall TE activity could vary dramatically within a sin-

gle genome; whereas introns harbor many recent inser-

tions of LTR retroelements, few have been inserted into

intergenic regions in the same time frame (Figure 4). The

dramatic differential insertion density (3.6-fold) of recent

elements (>97% LTR identity) between the intergenic

regions and introns could have a profound impact on gen-

ome structure. Due to the prevalence of old elements in

intergenic regions, it is possible that the TE retention rate

is higher in intergenic regions than in genic regions (Fig-

ure 4). However, it is unclear whether the retention rate (if

it is higher) in intergenic regions is sufficient to compen-

sate for the low insertion frequency. As a consequence, if

the differential insertion rate persists, the fraction of

� 2022 The Authors.
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intergenic regions might shrink and genic regions would

further expand.

The differential amplification dynamics of LTR

retroelements between intergenic and genic regions are

consistent with the notion that the regulation of the activity

of TEs is dependent on their genomic locations (Sigman &

Slotkin, 2016). Apparently, intergenic retroelements experi-

enced a certain level of amplification in the past (Fig-

ure 4a); thus, it is possible that the increased copy number

of individual families has triggered or enhanced silencing

mechanisms such as chromatin condensation in intergenic

regions. Upon loss of activity, the intergenic/heterochro-

matic TEs are usually in a deep silenced status (Sigman &

Slotkin, 2016); thus, they are less likely to be awakened by

environmental factors than TEs in genic regions. The

enhanced silencing for existing elements combined with a

lack of new active TEs through true outcrossing and hori-

zontal transfer may have resulted in attenuated TE activity

in intergenic regions in lotus.

A burst of Copia retroelements with non-canonical ends in

lotus

In this study, we detected eight different Copia retroele-

ments with non-canonical ends (Table 2, Table S3) com-

prising 26% of the total Copia retroelements. Such an

abundance of LTR elements with non-canonical ends has

not been reported for any other organisms. Certainly, this

is related to the relatively high abundance of Copia

retroelements in lotus. However, there are 12 additional

plant genomes associated with a higher fraction of Copia

retroelements than lotus (Table S1), so an abundance of

Copia retroelements is not always associated with the

prevalence of retroelements with non-canonical ends.

Alternatively, the termini of the retroelements in those spe-

cies were not carefully examined.

If the presence of retroelements with non-canonical

ends is due to the long-term co-evolution between the

retroelements and the transposition machinery (Du et al.,

1997), it is possible that some of the ancient lineages of

Copia retroelements coding for integrases have higher affini-

ties to non-TGCA ends than to TGCA ends. If that is the case,

one would expect retroelements to group monophyletically

with similar elements in other species, and it does occur in

two cases (Figure 1), so these two groups of non-TGCA

retroelements may have ancient origins. However, more

commonly lotus retroelements with different ends cluster

together, including some TGCA retroelements. This may

indicate that most non-TGCA retroelements in lotus are

derived from relatively recent mutations and have been

maintained since. Furthermore, it is known that sequence

swapping occurs among related LTR retrotransposons (Du

et al., 2010); this precludes us from rejecting the possibility

that sequence swapping is responsible for the intermingled

phylogeny of retroelements with different ends in lotus.

The abundance and composition of TEs may influence the

direction of evolution

Lotus TEs show variation in composition and amplification

dynamics in different genomic regions. Furthermore, these

TEs show various preferences for the genomic environ-

ments of genes in different biological processes. This

implies that genes involved in a certain biological process

are more permissive to TE insertions and that the ultimate

insertion spectrum depends on which TEs are active. If

Copia elements are mobilized, genes related to pollen–pis-
til interaction (GO:0009875) would likely be targeted (Fig-

ure 6). If Gypsy retroelements are activated, they are

preferentially inserted into genes involved in response to

extracellular stimulus (GO:0009991) and cell communica-

tion (GO:0007154). In the case of active LINEs, genes

involved in the epigenetic pathway would be predicted to

accumulate the most insertions (Figure 6).

