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Abstract
Transposable elements (TEs) are important components of eukaryotic genomes and compose around 30% of the genome of 
Rhinella marina, an invasive toad species. Considering the possible role of TEs in the adaptation of populations, we have 
analyzed the expression of TEs in publicly available spleen tissue transcriptomic data generated for this species after immune 
and stress challenge. By analyzing the transcriptome assembly, we detected a high number of TE segments. Moreover, some 
distinct TE families were differentially expressed in some conditions. Our result shows that several TEs are capable of being 
transcribed in R. marina and they could help to generate a rapid response of specimens to the environment. Also, we can 
suggest that these TEs could be activated in the germinative cells as well producing variability to be selected and shaped by 
the evolutionary processes behind the success of this invasive species. Thus, the TEs are important targets for investigation 
in the context of R. marina adaptation.
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Introduction

Rhinella marina is an invasive Anura species well adapted 
to diverse environments in different parts of the world and 
invasive populations have been well characterized at the 
phenotypic level, although the genetic basis of invasiveness 

was understudied until recently (Rollins et al. 2015). There 
is increasing evidence of rapid phenotypic adaptation of R. 
marina to heterogeneous climatic situations, e.g., extreme 
temperature and dehydrating conditions (Kosmala et al. 
2017, 2020a; Mittan and Zamudio 2019). Although some 
markers have been associated with the R. marina adaptabil-
ity (Rollins et al. 2015; Selechnik et al. 2019; Kosmala et al. 
2020b), a reduced overall genetic diversity was observed for 
invasive populations suggesting that genetic changes may 
not be the only mechanisms by which adaptation occurs 
(Selechnik et al. 2019).

The draft genome assembly of R. marina indicates a 
large fraction of transposable elements (TEs), around 30% 
(Edwards et al. 2018). The TEs are mobile components of 
eukaryotic genomes and are considered an essential source 
of genetic variability being able to act as drivers in adap-
tation and evolution (Schrader et al. 2014; Schrader and 
Schmitz 2019). Thus, concerning the large fraction of TEs in 
this invasive species, it is easy to wonder about the impact of 
these sequences in the adaptation of R. marina populations.

The TEs are divided into two major classes (Finnegan 
1989) based on their transposition intermediate: RNA (class 
I—retrotransposons) or DNA (class II—DNA transposons), 
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this last being the most abundant category in R. marina 
genome (Edwards et al. 2018). They are further separated 
into additional categories (such as orders and superfamilies) 
(Wicker et al. 2007; Kapitonov and Jurka 2008).

The activity of TEs in a genome can provide an oppor-
tunity for more rapid adaptation than would be possible 
from other mutations and consequently TEs can facilitate 
the adaptive potential of invasive populations (Stapley 
et al. 2015). Several pieces of evidence had demonstrated 
an increase of transcriptional activity of TEs under stress 
conditions that could result in new TE insertions (Goubert 
et al. 2017; Li et al. 2018; Oliveira et al. 2021; Wos et al. 
2021). Amplification waves can generate new opportunities 
to recruit regulatory elements from TEs as a substrate to cre-
ate or improve regulatory networks on host genomes (exap-
tation). Indeed several retrotransposons and DNA transpo-
sons contain transcription factor-binding motifs that could 
serve as cis-elements (such as enhancers) on the regulatory 
network (Jacques et al. 2013; Sundaram et al. 2014; Sunda-
ram and Wysocka 2020). Studies reveal TEs acting as cis-
regulatory elements on the stress-response via in individuals 
submitted to biotic or abiotic stressors (Salazar et al. 2007; 

Naito et al. 2009; Pietzenuk et al. 2016; Salces-Ortiz et al. 
2020). These outcomes reveal the impacts of these elements 
on genomic expression and their capacity to contribute to 
local adaptation.

Recently, the transcriptome of R. marina was evaluated 
under immune and stress challenge (Gardner et al. 2018) 
and based on the premise exposed above, we have evalu-
ated the transcriptional activity of TEs found in this data. 
We observed that a great amount of TEs are capable to be 
expressed in somatic cells and some were differentially 
expressed in the treatments. Our work highlights the impor-
tance of studying TEs as possible facilitators of R. marina 
adaptation.

