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Abstract
Background  Greater yam is a key staple crop grown in tropical and subtropical regions, while its asexual propagation 
mode had led to non-flowering mutations. How transposable elements contribute to its genetic variations is rarely 
analyzed. We used transcriptome and whole genome sequencing data to identify active transposable elements 
(TEs) and genetic variation caused by these active TEs. Our aim was to shed light on which TEs would lead to its 
intraspecies variation.

Results  Annotation of de novo assembly transcripts indicated that 0.8 − 0.9% of transcripts were TE related, with 
LTR retrotransposons (LTR-RTs) accounted for 65% TE transcripts. A large portion of these transcripts were non-
autonomous TEs, which had incomplete functional domains. The majority of mapped transcripts were distributed in 
genic deficient regions, with 9% of TEs overlapping with genic regions. Moreover, over 90% TE transcripts exhibited 
low expression levels and insufficient reads coverage to support full-length structure assembly. Subfamily analysis of 
Copia and Gypsy, the two LTR-RTs revealed that a small number of subfamilies contained a significantly larger number 
of members, which play a key role in generating TE transcript. Based on resequencing data, 15,002 L-RT insertion loci 
were detected for active LTR-RT members. The insertion loci of LTR-RTs were highly divergent among greater yam 
accessions.

Conclusions  This study showed the ongoing transcription and transpositions of TEs in greater yam, despite low 
transcription levels and incomplete proteins insufficient for autonomous transposition. While our research did not 
directly link these TEs to specific yam traits such as tuber yield and propagation mode, it lays a crucial foundation for 
further research on how these TE insertion polymorphisms (TIPs) might be related to variations in greater yam traits 
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Background
Greater yam (Dioscorea alata) is an important staple 
crop grown in tropical and subtropical region, which is 
also an orphan crop with 90% production comes from 
Nigeria, Benin, Ghana, Togo, and Cote d’Ivorie in West 
African [1]. As a dioecious and tuberous crop, it is usu-
ally vegetatively propagated by tuber instead of seeds to 
maintain desirable qualities. As a result, genetic varia-
tion in greater yam is not primarily the result of sexual 
recombination, but rather reflects variations in its innate 
genetic makeup. However, the reduced ability of sexual 
propagation is widely observed in tuber crops because of 
the domestication and diversification processes [2]. Yam 
was also characterized by a shift from sexual to vegetative 
propagation, and popular landraces in a hybridization 
programme have never flowered or have only flowered 
irregularly and sparsely [3, 4]. Without sexual propaga-
tion, the genetic variations may accumulate in somatic 
cells, including new insertions of transposable elements 
(TEs). The contribution of TEs contribute to greater yam 
genomic variations has not been studied.

TEs comprise a substantial proportion of plant 
genomes, such as accounting for 88% genomic sequence 
in the first maize telomere-to-telomere genome version, 
more than 80% in coconut palm [5, 6]. TEs could shape 
genome evolution, re-wire and fine-tune transcriptome 
by increasing transcript diversity and producing regula-
tory siRNA via providing novel promoters, splice sites, 
or polyadenylation signals, thus generating transcript 
diversity [7]. Research showed that TEs upstream genes 
could keep the genetic heterozygosity in inbred popula-
tion via balancing selection [8]. Most TEs were inactive 
in genome via epigenetic marks, in gametes the silenced 
status will be reenforced via epigenetic reprogramming 
and small RNA silencing [9–11]. However, a few TEs 
keep their active nature and continue to mutagenic activ-
ity [12–14], or more TEs might be reactivated under 
stress, specific developing stage, or genomic shocks [9, 
15, 16]. Identification and characterization of active TE 
loci in genome would shed light on the new TE insertion 
tendency.

Intraspecific TE insertion polymorphic (TIP) loci were 
considered to be caused by active TE loci within species, 
which represent a major source of intraspecific variation 
[17]. Active TEs identification based on whole genome 
sequencing (WGS) data were widely conducted in human 
and plants. Specific somatic TE insertions in epithe-
lial tumors were identified by using WGS data, which 

influenced the expression of genes that were commonly 
mutated in cancer [18]. Pan-cancer analysis of ~ 3000 
cancer genomes showed that long interspersed nuclear 
element caused the most frequent type of somatic struc-
tural variations (SVs) and mediated various types of 
SVs in cancer cells [19]. Moreover, based on WGS data, 
TIPs were detected for 3000 rice varieties and used for 
genome-wide association study which indicated that 
these new insertion events may be triggered by external 
stimuli [20]. More than 40 TIPs were found to be associ-
ated with agronomic traits in tomato based on 6,906 TIP 
markers [21]. These studies highlight the importance of 
TIP information in trait dissection and key gene valida-
tion, with important implications for breeding.