TEs in genic regions could have genetic and epige-

netic impacts. Insertions in coding sequences (CDSs) are

high-probability candidates for deleterious effects. Even if

the insertion is located in a non-coding region, it is often

consequential. For example, untranslated regions (UTRs)

may contain motifs important for transcription or transla-

tion (Juntawong et al., 2014; Srivastava et al., 2018), and a

TE insertion may disrupt such regulatory elements. TEs

upstream (where promoters of genes are located) may

influence the transcription of the genes. In Arabidopsis, the

average gene promoter is within 500 bp from the TSS

(Korkuc et al., 2014). As the median distance from TEs to

the TSS is about 500 bp in lotus (see the Results section),

it implies that there are one or more TE insertions in pro-

moter regions of a large portion of lotus genes, which may

influence the function of these promoters. TEs in introns

may interfere with splicing, and a well-known example is

the LINE retroelement Karma in African oil palm (Elaeis

guineensis). This retroelement is located in a large intron

of an AP3-like B-class MADS-box gene in the flowering

pathway (Ong-Abdullah et al., 2015). When Karma is

hypomethylated, an alternative acceptor site inside the

retroelement is utilized, which causes mis-splicing of the

gene and leads to infertile fruits. In humans and

Caenorhabditis elegans, longer introns are associated with

a reduced level of expression (Castillo-Davis et al., 2002).

In plants, the relationship between intron size and expres-

sion level is controversial. In Arabidopsis, rice, and Picea

glauca, highly expressed genes have longer intron

sequences (Ren et al., 2006; Stival Sena et al., 2014). In

contrast, grape genes with large introns demonstrate

reduced expression levels compared to average genes

(Jiang & Goertzen, 2011). In Phalaenopsis equestris, the

expression levels of genes with TE insertions were lower

than those of their paralogs (Cai et al., 2015). Despite the

discrepancy, it is apparent that TE insertions in introns

� 2022 The Authors.
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may influence both the quantity and structure of tran-

scripts. Furthermore, a recent study indicated that genes

with more and longer introns are associated with lower

mutation rates in Arabidopsis (Monroe et al., 2022), so TE

insertions in introns may have a long-term impact on gene

evolution.

DNA methylation is one of the most important means

to control TE activity. In Arabidopsis, there is a negative

correlation between gene expression level and the density

of methylated TEs (Hollister & Gaut, 2009). Accordingly,

there is a ‘trade-off’ between the control of TE activity and

gene expression (Choi & Lee, 2020). If we assume an addi-

tive relationship of TE insertions to their impact on genes,

it appears that genes in different biological processes are

influenced to a different degree. TEs are enriched within

genes involved in regulation of gene expression, epigenet-

ics, DNA metabolic processes, and the cell cycle. Some

features (such as expression level or epigenetic status) of

those genes may make them more attractive for TE target-

ing. Alternatively, these genes could be more tolerant to

TE insertions given the presence of more and longer

introns. The underlying mechanism for differential TE

abundance among different genes requires further investi-

gation. Ironically, genes involved in epigenetic pathways

and DNA metabolic processes are the key to genome integ-

rity, yet it seems they are poor ‘sentinels’ for themselves. If

TEs preferentially target the genetic or epigenetic features

associated with those genes, this implies that TEs are not

only controlled by the genome surveillance machine, but

may co-evolve. On the other hand, if selection leads to

genes harboring large amounts of TE insertions, it may

suggest the activity of TEs is neutral or provides benefits

to the organism, such as novel splicing forms or suppres-

sion of mutation. Alternatively, if the cost of controlling TE

activity exceeds the benefit of such action, such as the neg-

ative impact on gene expression, TE activity will continue.

From this point of view, the relationship between TEs and

genes in the epigenetic pathway may represent a feedback

loop to maintain the activity of silencing at an optimal

level. Taken together, the composition and abundance of

transposons may not only influence genome size and gen-

ome structure, but also the path of evolution of non-TE

protein-coding genes.

EXPERIMENTAL PROCEDURES

Construction of repeat library

The lotus repeat library was built using the initial version of the
lotus assembly (Ming et al., 2013) and supplemented with the lat-
est assemblies when they were available (Gui et al., 2018; Li et al.,
2021). Repetitive sequences were mined using a variety of
approaches. LTR retrotransposons were collected using LTR_re-
triever (Ou & Jiang, 2018). SINE retroelements were collected
using AnnoSINE (Li et al., 2022). Non-autonomous DNA elements
were mined using the MITE-Hunter package with parameters as

recommended (Han & Wessler, 2010). Redundancy in the output
of LTR_retriever, AnnoSINE, and MITE-Hunter was reduced based
on the definition of family proposed by Wicker et al. (Wicker et al.,
2007). In this case, if two elements share 80% or higher identity at
the nucleotide level for over 80% of the length of the element, the
two elements were considered to belong to the same family and
only one sequence was retained. Subsequently, all entries (exem-
plars) in the non-redundant library were manually verified for their
boundary, terminal sequences, and target site duplications (TSDs).
See the next paragraph for details of manual curation.