Material and methods

Summary of study design

We used the RNA sequencing data of R. marina published 
by Gardner et al. (2018) to search for transcripts containing 
TEs (Fig. 1). Staring from the fasta files of transcriptome 

Fig. 1   The schematic workflow 
of the study. Four initial datasets 
based on Gardner et al. (2018) 
were submitted to searches of 
repeated sequences using nine 
tools using the PiRATE pipe-
line. Detected repeat sequences 
were filtered according to their 
length (minimum 300 bp) and 
clustered with CD-HIT-est to 
reduce redundancy. Putative TE 
sequences were automatically 
classified with PASTEC. By 
manual checking, sequences 
classified as noCat (uncatego-
rized), SSR, Potential Chimeric 
and Potential Host Gene were 
eliminated and the remaining 
sequences correspond only 
to TEs (total TEs). The TEs 
identified from datasets III, and 
IV were considered Differen-
tially Expressed TEs (DETEs) 
and were used as queries in 
local blastn searches against 
the R. marina genome. TEs 
copies were retrieved for basic 
characterization looking for the 
presence of ORFs, expected 
protein domains, and terminal 
repeats. Blue boxes represent 
bioinformatics tools, and gray 
boxes are tools implemented in 
PiRATE
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assembly provided by the authors, we used different tools 
to identity TEs in the final transcriptome and among the 
differentially expressed genes (DEGs) determined by the 
authors in different conditions (see below). Differentially 
Expressed TEs (DETEs) were subsequently characterized 
based on genomic copies.

Datasets

Gardner et al. (2018) obtained the RNA-seq data from male 
and female spleen tissues of R. marina under two treatments: 
(1) specimens submitted to an acute immune challenge of 
lipopolysaccharide (LPS) and (2) specimens submitted to 
LPS plus corticosterone, the main glucocorticoid produced 
in amphibians under stress. The transcriptome was generated 
using resulting reads from two randomly selected trimmed 
libraries from each treatment generating, after some filtering, 
a transcriptome assembly of 123.5 Mb containing 63,366 
transcripts. These authors found 155 DEGs comparing treat-
ment 1 with the control, 93 DEGs comparing treatment 2 
with control, and 29 comparing treatment 2 with treatment 
1. As the identity of some DEGs was not confirmed by the 
authors, we tested if they could have been derived from TEs. 
Thus, based on the fasta sequence data provided by these 
authors, we constituted four initial datasets for the current 
work: (I) final transcriptome assembly (63,366 sequences) 
and three datasets for DEGs (II) treatment 1 (LPS) versus 
control, (III) treatment 2 (LPS with corticosterone) versus 
control and (IV) treatment 2 versus treatment 1.

The TE composition of R. marina genome was compiled 
from Edwards et al. (2018) that have evaluated the genome 
using RepeatMasker. Here, we reanalyzed the TE table con-
tent to complement the classification into orders.

Detection and analysis of TEs

The schematic workflow of our study is shown in Fig. 1. We 
performed the detection of TEs using the pipeline PiRATE 
(Berthelier et al. 2018), applying the following programs to 
detect TEs: RepeatMasker (Smit et al. 1996), TE-HMMER, 
LTRharvest (Ellinghaus et al. 2008), Helsearch (Yang and 
Bennetzen 2009), MGEScan-nonLTR (Rho and Tang 2009), 
MITE-Hunter(Han and Wessler 2010), SINE-Finder (Wenke 
et al. 2011), TEdenovo (Flutre et al. 2011) and Repeat Scout 
(Price et  al. 2005). Detected sequences (only > 300 bp) 
from these tools were clustered with CD-HIT-est (Huang 
et al. 2010) to reduce redundancy and TE sequences were 
automatically classified with PASTEC (Hoede et al. 2014) 
following the Wicker et  al. (2007) classification sys-
tem. PASTEC results were manually filtered eliminating 
sequences classified as noCat (uncategorized), SSR (Simple 
Sequence Repeat), Potential Chimeric and Potential Host 

Gene. The remaining sequences correspond theoretically 
only to TEs (total TEs).

The transcripts of TEs identified as DETEs were used 
as queries in local blastn searches against the R. marina 
genome (GCA_900303285.1) for characterization of copies 
using a cutoff e-value threshold of e-10. All putative copies 
were recovered together with 5 kb of flanking regions. The 
presence of ORFs was analyzed using the NCBI ORFfinder 
tool, and the CD-search (Marchler-Bauer and Bryant 2004) 
was used to check for domains in the predicted protein 
sequences. In-house Python codes were used for filtering 
results and recovering sequences in different steps (available 
in https://​github.​com/​adril​udwig/​simpl​ebios​cripts). For each 
DETE, the CENSOR tool was used to find the most similar 
TE available in the Repbase (Kohany et al. 2006). MAFFT 
was used to align DNA sequences from genomic copies 
(Rozewicki et al. 2019) to establish the border of elements. 
The presence of target site duplications (TSDs) was verified 
by manual inspection of aligned copies.