Direct evidence was also obtained by transcriptome 
data for active TEs. Studies conducted in human cells 
indicated specific TEs expressed in somatic cells were 
undetectable in bulk analyses, highlighting their con-
tribution to cell heterogeneity [22, 23]. In this study, 
we identified and characterized TE related transcripts 
in greater yam based on transcriptome datasets, and 
explored their original genomic loci. We also featured 
the subfamilies to which these active long terminal 
repeat retrotransposons (LTR-RTs) belong. Additionally, 
we analyzed TIPs among different yam accessions using 
WGS data, some of which were validated by polymerase 
chain reaction (PCR). We aimed to characterize active 
TEs and identify their new insertion loci in greater yam, 
which could be used for further trait variation dissection.

Methods
Plant materials
In this study, a set of 14 greater yam accessions were 
utilized for the detection of TE insertion/transcription. 
These accessions included Da5, Da40, Da70, Da86, Da88, 
Da90, Da94, Da95, Da154, Da191, Da207, Da218, Da280, 
and Da933. Among these, ten accessions were specifically 
chosen for TE insertion validation, namely Da40, Da70, 
Da86, Da88, Da95, Da191, Da207, Da218, Da280, and 
Da933. Furthermore, a total of twelve accessions were 
selected for reverse transcription polymerase chain reac-
tion (RT-PCR) validation, which comprised Da5, Da40, 
Da70, Da86, Da88, Da90, Da94, Da154, Da191, Da207, 
Da280, and Da933. Total RNA and DNA were extracted 
from the third and fourth leaves from the top of young 
plantlets cultured in the MS medium under the 16-hour 
day/8-hour night cycle. Total DNA extraction was done 
by the cetyltrimethylammonium bromide (CTAB) 

and its tuber propagation mode. Future research may explore the potential roles of TEs in trait variations, such as tuber 
yield and stress resistance, in greater yam.
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protocol, while total RNA extraction was conducted 
according to Xiao et al. (2012) [24].

Expressed TEs annotation and RT-PCR validation
Transcriptome datasets of greater yam were downloaded 
from the National Center for Biotechnology Informa-
tion website, and the detailed information was listed in 
Table S1a. We are using Da56 (4 transcriptomes), Da25 
(4 transcriptomes), DP (1 transcriptome), DW (1 tran-
scriptome), IB10 (1 transcriptome), T1-T4 (12 transcrip-
tomes), and MH1 (1 transcriptome) to represent seven 
greater yam accessions, each with different numbers of 
transcriptomes. There were no samples that overlapped 
with the accessions used for PCR or RT-PCR validation. 
De novo assembly of each transcriptome was conducted 
by the Trinity 2.2.10 [25]. HMMER (v3.4) was used to 
identify the conserved domains of deduced peptides from 
transcripts and screen for TE related proteins. Repeat-
Masker (v4.1.6) was used to identify putative TEs in the 
greater yam’s transcriptome (matched length ≥ 100  bp, 
score ≥ 250). The combination of these prediction results 
leads to the identification of transcripts containing TE 
related sequences. The family classification of TE related 
transcripts is based on the above two software annota-
tion results.

The determination of full-length, incomplete, and non-
coding TE transcripts was based on their deduced amino 
acid length, and the completeness of their conserved pro-
tein domain, which were obtained by the software Trans-
Decoder [26]. The domains of full-length TE were based 
on the reference suggested a unified TE system [27], 
while the amino acids shorter than 50 was considered as 
noncoding.

The TE related transcript identified in the above tran-
scriptome were used as reference sequences. Because 
the analysis is not including all transcripts from the 
transcriptomes, we used Fragments Per Kilobase Mil-
lion (FPKM) values to estimated their expression levels 
among different samples. The FPKM values of which 
were estimated by RNA sequencing (RNAseq) reads 
mapping and assembly by hisat2 and stringtie, respec-
tively [28–30]. The mapped reads for TE transcripts were 
visualized by IGV [31], and the heatmap of FPKM val-
ues were displayed by MEV4.0 [32]. The TE transcripts 
belonging to the Gypsy, Copia, Enhancer/Suppressor-
mutator (Enspm), Mutator-Don Robertson (MULE-
MuDR), PiggyBac Insertion Element from Harbinger 
(PIF-Harbinger), Long Interspersed Element (LINE), and 
hobo Activator Transposon (hAT) families were ran-
domly selected for RT-PCR validation. Ten pairs of prim-
ers were designed for TE transcripts validation via the 
software Primer 5 and listed in Table S2a.