The verified exemplars of LTR retroelements, SINE retroele-
ments, and non-autonomous DNA elements were then used to
mask the genomic sequence using RepeatMasker (http://www.
repeatmasker.org/) and the repetitive sequences in the unmasked
portion of the genomic DNA were further identified in a second
mining step using RepeatModeler (http://www.repeatmasker.org/
RepeatModeler.html). The output of RepeatModeler contains both
known and unknown repeats. The resulting sequences were first
filtered to remove putative gene families using BLASTX (Altschul
et al., 1990) and sequences matching non-TE proteins (E < 10�5)
were removed. The remaining sequences where the genome cov-
erage is ≥0.05% were manually curated to determine their identity
and 50 and 30 boundaries. This was done in a stepwise process.
First, the relevant sequences collected through RepeatModeler
were used to search and retrieve at least 10 hits (BLASTN,
E < 10�10) (Altschul et al., 1990) with the corresponding 100 bp of
50 and 30 flanking sequences. Second, recovered sequences were
aligned using DIALIGN2 (Morgenstern, 1999) to determine the
possible boundary between elements and their flanking
sequences. In this case, a boundary was defined as the position to
which sequence homology stops for over half of the aligned
sequences. Finally, sequences with defined boundaries were
examined for the presence of TSDs. To classify the relevant TEs,
features in the terminal ends and TSD were used. Each trans-
poson family is associated with distinct features in its terminal
sequences and TSD, which can be utilized to identify the element
(Wicker et al., 2007). The identification of putative autonomous
elements was assisted by their homology to known transposases
from Repbase (Bao et al., 2015). For intact LTR retroelements in
the repeat library, the 50 and 30 LTR sequences as well as 50-bp
flanking sequences of a single retroelement were aligned to exam-
ine the exact boundary of LTRs and TSDs.

Manually curated TE sequences from RepeatModeler were
supplemented with verified exemplars from LTR_retriever, Anno-
SINE, and MITE-Hunter to form the final repeat library, which was
used for subsequent analysis, and each sequence in the library
was considered as one family. The lotus repeat library is available
as Data S1.

Estimation of copy number and genomic fraction

The lotus repeat library was used to mask the genomic sequence
to determine TE coverage and copy number. RepeatMasker tends
to break down large TEs into multiple segments, so the following
procedures were developed to ascertain more accurate estimation
of copy numbers. If an element in the genomic sequence matched
a sequence in the repeat library over the entire sequence or if the
truncation was less than 20 bp on both ends, this copy was con-
sidered to be intact. If the element contains one end (truncation
less than 20 bp) it was considered truncated. If no end was
detected, it was considered a fragment, and the copy number was
estimated by comparing the length of the fragment or truncated
sequence to the full length of the element. For example, if a frag-
ment of the element was 200 bp and the intact element was 1 kb,

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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this fragment was considered to be 0.2 copies. The sole exception
was for LINEs, which tend to be truncated at the 50 end upon
insertion (Zingler et al., 2005). Since it was unclear whether a 50

truncated LINE was born truncated (copy number = 1) or trun-
cated after transposition, the copy number was considered to be
the mean between 1 and a real truncated element. For LTR
retroelements, a soloLTR, which refers to an individual LTR
sequence without being attached to the internal region of the
same element, was considered as one copy because it has been
derived from one intact element. For LTRs associated with internal
regions, one LTR was considered as 0.25 copies, so two LTRs rep-
resented 0.5 copies. A complete internal region of an LTR retroele-
ment was considered as 0.5 copies. If the status of the LTR
sequence was unclear, for example, a fragment, the copy number
was the mean between a soloLTR and LTR in a retroelement and
normalized by the full length of the LTR. For example, if the full-
length LTR (not including the internal region) was 1 kb in length, a
200-bp fragment of LTR was considered (1 + 0.25) 9 0.2/2 = 0.125
copies. The genomic fraction of TEs was estimated using the total
sequence masked by each superfamily with overlapping regions
between different entries only calculated once.