Results and discussion

Several TEs are expressed in spleen tissue of R. 
marina

Gardner et al. (2018) have studied the differential gene 
expression in spleen tissues of cane toad comparing treat-
ments with LPS (immune challenge) and LPS plus exog-
enous corticosterone (immune and stress challenge). They 
observed that for the LPS challenge, genes encoding for 
cytokines that are involved in typical innate responses 
were significantly upregulated, while in the second treat-
ment, genes involved with cell-mediated immunity were 
downregulated, suggesting that acute stress may alter the 
immune response. Here, we investigate if TEs were found 
to be expressed and differentially expressed in the data pro-
duced by these authors.

First, we investigated the content of TEs in the final 
transcriptome assembly generated with reads from all treat-
ments, and thus, genes could have been expressed in one 
or more samples. Our searches against this transcriptome 
identified 16,867 fragments of repeats after redundancy and 
size filtering. From those, 4060 are classified as retrotrans-
posons, 1132 as DNA transposons while the remaining are 
other non-TE categories (Table 1; Supplementary Table 1; 
Supplementary file 1). The most abundant TEs concerning 
the number of different sequences identified are from the 
main retrotransposons orders, LINE (Long Interspersed 
Nuclear Element), DIRS (Dictyostelium Intermediate Repeat 
Sequence) and LTR (Long Terminal Repeat) and the clas-
sical DNA transposons from order TIR (Terminal Inverted 
Repeat). Although PASTEC usually misclassifies fewer TEs 

https://github.com/adriludwig/simplebioscripts
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than some other tools (Hoede et al. 2014), it is still possi-
ble that some non-TE sequences were misclassified as TE. 
This condition is particularly higher for non-autonomous 
categories of retrotransposons LARD (Large Retrotranspo-
son Derivatives) and TRIM (Terminal Repeat Retrotranspo-
sons in Miniature) and DNA transposons MITE (Miniature 
Inverted-repeat Transposable Element), but those represent 
less than 10% of TE sequences identified.

When we compare the result of TE content (number of 
distinct TE fragments) from the transcriptome with the pro-
portion of the genome that each TE makes up (Table 1), it 
seems incongruous, since TIR comprises around 18%, while 
the others comprise less than 5%. However, it is important 
to mention that the TE content found in the assembly tran-
scriptome does not take into account the intensity of expres-
sion of each TE neither their number of copies since this 
information is lost in the transcriptome assembly process. 
Thus, the discrepancies could be related to the proportion of 
transcriptionally active copies in each group (i.e., there are 
more transcriptionally active copies of retrotransposons than 
DNA transposons), or it could be only a matter of sequence 

diversity in each group (the diversity of transcriptionally 
active families is higher for retrotransposons than DNA 
transposons). Moreover, artifacts of transcriptome assem-
bly could generate split fragments that could be found more 
often for larger TEs as the retrotransposons.

Recently, Pasquesi et al. (2020) have shown that several 
vertebrate lineages, including amphibious, display high lev-
els of transcripts derived from TEs in somatic and gametic 
tissues. Even that most transcripts are derived from ancient 
TE families, the authors suggest the high level of TE-derived 
RNA in the cytoplasm may have secondary biological 
relevance.

Here, we also can predict that many or most of these tran-
scripts are derived from truncated copies that are unable 
to transpose. Still, the identification of such a high number 
of TE-containing transcripts indicates several copies are 
proficient in being expressed at some level with potential 
consequences to the host.

Some TEs were differentially expressed 
in treatments

As mentioned above, Gardner et al. (2018) has found some 
DEGs in the comparisons of treatments with control and 
between the two treatments. Some of these DEGs were not 
mapped to any known protein in the Uniprot database and 
remained unidentified by the authors. Interestingly, we found 
that some of them are derived from TE sequences. In the 
first comparison (Fig. 1, dataset II), from 155 DEGs, none 
were classified as a TE. On the other hand, when exposed 
to immune plus stress challenge (Fig. 1, dataset III), one of 
the 93 DEGs corresponds to a retrotransposon from order 
DIRS and was upregulated. In the third comparison (Fig. 1, 
dataset IV), a fewer number of DEGs were identified and 
four of them correspond to TE sequences: two retrotrans-
poson families from order PLE (Penelope-like), one up and 
the other downregulated, and two retrotransposon families 
from order LINE that were downregulated. The expression 
details are available in Table 2.