Genomic mapping of TE transcripts and LTR-RTs 
subclassification
The v2.0 genome sequence of greater yam was down-
loaded from the Phytozome v13 website (https://phyto-
zome-next.jgi.doe.gov/) [1]. The identified TE transcripts 
were mapped to the reference genome by BLAST anal-
ysis with the parameters - identities > 95% and matched 
length > 90%. The distance of TE and the nearest genes 
were calculated based on their genomic location, while 
TE overlapped with genic regions, such as the promoter 
region (the 2  kb upstream region from the gene start 
codon), 3’ untranslated region (UTR, the 1  kb down-
stream region from the gene stop codon), intronic region, 
and exonic region, were determined based on the gene 
models of the v2.0 greater yam genome.

The LTR-RTs (Copia and Gypsy) in greater yam 
genome were screened by RepeatMasker (v4.1.6) and 
BLAST analysis by conserved reverse transcriptase pep-
tides from PFAM database. The full-length LTR-RTs and 
long terminal repeat (LTR) sequences were identified by 
LTR_finder [33]. The overlapped site of LTR-type TEs 
and mapped TE transcripts were identified via compari-
son of genomic location. The subfamilies of Copia and 
Gypsy are determined by phylogenetic analysis of their 
reverse transcriptase sequences through CLUSTALW 
[34], visualized via the unrooted phylogenic tree display 
in the iTOL website (v6, https://itol.embl.de/).

Analysis of active LTR-RT insertion sites analysis and PCR 
validation of TE insertions
Twenty-three LTR-RTs were randomly selected for 
insertion polymorphism analysis (LTR-TIPs). The LTR 
sequences were used as references to detection inser-
tion loci. Twenty whole genome resequencing datasets 
of greater yam were downloaded from the NCBI web-
site (Table S1b). The raw reads were analyzed via FastQC 
(v0.12.0) and further treated with Trimmomatic (v0.35, 
parameters were set as: LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:15 HEADCROP:8 MINLEN:36 
HEADCROP:15). The LTR-TIPs analysis pipeline fol-
lowed the software TRACKPOSON [20], combining with 
BLAST analysis for precise insertion loci. The LTR-TIP 
loci were identified when the pair-end reads with one 
read matched to LTR sequence and the other matched to 
the greater yam reference genome. The supported reads 
were more than three in one sample, but could lower to 
two reads for other samples with the same LTR-TIP loci. 
Thirty-three pairs of primers were designed for LTR 
sequences and the corresponding flanking sequences to 
validate LTR-TIP loci (Table S2b).

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://itol.embl.de/
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Results
Active TEs detected in greater yam transcriptome
We analyzed a collection of 24 transcriptomes in this 
study, comprising eight transcriptomes produced in-
house (Da56 and Da25), and 16 transcriptomes sourced 
from the NCBI website for tuber (2), inflorescence (1), 
bulbil (12), and leaf (1) tissues (Table S1a). The transcripts 
assembled de novo by the Trinity software for each acces-
sion - Da56 (4 transcriptomes), Da25 (4), DP (1), DW 
(1), IB10 (1), T1-T4 (12), and MH1 (1) underwent analy-
sis using RepeatMasker and HMMsearch. The integra-
tion of findings from RepeatMasker and HMMsearch 
revealed that the TE-related transcripts in the examined 
transcriptome range from 604 to 1,639, constituting 
approximately 0.8 − 0.9% of the assembled transcripts 
in total (Table 1). Retrotransposons accounted for three 
to four times more transcripts than DNA transposons, 
with LTR retrotransposon (LTR-RTs) was the dominant 
type. Among LTR-RTs, the Copia and Gypsy types were 
the two most common main types, accounting for 43% 
and 22% of the detected TEs, respectively. Among DNA 
transposons, the EnSpm (9%) and hAT (7%) transposon 
family were the top two DNA transposons (Fig. 1A).

Because active TEs could cause genetic variation 
through their genomic insertion events, we analyzed the 
characteristics of these TE transcripts to determine if 
they contained full protein sequences necessary for trans-
position. Our findings revealed that a significant portion 
of these transcripts were non-autonomous TEs with 
incomplete functional domains (Fig.  1). More than 50% 
of TE-related transcripts were shorter than 2 kb in all TE 

classes, and the majority of transcripts were shorter than 
4  kb (Fig.  1B). Three TE families – Copia, Gypsy, and 
Enspm - were considered to have long coding regions, but 
75% to80% of transcripts were shorter than 2 kb. We pre-
dicted the amino acid sequences for all TE-transcripts. A 
few full-length autonomous TEs were detected in Copia 
(1%), Gypsy (3%), LINE (2%), and Enspm (5%) families, 
which had full length amino acid sequences longer than 
1000 aa (Fig. 1C). The proportion of full-length TEs was 
related to their coding sequences length for hAT (21%), 
MULE-MuDR (24%), PIF-Harbinger (29%), and Caulimo-
virus (34%), with TE family of shorter sequences having 
more full-length TE-transcripts detected. In addition, 
a considerable amount of non-coding transcripts with 
deduced peptide length shorter than 50 aa were detected, 
which accounted for 40% in Copia (the most) and 10% in 
LINEs (the fewest). Therefore, the dominant proportion 
of these active TEs were truncated or noncoding, which 
would not cause severe genomic variations by their own.

