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of insertion time and the analysis at orthologous locations 
of insertions in diploid and allotetraploid coffee genomes 
suggest that Divo underwent a different and recent transpo-
sition activity in C. arabica and C. canephora when com-
pared to C. eugenioides. The analysis of this novel LTR-RT 
family represents an important step toward uncovering the 
genome structure and evolution of C. arabica allotetraploid 
genome.

Keywords  Coffea · Copia LTR-Retrotransposons · Divo · 
Bianca · Genomic evolution

Introduction

Transposable elements (TEs) are mobile genetic ele-
ments representing the main components of numer-
ous plant genomes such as rice (35%, International Rice 
Genome Sequencing Project 2005), grapevine (40%, The 
French–Italian Public Consortium for Grapevine Genome 
Characterization 2007), coffee-tree (Coffea canephora 
50%, Denoeud et al. 2014), orchids (60%, Cai et al. 2015), 
tomato (60%, Mehra et  al. 2015), bread wheat (80%, 
Brenchley et al. 2012), and maize (80–85%, Schnable et al. 
2009). They have the capacity to move from one locus to 
another within genomes, and for some of them to increase 
their copy numbers by doing so. Recently, it has been sug-
gested that TEs may also propagate via horizontal trans-
fer mechanisms among genomes of different species or 
even genera (Feschotte and Pritham 2007; Schaack et  al. 
2010; Fedoroff 2012; Dias et al. 2015; Gilbert et al. 2016; 
Lin et al. 2016; Panaud 2016). TEs are also considered as 
remarkable genome evolution drivers allowing genome 
adaptation and innovation through chromosome rear-
rangements, gene expression alterations and sometimes, 
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generation of new gene functions via molecular domestica-
tion of TE domains (Feschotte and Pritham 2007; Fontana 
2010). During the allopolyploidy processes, TEs may rep-
resent the most dynamic fraction of the genome with major 
changes in their copy numbers (Parisod et al. 2010).

The faculty of producing large amount of genomic and 
transcriptomic sequencing data, and the availability of 
whole-genome sequence data, have promoted the devel-
opment of bioinformatics tools to identify and to analyze 
genome components, including TEs (Lerat 2010). The 
large diversity of TEs led the scientific community to 
define a hierarchical classification, first separating elements 
according to their mode of mobility into retrotransposons, 
or Class 1 elements, and DNA transposons, or Class 2 ele-
ments. These classes were further subdivided into orders, 
super-families, lineages, and families according to their 
structural features and similarities (Wicker et al. 2007).

Among the class 1 elements, LTR-Retrotransposons 
(LTR-RTs) are the most abundant TEs in plant genomes. 
They represent a wide fraction of genomes ranged between 
14% in Arabidopsis thaliana (The Arabidopsis Genome 
Initiative 2000), up to 75% in maize (Schnable et al. 2009). 
LTR-RTs are divided into two super-families: Copia and 
Gypsy that differ mainly in their internal coding regions 
order (Wicker et al. 2007). Copia and Gypsy are composed 
of ancient and conserved lineages in plants (Wicker and 
Keller 2007) that can be phylogenetically classified based 
on their RT domain (Eickbush and Jamburuthugoda 2007). 
Copia and Gypsy LTR-RT may occupy different chromo-
somal locations as demonstrated by the available sequences 
of plant genomes (The Arabidopsis Genome Initiative 
2000; International Rice Genome Sequencing Project 
2005; The French–Italian Public Consortium for Grapevine 
Genome Characterization 2007; Paterson et al. 2009).

The recently released genome of C. canephora also con-
tains an important fraction of LTR-RTs of 42% (Denoeud 
et  al. 2014). The Gypsy elements clearly outnumber the 
Copia with 24.1% and 6.8% of the genome sequence, 
respectively. The remaining 11% is composed of unclas-
sified LTR-RTs and classes small in number like Bel/Pao, 
Caulimoviruses, Retroviridae.

Coffea genus belongs to the Rubiaceae family. It con-
tains 124 described species, originating from the inter-
tropic forests of Africa, western Indian Ocean islands, 
India, Tropical and SouthEast Asia, and Australasia (Davis 
et  al. 2011). All species are diploids with 2n = 2x = 22 
chromosomes (Bouharmont 1959; Louarn 1976), with the 
exception of the allotetraploid C. arabica, one of the two 
major cultivated species (Carvalho 1952). C. arabica has 
a recent origin (Yu et al. 2011), arising from hybridization 
between two wild diploid species: C. canephora, the other 
cultivated species (known as Robusta) and C. eugenioides, 
an East African wild species (Lashermes et al. 1999).