Analysis of the genomic copies revealed that most of the 
DETEs have genomic potentially active counterparts, i.e., 
structurally complete copies with preserved coding capac-
ity (Fig. 2).

Table 1   Summary of TE sequences found in this work in the R. 
marina transcriptome and genomic TE content compiled from 
Edwards et al (2018)

na not available

Order/type Number of distinct 
sequences

% in the genome

Class I
LINE 1334 4.624
DIRS 1331 0.805
LTR 1004 3.164
PLE 176 0.760
LARD 110 na
TRIM 75 na
SINE 30 0.286
Class II
TIR 838 18.64
MITE 149 na
Maverick 75 0.021
Helitron 58 0.656
Crypton 12 0.001

Table 2   Summary of expression result of DETEs identified in this work as compiled from Gardner et al. (2018)

Comparisons DETE ID transcript logFC P value FDR Direction

Dataset III DIRS family 1 TRINITY_DN110424_c0_g1_i9|m.92261 3.292486 2.87E−05 0.027456212 Upregulated
Dataset IV PLE family 1 TRINITY_DN112407_c1_g1_i5|m.52987 − 2.64145 9.56E−06 0.031864169 Downregulated

LINE family 1 TRINITY_DN104205_c0_g2_i1|m.67970 − 2.58467 1.95E−05 0.045786477 Downregulated
LINE family 2 TRINITY_DN112771_c1_g1_i1|m.78282 −1.58404 6.99E−06 0.026871663 Downregulated
PLE family 2 TRINITY_DN109415_c2_g2_i1|m.87728 2.964099 1.23E−06 0.008733918 Upregulated



339Genetica (2021) 149:335–342	

1 3

The DETE identified in Dataset III belongs to the order 
DIRS of retrotransposons since they encode a Tyrosine 
Recombinase (YR) protein instead of a DDE-integrase or 
endonuclease (EN), a diagnostic feature of this order (Poulter 
and Goodwin 2005; Poulter and Butler 2015) that is subse-
quently divided into four superfamilies (Ribeiro et al. 2019). 
We called it DIRS family 1 (Fig. 2a) and CENSOR result 
indicates the DIRS-24_XT (XT—from Xenopus tropicalis) 
as the most similar TE in the database (68% aa similarity. 
This element has the typical structure of members from the 
superfamily DIRS-like (Ribeiro et al. 2019), containing three 
preserved ORFs with a level of overlapping. The first ORF 
encodes a Gag-like protein that has the LAP2alpha domain, 
which is conserved in all DIRS-like families from X. tropical 
and X. laevis (Camilla Gazolla, personal communication). 
The second ORF encodes the Reverse Transcriptase (RT) 
and RNAseH (RH) domains, while the third ORF encodes 
the YR protein that contains the DNA_CRE_C domain in 

the C-terminal portion. Elements from superfamily DIRS-
like have inverted terminal repeat (ITR) and an internal 
complementary region (ICR) that is complementary to the 
beginning and end of the element (Poulter and Goodwin 
2005). The complete structure is not present in the copies 
that we have analyzed since we only found the ICR. Thus, 
these copies are probably no longer mobilized, but we can-
not rule out the possibility that potentially active copies were 
not correctly assembled. The upregulated transcript covers 
the region corresponding to the RT/RH domains.

The PLE families 1 and 2 correspond to putative actives 
families (Fig. 2b and c). Elements from order PLE encodes 
an RT protein that is more closely related to telomerase than 
to the RT from other retrotransposons and frequently, these 
elements have direct or inverted long terminal repeats (known 
as LTR-like) (Wicker et al. 2007). Both PLE families 1 and 2 
possess an ORF encoding the RT and EN (GIY-YIG_PLEs) 
domains and they harbor direct LTR-like structures of around 