Active TEs located in low gene density region
The transcripts related to TEs were aligned with the v2.0 
genome sequence of greater yam [1]. We found 3,520 out 
of 6,878 transcripts were mapped to the genome with 
identities ≥ 95% and coverage ≥ 90%. This left approxi-
mately 49% of TEs showing considerable divergence from 
the reference genome. Taking into account transcripts 
mapped to multiple loci and overlapping transcripts loci, 
a total of 13,796 unique TE loci were identified. This cor-
responds to about 2.8 active TEs per 100 kb and they are 
unevenly distributed across the chromosomes (Fig.  2). 

Table 1  Transposable elements detected in greater yam transcriptome datasets
TE Class Da56 Da25 DP DW IB10 T1-T4 MH1
DNA Transpson 260 169 165 180 256 374 162
MULE-MuDR 46 28 21 38 28 76 27
EnSpm 90 58 51 69 122 145 58
PIF-Harbinger 29 16 22 19 38 40 21
hAT 92 67 55 54 68 99 53
other 3 0 16 0 0 14 3
Retroposon 948 692 658 424 554 1265 772
LINE type 128 88 64 27 132 315 64
L1 124 82 54 26 132 309 51
RTE-BovB 4 6 10 1 0 6 13
LTR type 820 604 594 397 422 950 708
Copia 477 340 416 297 253 641 461
Gypsy 327 256 159 91 137 281 239
Caulimovirus 9 5 12 4 15 12 3
other 6 3 7 5 17 16 5
Total 1207 (1.7%) 861 (1.4%) 823 (0.8%) 604 (0.9%) 810 (0.9%) 1639 (0.2%) 934 (0.9%)
Note TEs from HMMsearch had c-value ≤ 1e-5, E-value ≤ 1e-5, while TEs from RepeatMasker had matched length longer than 100 bp and scores higher than 250. 
Transcripts from Da56 (SRR14574591 to SRR14574594) and Da25 (SRR14574587 to SRR14574590) were assembled from transcriptome datasets from leaf, stem, and 
tuber tissues. DP, DW, IB10, and MH1 represent the transcripts assembled from SRR1518381, SRR1518382, SRR3938623, and SRR9127739, respectively. T1-T4 represents 
the transcripts assembled from 12 transcriptomes - SRR7496967 to SRR7496972. The percentage indicates the ratio of TEs related transcripts to all assembled 
transcripts
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The highest density of the mapped TE loci (peaks of NO. 
TEs per 100  kb) more frequently appeared in the low-
density gene region, which was likely to be the centro-
meric and pericentromeric regions for all chromosomes. 
The average active TE density was highest in Chr6 (3.4 
TEs per 100 kb), and lowest in Chr4 (2.2 TEs per 100 kb) 
and Chr5 (2.1 TEs per 100 kb) (Table S3 and Fig. 2).

For 13,796 mapped TE loci, the average number of 
mapping loci is 3.9 per TE-transcript. However, among 
the seven main TE families, more than 70% of TEs were 
single copy for LINE and MULE-MuDR, followed by PIF-
Harbinger (60%), whereas only 20% of CMC-EnSpm TEs 
were single copy and 54% were 2 to 10 copies (Fig. 3A). 
DNA types TEs - hAT, CMC-EnSpm, and PIF-Harbinger 
had relatively higher proportion of 10 to 30 TE copies, 
while Gypsy and MULE-MuDR have the TE members 
with extremely high copies (more than 100).

Calculating the distance between TEs and the near-
est protein-coding gene of the active TEs indicated that 
84% of TEs were more than 2 kb away from genes, while 
16% of TEs may have an influence on gene status for their 
close distance (less than 2 kb) from the gene or overlap-
ping with the genic region (Fig. 3B). Out of the 9% of TEs 
(1,267) that overlapped with genes, 193 annotated genes 
were rechecked as TE-related proteins and excluded 

from Table 2. For the remaining 1074 TE loci, the major-
ity (88%, 949) were located in the intronic region and 125 
TEs were overlapped with exon sequences (Table 2). Out 
of the 125 TEs, 98% TEs were of the “truncated” or “non-
coding” type. Further analysis showed that the shared 
sequences between exons and TEs were short, compris-
ing mostly about 1%~2% of the TE transcripts. Mean-
while the remaining parts of the TEs were located in the 
intronic region or untranslated region, with short open 
reading frames that were frameshift (Fig. 3C). There were 
411 and 237 TEs located in the respect putative promoter 
and 3’UTR regions of the genes, respectively, which may 
influence the transcriptional status of the genes.