Previously, the two first LTR-RT elements identified in 
sequenced C. canephora Bacterial Artificial Clones (BAC) 
were called Nana and Divo. They were used to perform 
RBIP (retrotransposon-based insertion polymorphism) 
and REMAP (retrotransposon-microsatellite amplified 
polymorphism) analyses to study the species relationships 
within Coffea. Divo was particularly efficient at a low 
taxonomic level to resolve the genetic diversity within C. 
canephora, suggesting that the mobility of the Divo fam-
ily participated to the C. canephora differentiation (Hamon 
et al. 2011).

In this study, we describe a genomic overview of the 
Divo family, from the Bianca lineage, in C. arabica and its 
two diploid progenitors, C. canephora and C. eugenioides. 
The Bianca lineage has been described in barley, Arabi-
dopsis, and rice (Wicker and Keller 2007) and mentionned 
in other plant species (Kolano et  al. 2013; Marcon et  al. 
2015; Yin et  al. 2015). Matita, an element belonging to 
the Bianca lineage, was described more deeply in Arachis 
hypogaea, the cultivated allotetraploid peanut (Nielen et al. 
2012). Matita appears to be present in peanut genome for 
a long time, as its insertions have been dated around 3,5 
Mya. Its chromosomal distribution has been investigated 
by FISH experiments, which showed its presence mainly 
in distal regions of all the chromosomes. The annotated 
copies did not contain ORFs (stop codons and frameshifts 
in the putative coding regions) so the potential activity or 
non-activity of Matita has not been studied (Nielen et  al. 
2012). Since few data or characterizations of LTR-RTs 
from the Bianca lineage are available so far in plants, 
except in cultivated peanut, we selected this lineage, repre-
sented by the family Divo in coffee-trees, for further char-
acterization of LTR-RT families in Coffea. Divo have a rel-
atively short size (5 kb) and a moderated copy number. A 
RT domain-based phylogenetic analysis demonstrated that 
Divo belongs to the dicotyledonous section of the poorly 
known Bianca lineage. These elements are expressed and 
quite evenly distributed in the C. canephora genome. Dif-
ferences in the abundance and in the insertion chronology 
of Divo elements were observed among C. canephora, C. 
arabica, and C. eugenioides genomes, suggesting different 
dynamics and impact on diploid and allotetraploid genomes 
structural evolution.

Materials and methods

Genomic sources

A total of four coffee genome sequences were used in this 
study: C. canephora DH 200−94 (Denoeud et  al. 2014), 
accounting for 568  Mb of scaffolds and assembled into 
pseudo-molecules, including chromosome 0 (representing 
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80% of the estimated genome size i.e., 710 Mb); and three 
genomes sequenced with the single molecule real-time 
(SMRT, Pacific Biosciences—PacBio) sequencing tech-
nology: C. canephora (accession DH 200−94), C. arabica 
(accession Et39), and C. eugenioides (BU-A) account-
ing respectively for 679, 1060, and 789  Mb of unordered 
contigs. The C. canephora, C. arabica, and C. eugenioides 
PacBio genome sequences were generated under the Ara-
bica Coffee Genome Consortium (ACGC 2014).

Identification, classification and annotation of LTR‑RTs 
in C. canephora, C. arabica and C. eugenioides genomes

Potential LTR-RTs were de novo identified using the LTR_
STRUC (McCarthy and McDonald 2003) algorithm against 
the C. canephora published genome, and the C. canephora, 
C. arabica, and C. eugenioides PacBio genomes. The pre-
dicted elements were classified into Copia and Gypsy 
super-families according to BLASTX similarities (Alts-
chul et al. 1990) against a database of Gag and Pol domains 
(available at GyDB, http://www.gydb.org/ Llorens et  al. 
2011). LTR-RT predicted elements showing no similar-
ity with any GyDB domain were not retained for further 
analyses.

Reverse transcriptase‑based classification of LTR‑RTs

The amino-acid RT domain of all LTR-RTs recovered 
with LTR_STRUC from each genome was extracted as 
described in Guyot et  al. (2016), with a minimum length 
of 150 amino-acid residues. RT reference domains from 
GyDB were added to them to understand Coffea LTR-RTs 
affiliations in the Copia lineage. Aligned sequences were 
used to construct a bootstrapped neighbor-joining (NJ) tree 
(100 bootstrap replicates) edited with Figtree (http://tree.
bio.ed.ac.uk/software/figtree/).