Phylogenetic analysis

The conserved motif 3 of the hAT transposase was defined follow-
ing Lazarow et al. (Lazarow et al., 2012), corresponding to Ac trans-
posase amino acids 682–751 (GenBank accession number
P08770.2). The curated nucleotide sequences for autonomous
hAT families in the lotus repeat library or from Repbase
(RepBase23.04.fasta) were translated and aligned with motif 3 of
the Ac protein sequence to obtain the corresponding regions. Fra-
meshifts were manually corrected and premature stop codons
were excluded. For hAT elements from other plants, sequences
from GenBank were also aligned to the Ac transposase to identify
regions containing the conserved motif 3. For LTR retroelements,
the conserved integrase core domain, corresponding to TNT amino
acids 481–592 (GenBank accession number P10978.1), of represen-
tative LTR retroelements was retrieved similarly. LTR retroelements
with various ends from grape were collected by LTR_retriever (Ou
& Jiang, 2018). The detailed information of elements used in the
phylogenetic analysis is shown in Tables S7–S9.

Sequences of the conserved integrase core domain from LTR
retroelements and motif 3 from hAT transposase were used to gen-
erate multiple alignments and resolved into lineages by generating
phylogenetic trees. Multiple sequence alignment was performed
by MUSCLE with default parameters (Edgar, 2004). Phylogenetic
trees were generated using the neighbor-joining method with
MEGA (Kumar et al., 2018). Support for the internal branches of the
phylogeny was assessed using 1000 bootstrap replicates.

The abundance of insertion density and fraction in genic

regions

The gff files of gene sequences (the NNU-MBE dataset) were
downloaded from the Nelumbo Genome Database (Li et al., 2021).
For each locus, the gene model with the longest CDSs was consid-
ered. Thereafter, genes with one or more of the following features
were excluded from subsequent analysis: (i) the CDS encodes less
than 50 amino acids; (ii) either no start codon or stop codon; (iii)
there is a stop codon within (not at the end of) the CDS; (iv) ≥50%
of the CDS is masked by the repeat library or the CDS is homolo-
gous to a known transposase (e = 1e�5); (v) ≥50% of the CDS is
inside the intact TEs identified in this study; (vi) ≥50% of the
introns are 10 bp or smaller. After filtering, a total of 28 455 genes
were retained. Thereafter the genic regions were divided into 2 kb

upstream (of the TSS), exons, introns, and 2 kb downstream (of
the TTS) based on the gff files of those genes. The remainder
of the genome was considered intergenic regions. See Data S2 for
the list of 28 455 genes used in this study.

The copy number and length of TEs in each genic region were
obtained by comparison between the coordinates of the genic
regions and the coordinates of the TE in the genome, based on the
RepeatMasker output of the assembly. If a TE was located at the
boundary of two regions, the copy number was calculated based on
the length distribution on each site. For example, if a TE that is 1 kb
in length is located at the boundary between an intergenic region
and the adjacent upstream region, with 200 bp inside the upstream
region, it was considered as 0.2 copies for the upstream region and
0.8 copies for the intergenic region. The TE fraction in each region
was calculated by dividing the total TE length by the total length of
the relevant region. The insertion density was calculated by dividing
the total copy number in each region by the total length. The
expected insertions and abundance in a region were calculated
using the average density of a superfamily multiplied by the length
of the region. The percent difference from expected (EI) was calcu-
lated as (observed insertions � expected insertions) � (expected
insertions) 9 100% if it was density-based. Fraction-based
EI was calculated as follows: (genome fraction in a specific
region � genome-wide average) � genome-wide average 9 100%.

The enrichment and underrepresentation of TEs in genes

involved in different biological processes

Using the CDSs of the 28 455 filtered genes a pipeline was devel-
oped in Blast2GO to assign GO terms (Conesa et al., 2005). The
CDSs were searched using BLASTX with default setting (E
value = 0.001), and the top three hits were retained using the Uni-
ProtKB protein database (https://www.uniprot.org/help/uniprotkb).
GO-Slim plant terms were assigned based on the top three hits,
resulting in 23 465 genes with GO-Slim plant GO terms. The average
TE abundance (bp/gene) for a certain GO term was obtained by
dividing the total TE length in all genes by the gene number in this
category. Similar to the last section, EI here refers to the percent dif-
ference between the average TE abundance of an individual GO cat-
egory and that of all GO categories, calculated as (TE abundance of
an individual GO category � TE abundance of all GO cate-
gories) � (TE abundance of all GO categories) 9 100%. The signifi-
cance of the difference was tested using the Kolmogorov–Smirnov
test at the 0.01 and 0.001 significance levels. To determine the possi-
ble FDR, groups of genes (with 67, 150, 346, and 1000 genes) were
randomly drawn from the gene pool and analyzed the same way as
genes in a real GO term. If the result turned out to be significant, it
was considered a false positive event. The simulation was repeated
1000 times for each gene group. The FDR was calculated as the num-
ber of false positive events in each experiment divided by 1000.
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