Most TE-transcripts have low expressions except for some 
conservatively expressed loci
Based on the transcriptome datasets we analyzed, the 
expression levels of most TEs were low. More than 50% 
TEs in Da25, Da56, and T1-T4 transcriptome have neg-
ligible expression levels (FPKM values < 1), while more 
than 90% TEs in all transcriptomes have FPKM values 
lower than 10 (Fig. 4A). TEs with high expression levels 
(FPKM ≥ 30) only account for 1–3% of TEs transcripts. 
Among truncated, noncoding, and full-length TE tran-
scripts, the full-length type had a higher proportion of 

Fig. 1  Composition and characters of active TEs in transcriptome. (A) Pie chart of different TE families from greater yam transcriptomes; (B) The transcript 
length proportions for different TE families; (C) The proportion of “full-length”, “truncated”, and “noncoding” TE transcripts on the left, and the schematic 
diagram of full-length TEs with complete functional domains identified in this study. The truncated TE transcripts were shorter than full-length TEs and 
lacked complete functional domains. The noncoding transcripts had deduced amino acids less than 50 aa
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high expression transcripts, which was consistent with 
the successful assembly of full-length transcripts due to 
high coverage RNA-seq reads (Fig.  4B). Most noncod-
ing TE transcripts have FPKM values lower than 10, with 

90% of them having a length between 200 bp and 500 bp. 
Additionally full-length and truncated TE transcripts 
exhibits a similar length distribution.

Fig. 2  The distribution of active TEs mapped to the greater yam genome. The TE density curves were set above the chromosome bars, which were TE 
numbers per 100 kb. The chromosome bars were color-coded to display the percentage of protein-coding genes per 10 kb window
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TEs with high expression levels were few in the tran-
scriptome, half of which were expressed specifically in 
one or two cultivars. Among the analyzed transcriptome, 
69 TE transcripts had FPKM values higher than 30 in 
one or more transcriptomes, with only 14 having high 
expression in most cultivars (Fig. 4C). Further analysis of 
these TE transcripts indicated that some were caused by 
wrongly assembled transcripts which containing both TE 
and non-TE genes, with low coverage of RNAseq reads 
supporting the structure (data not shown), while others 
had only TE sequences that were supported by RNAseq 
reads (Fig. 4C).

According to the transcriptome data, a set of twelve 
TEs representing eight TE families were randomly 
selected for expression detection (Fig.  5). Nine TEs 
showed expression in more than one greater yam acces-
sion, except for LTR/Gypsy-1 (Fig.  5, left). Six TE loci 
were expressed in most of the detected greater yam 
accession (10/12), while the remaining loci had specific 
expression in certain accessions. The expression pat-
tern was also observed in the 24 transcriptome datasets: 
hAT-Ac, LTR/Gypsy-2, and LTR/Copia-1 expressed in 
most samples, but the transcript for PIF-Harbinger and 

LTR/Copia-2 had specific high expression in DP, DW, 
and T1-T4 for the former and Da56 for the latter (Fig. 5, 
right). Based on the similarity of active TE detection, sets 
of accessions – Da40/Da154/Da191, Da70/Da88/Da90, 
and Da94/Da280 – had same TE expression pattern 
within groups (Pearson’s Correlation Coefficient: 1.0), 
but showed variable expression pattern between sets of 
accessions (PCC < 0.5).

Active LTR-RT sites contributed to the expansion of various 
subfamilies
LTR-RTs (Copia and Gypsy) account for a large portion 
of TEs distributed in genomes, as well as in TE tran-
scripts in transcriptomes. A total of 1141 full-length 
reverse transcription (RT) domains for Copia family 
were extracted from the greater yam genome and used 
for phylogenetic analysis. The phylogenetic tree indicated 
that the Copia family could be divided into 27 subfami-
lies (Fig. 6A). The numbers of Copia loci were divergent 
among different subfamilies: subfamily X (130), VII (120), 
V (113), and IV (110) had the most TEs members. On 
the contrary, subfamily VIII (7), XI (10), VI (10), and VIII 
(12) had the least TEs members (Fig. 6A). Classification 