Fig. 2   Representation of genomic counterparts of the R. marina 
DETEs found in this work. Colored boxes represent the ORFs and 
the reading frame is indicated. Red lines indicate the alignment of 
assembled transcripts. Red dotted lines in the transcript are non-
aligned regions and the dotted black line is a gap in the transcript. 
The elements and structures were designed nearly in scale. a DIRS 
family 1 containing three ORFs and the ICR. b PLE family 1 contain-
ing direct LTRs-like (green) and one ORF. c PLE family 2 contain-

ing direct LTRs-like (green) and two ORFs. ORF1 has no predicted 
domain. d LINE family 1 containing two ORFs and a poly-A tail. e 
LINE family 1 containing three ORFs and a poly-A tail. ORF1 has 
no predicted domain. Proteins and domains: LAP2alpha corresponds 
to the domain from Gag-like; RT and RH correspond to the Reverse 
Transcriptase and RNaseH domains; YR-Tyrosine recombinase hold-
ing the DNA_CRE_C domain; EN is the endonuclease domain that is 
distinct for PLE (GIY-YIG-PLEs) and LINE (L1-EN) elements
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500 bp and 820 bp, respectively. PLE family 2 has an addi-
tional ORF with no predicted domain. Target site duplications 
(TSDs) were not found for these families suggesting either 
degeneration or that they do not produce TSDs such as some 
other PLE elements (Arkhipova et al. 2013). The predicted 
protein of family 1 has the highest similarity (64%) with Penel-
ope-15_XL (XL – from X. laevis) while the proteins from fam-
ily 2 have the highest similarity with Penelope-8_XT (46.5%) 
and Penelope -5_DR (59%) (DR—from Danio rerio). The 
assembled transcripts for both families cover the RT and EN 
domains.

The two last DETEs identified are from order LINE, the 
classical so-called non-LTR retrotransposons (Fig. 2d and e). 
Both families encode the RT and EN (L1-EN) domains in dif-
ferent ORFs while family 2 has an additional 5’ ORF with no 
predicted domain. They have a poly-A tail in the 3’ end and 
conserved 11 bp-TSDs were detected. Family 1 has the highest 
similarity (55%) with L1-11_XT and family 2 has the high-
est similarity with L1-36_XT (ORF1–64% aa similarity) and 
L1-51_XT (ORFs 2 and 3–59% aa similarity). The assembled 
transcript from family 1 covers only the RT domain and the 
one from family 2 covers the entire element.

Several TEs are shown to be differentially expressed in dis-
tinct tissues and/or conditions in different organisms (Horváth 
et al. 2017; Lerat et al. 2017; Oliveira et al. 2021; Wos et al. 
2021). Recently, a single-cell RNA-seq approach indicates that 
many TEs are specifically expressed in distinct mammal cell 
types (including neural and immune cell lineages) and some 
are co-expressed with specific transcription factor genes in 
the corresponding cell types, suggesting these factors may be 
responsible for activating TEs (He et al. 2021).

Most DETEs transcripts that we identified contain start and 
stop codons suggesting they are functional protein-encoding 
transcripts, although we have no evidence of transposi-
tion activity. Further investigation should be carried out to 
understand the biological significance of the gene expression 
observed. Lanciano and Cristofari (2020) pointed that distin-
guishing transcripts derived from autonomous TE from those 
chimeric or pervasive intergenic transcripts is not a trivial 
task, but the TE expression itself can significantly influence 
cell physiology in different ways such as regulating the gene 
expression and chromatin accessibility and activating cellular 
signaling pathways.

Thus, finding TEs among the differentially expressed genes 
in R. marina spleen is an exciting result and intensifies the idea 
that TEs might have a role in rapid response to stress and new 
environments.

Conclusion

In the last years, a growing number of works are showing 
that increased TE activity might provide genetic diversifica-
tion in populations having a role in habitat expansion and 
adaptation of species (Vieira et al. 1999; Vieira and Biémont 
2004; Casacuberta and González 2013; Schrader et al. 2014; 
Stapley et al. 2015; Kofler et al. 2015; Schrader and Schmitz 
2019). The results presented here, show that several dis-
tinct families of TEs can be transcribed in R. marina under 
stress conditions. Although we do not have the information 
concerning the coding conservation of all transcripts, we 
can expect that some are from active copies and could lead 
to TE amplification. We can expand the idea that beyond 
the somatic cells, these TEs could be also activated in the 
germinative cells generating new herdable insertions with 
the potential phenotypic consequences. Consistent with this 
idea, Pasquesi et al. (2020) have shown that recently active 
TEs are expressed in both germline and somatic tissues 
across vertebrates.

As we mentioned, Selechnik et al. (2019) observed a 
reduction in genetic diversity from native to invasive pop-
ulations of R. marina and they suggest the importance of 
studies on plasticity and epigenetic changes to uncover the 
mysteries of rapid evolution. In this context, the expression 
of TEs could lead to regulatory changes helping to generate 
a rapid response of specimens to the environment. Thus, 
especially for species like R. marina that have a high TE 
content, these repetitive sequences are key targets for inves-
tigation in the context of species adaptation.
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