Fig. 3  The copy number and position characteristics of active TEs with adjacent genes. (A) Copy number of mapped expressed TE loci for different TE 
classes; (B) The proportion of different distances between active TEs and the closest genes; (C) Three examples of active TEs overlapped with gene exonic 
regions. Blue arrows under the grey TE transcripts were predicted open reading frames
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of Copia TE transcripts into these families showed that 
the numbers of transcripts were highly different between 
subfamilies. Subfamily X and V were the top two, each 
having more than 100 transcripts. Half of the number-
ing less than 10, including subfamilies XVIII and XX, 
which had zero expressed loci (Fig.  6B, top). When 
considering the mapped TE transcript loci, subfamilies 
that detected more TE transcripts, such as subfamily V 
and X, also exhibited a higher number of active TE loci 
(Fig. 6B, middle). LTR-RTs with complete and same LTR 
sequences were considered as recently inserted TEs, but 
active Copia loci do not show a positive correlation with 
the LTR feature (T-test, p < 0.3). For the 27 subfamilies, 
the portion of active TEs with LTRs was similar between 
active Copia loci and those non-active in this study, 
except for subfamilies VII, XII, XIX, XXIII, XXV, and 
XXVII (Fig. 6B, bottom).

Moreover, 985 complete RT domain sequences of the 
Gypsy family were derived from the greater yam genome 
and used for phylogenetic analysis. The Gypsy family 
could be divided into 18 subfamilies. Subfamily I is the 
most abundant subfamily with 192 members, while the 
other subfamilies had less than 100 members (Fig.  7). 
The classification of Gypsy transcripts showed that each 
subfamily had fewer than 40 detected transcripts, with 

slightly more transcripts detected in subfamilies X, XI, 
XII, XV, and XVII (> 20). The percentage of active Gypsy 
loci was lower than that of active Copia loci, but the por-
tion of active Gypsy loci with both LTR sequences were 
higher than inactive loci (Fig. 7B).

LTR-RT insertion events were highly divergent among 
greater yam accessions
As LTR-RTs are dominant TEs in the genome and have 
accurate insertion borders for new insertions, 52  L 
sequences from the active TEs loci were selected for 
insertion polymorphism analysis. The phylogenetic tree 
constructed from these LTR sequences showed that they 
could be classified into 12 sub-groups: the top three sub-
group I (14), II (8), and III (13) had the most members, 
while the remaining sub-groups had one to three mem-
bers each (Fig.  8A). Based on resequencing datasets for 
twenty greater yam accessions, a total of 15,002  L-RT 
insertion loci for were identified. Among the 12 sub-
groups, sub-group I had the top number of detected 
insertion loci (7378), followed by subgroup IV (2768), III 
(1656), and VIII (1422), while subgroup IX (12), V (29), 
and VI (78) had the least insertion loci (Table  3). The 
number of detected LTR-RT insertion loci was positively 

Table 2  Numbers and location characteristics of active TEs near to the protein-coding genes
Chromosome Number of TEs

Overlapped with Exon Intron Promotera 3’UTRb

full-length truncated noncoding
Chr1 0 2 1 16 20 8
Chr2 0 1 1 47 17 12
Chr3 1 4 0 52 24 21
Chr4 0 2 1 52 21 6
Chr5 0 1 0 57 30 18
Chr6 0 4 5 43 13 8
Chr7 0 9 7 66 20 10
Chr8 0 0 0 54 13 16
Chr9 0 2 0 46 17 9
Chr10 0 4 3 38 16 17
Chr11 0 8 6 40 13 10
Chr12 0 4 2 29 17 8
Chr13 1 7 1 64 23 16
Chr14 0 1 1 50 32 11
Chr15 0 4 0 48 25 9
Chr16 0 0 0 50 19 12
Chr17 0 6 5 37 20 8
Chr18 0 4 7 54 16 13
Chr19 1 3 2 66 31 13
Chr20 0 9 5 40 24 12
Total 3 75 47 949 411 237
Note The head or end sequences of TEs overlapped with exons were classified as overlapped with exons. The three types of TEs - “full-length”, “truncated”, and 
“noncoding”-were determined according to their sequence length, the completeness of functional domain, as well as amino acid length. The deduced amino acid 
sequences shorter than 50 amino acids were considered as noncoding. a represented that TEs locating in the putative promoter as 2 kb upstream from the start code 
of the nearest genes. b represented that TEs locating in the 3’UTR region as 1 kb downstream from the stop code of the nearest genes
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correlated with the number of members in the subgroup 
(Pearson’s Correlation Coefficient: 0.66).

High divergence of LTR-RT insertion loci was detected 
among the twenty greater yam accessions (Fig.  8B 
and Table S4). The sample SRR13633111 had the least 
number of LTR-RT insertion loci (1287) detected, 
with approximately seven loci per million reads, fol-
lowed by SRR13633103 (2994, 20 loci per million reads) 
and SRR13633102 (3217, 17 loci per million reads). 
SRR13633101 had the highest number of LTR-RT inser-
tion loci, but the highest frequency for LTR-RT insertion 
detection is between 85 and 93 loci per million reads for 
SRR10552063, SRR10552064, and SRR10552065. The 
average LTR-RT loci per million reads is 52 (Table S4). 
The insertion loci of LTR-RTs were not correlated with 
the coverage of the resequencing datasets (Pearson’s Cor-
relation Coefficient : 0.07), but they do have a positive 
correlation with the length of the chromosome length 
(Table S4).

For the detected LTR-RT insertion loci, most of them 
(98%) were shared in two or more than two samples, 

with only 240 loci being unique to a single sample. The 
peak number of greater yam accessions sharing the 
same LTR-RT insertion loci is four samples, while two to 
seven greater yam accessions had more than 1000 shared 
LTR-RT loci (Fig.  8C). To validate these RT-LTR inser-
tion loci, 30 insertion loci were detected via PCR, which 
amplify partial LTR sequence and partial nearby genomic 
sequence. Primers were designed for LTR and flank-
ing sequences in ten greater yam germplasm (Fig. 8 and 
Figure S2). Among these insertion loci, 14 of them had 
expected amplicon lengths and dominant single bands, 
such as LTR-7069, LTR-3455, and LTR-179, which indi-
cated polymorphic insertion variations between greater 
yam accessions (Fig. 9 and Figure S1). For the ten acces-
sions used, present/absent variations for LTR-RT inser-
tion ranged from 3/10 (LTR-3455) accessions with a 
present band to 10/10 present (LTR-6369 and five other 
loci). For the rest of the loci, two to three bands were 
detected, including the dominant expected amplicons, 
which also demonstrated more variations with divergent 
bands pattern for all greater yam accessions.

Fig. 4  The expression characteristics of active TEs.(A) Compositions of active TEs in different greater yam transcriptome datasets with different expression 
levels: 0 ~ 1 (negligible), 1 ~ 10 (low), 10 ~ 30 (median), 30 ~ 100 (high), and > 100 (high). (B) Expression levels for three types of TE transcripts (“full length”, 
“noncoding”, “truncated”; detailed information in Table 1). (C) Heatmap of TE transcripts with FPKM ≥ 30 on the left and RNA-seq reads distribution of three 
TE transcripts on the right. The detailed information of the transcriptome datasets is the same as that in Table 1
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Discussion
TEs are critical force to drive genomic diversification. 
Many de novo genome sequencing and re-sequencing 
data has showed those genetic elements account for dra-
matic proportion in genome and highly variable between 
different individuals [17, 19, 21, 35–38]. In this study, we 
annotated and characterized TE-related transcripts in 
greater yam transcriptome via de novo assembly, explored 
their genomic location features and detected TIPs caused 
by active TEs. The active TEs and TIPs were compared 
between greater yam accessions to see their conserve-
ness and divergence. Overall, our results shed light on the 
transcription features of active TEs and how they con-
tributed to the expansion of present LTR-RT subfamilies, 
as well as their contribution to new TE insertions.

As we known, the vast majority of TEs in genomes are 
tightly surveilled and kept silenced, but still a few TEs 
loci or certain TE families are kept active [13, 39, 40]. 
In this study, the transcribed TEs accounts for 0.8–0.9% 
transcripts in transcriptome, while their inactive status 
or no extensive new insertion were partially assured by 
large proportion of truncated or noncoding transcript 
sequences: only 1–3% LTR-RTs transcripts have full-
length polyprotein needed for transposition (Fig.  1C). 
Moreover, more than 90% TE transcripts had low expres-
sion levels (FPKM < 1), which were similar ratio as for 
long noncoding RNAs [41]. Therefore, only a few TE 
transcripts could encode autonomous TE protein and 
had moderate or high expression levels. The mapped 
TE transcripts were enriched in the gene scanty regions 

Fig. 5  RT-PCR detection (left) and an expression heatmap (right) of twelve TE transcripts. The detailed information of the transcriptome datasets used in 
the image is the same as in Table 1. The marker used in the image is DL2000. The original gel images were listed in Supplementary Dataset File 3
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- pericentromeric and centromeric regions where are 
usually in silencing chromatin condition, which were 
also reported in greater yam genome sequence that 
TEs are strongly anticorrelated with gene distribution 
[1]. All these results suggested that TEs transcription 
is low frequency but ongoing. Despite the robustness 
of our mapping strategy of TE transcript used in this 
study, our analysis did not attempt to detect the precise 

transcription loci of these transcripts, which limits our 
ability to distinguish between active and inactive cop-
ies of the same retroelements. To address these limita-
tions, future research should incorporate complementary 
methodologies to achieve a more comprehensive under-
standing of TE activity, such as long-read sequencing, to 
precisely map transcription loci and confirm the activity 
status of TEs.

Fig. 7  Phylogenetic analysis of theGypsyfamily and the classification ofGypsytranscripts, genomic loci. (A) Phylogenetic tree constructed based on RT 
domain peptide for Gypsy TEs; (B) subfamilies of Gypsy transcripts (UP), genomic loci (Mid), and the proportion of Gypsy loci with LTRs (Bottom)

 

Fig. 6  Phylogenetic analysis of theCopiafamily and the classification ofCopiatranscripts, genomic loci. (A) The phylogenetic tree was constructed based 
on the RT domain peptide for Copia TEs; (B) subfamilies of Copia transcripts (UP), genomic loci (Mid), and the proportion of Copia loci with LTRs (Bottom)
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TE insertion within gene coding region or regulatory 
region will have sever effects on gene function, such 
disrupting coding sequence, provision of an alterna-
tive promoter, influencing alternative splicing events [7]. 
Among our mapped TE transcripts, 9% were overlapped 
within gene region and most were not inserted in the 
exon regions, with those overlapped exons only partial 
sequences were detected. Because we do not have the 
transcriptome for the greater yam that generated the ref-
erence genome, it is hard to determine the influence on 
the transcription status of these genes.

The annotated transcripts covered every main class of 
TE, while LTR-RTs (Copia and Gypsy) are the dominant 
types and have identical long terminal repeat sequences 
for new insertions. There are abundant studies showed 
active loci for LTR-RTs, such as in Citrus limon, straw-
berry, and sunflower [42–44]. The active TEs from Copia 
and Gypsy were preferentially clustered in certain sub-
families that usually had more TE members and a higher 
proportion of the LTR existence (Figs.  6 and 7). These 
results support the idea that TE transpositions are ongo-
ing, but with a preference for active TE loci that may have 
more chances.

TE transposition could happen in both somatic and 
germ cells, leading to genome mutation. Only half of TE 

transcripts were mapped to the greater yam reference 
genome, suggesting a high proportion of TE transcripts 
had restricted to certain yam accessions. This would 
bring ample intraspecies polymorphism. TE insertions 
polymorphisms (TIPs) analysis for 3,000 rice accessions 
found more than 50,000 TIP loci and most polymor-
phisms are found at very low frequency [20]. For WGS 
data of 602 tomato accessions, 6,906 TIPs were detected 
and disproportionately located within or adjacent to 
genes involved in environmental responses, most of 
which are low frequency variants [21]. When we ana-
lyzed 32 active LTR-RTs for TIPs analysis in this study, 
and detected 15,002 insertion loci, indicating that active 
TEs could contribute significantly to genome varia-
tion. The sample number with highest shared TIPs were 
four. This was due to the WGS dataset used containing 
same greater yam accession that were re-sequenced four 
times (Table S1b). Further PCR validation also con-
firmed that the results of TIP analysis are reliable and 
that some LTR insertion loci were conserved among 
different greater yam accessions. TIP is a form of struc-
tural variation, which could add genotypic information 
for genome wide association analysis. TIPs that over-
lapp with genic regions would be easier to deduce their 
influence.

Fig. 8  Phylogenetic analysis of LTR sequences used for TIP analysis and the characteristics of TIPs identified based WGS data. (A) The phylogenetic tree 
was constructed based on LTR sequences from active TE loci; (B) The number and subfamily composition of TIPs identified in twenty greater yam samples 
with WGS data (Detailed information listed in Table S1b); (C) Shared TIP loci among the twenty greater yam samples
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Conclusions
The cultivated greater yam is usually vegetatively propa-
gated by tubers, while its flowering ability is significantly 
hampered. Meanwhile, the transcription of TEs is ongo-
ing in cells, which could lead to continuous genetic varia-
tions. Active TEs account for 0.8 − 0.9% transcripts, most 
of which have low expression and incomplete protein 
for autonomous transposition. However, the active TEs 
contribute to new TE insertions and cause TIPs among 
greater yam accessions. Although most TEs were located 
in intergenic regions, there are some overlapped with 
gene regions. potentially influencing gene functions. 
Ongoing TE insertions are accurring happened in greater 
yam, leading to abundant TIPs, which could bring con-
tinuous genetic variation to this tuber crop and may 
result in phenotypic changes.
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