Classification, annotation and characterization 
of the Bianca lineage and Divo LTR‑RT family

The coffee LTR-RTs seqences from the Bianca lineage 
were compared to known LTR-RTs from C. canephora 
and all elements from the Bianca lineage in plants (Wicker 
et al. 2007) using BLASTN. Sequences similar to Divo, a 
previously identified LTR-RT from C. canephora (Hamon 
et  al. 2011) were compared using dot-plot (Sonnhammer 
and Durbin 1996). To search for Divo similar elements in 
publicly available plant genomes, the sequence fragment 
of Divo described in Hamon et al. (2011) (NCBI accession 
HM755952.1) was used as query for similarity searches 
on the NCBI website (http://blast.ncbi.nlm.nih.gov/), 
using a BLASTX and BLASTN e-value cut-off of 1e−100 
and a minimum of 50% of identity over 50% of the query 

sequence length. Recovered elements were annotated using 
BLASTX and dot-plot alignments with reference domains 
(Gypsy Database 2.0 web site) (Sonnhammer and Durbin 
1996) and LTR_Finder (Xu and Wang 2007, http://tlife.
fudan.edu.cn/ltr_finder/). Final annotations were edited 
with Artemis (Rutherford et  al. 2000). Annotated ele-
ments were used for another phylogenetic analysis based 
on RT amino-acid domains as described in the previous 
paragraph.

Search for Divo elements in plant genomes

We searched for Divo LTR-RTs similar sequences in trans-
posable elements dedicated databases: RepBase (http://
www.girinst.org/, (Bao et  al. 2015)), the Plant Repeat 
Database (http://plantrepeats.plantbiology.msu.edu, Ouy-
ang and Buell 2004), and RetrOryza (http://retroryza.fr, 
Chaparro et al. 2007) using BLASTN. To better understand 
the evolution of the Divo family and its relationships with 
the Bianca lineage, we searched for sequences similar to 
Divo in eukaryote publicly available genome sequences 
using BLASTN and BLASTX (evalue < e−100), using four 
Divo sequences from C. canephora (Denoeud et  al. 2014 
and PacBio), C. arabica, and C. eugenioides (accessions 
#: KX767840, KX767841, KX767839 and KX767842). 
22 genomic sequences were recovered from 14 angio-
sperm species and their RT amino-acid domains were used 
to construct a NJ phylogenetic tree (Oryza sativa—acces-
sion #AC147802.2, A. thaliana—#AP002459, V. vinif-
era—#AM477556.1, Sorghum bicolor—#AF466199.1, 
Zea mays—#DQ493648.1, Rosa rugosa—#JQ791545.1, 
Theobroma cacao (Jurka 2014—accession #HQ244500), 
Fragaria vesca—#XM_004309244.1, Ipomoea trifida—
#AY4480105.1, Beta vulgaris—#GU057342.1, Arachis 
hypogaea—#HQ637177.1, Oryza rufipogon—#FO681399, 
Solanum lycopersicum—#AAK84483, M. truncatula—
#CM001223. Additional LTR_RT sequences from TAIR 
and RetrOryza database and LTR_STRUC output for A. 
thaliana, V. vinifera, and O. sativa).

Divo homologous elements were also specifically 
searched for and characterized from two reference plant 
genomes: Arabidopsis thaliana (GCA_000001735.1) and 
Vitis vinifera (GCA_000003745.2) available from TAIR 
(https://www.arabidopsis.org) and NCBI (http://www.ncbi.
nlm.nih.gov/). First, all potential full-length LTR-RTs were 
de novo searched with LTR_STRUC and compared by 
BLASTN with Divo elements identified previously. Sec-
ond, all LTR-RT sequences from Arabidopsis and grape-
vine previously identified and available in the Plant Repeat 
Database (http://plantrepeats.plantbiology.msu.edu/search.
html) were downloaded and compared by BLASTN with 
coffee Divo elements.

http://www.gydb.org/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://blast.ncbi.nlm.nih.gov/
http://tlife.fudan.edu.cn/ltr_finder/
http://tlife.fudan.edu.cn/ltr_finder/
http://www.girinst.org/
http://www.girinst.org/
http://plantrepeats.plantbiology.msu.edu
http://retroryza.fr
https://www.arabidopsis.org
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://plantrepeats.plantbiology.msu.edu/search.html
http://plantrepeats.plantbiology.msu.edu/search.html
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Copy number and insertion time of Divo in C. 
canephora, C. arabica, and C. eugenioides

Assessment of Divo copy number in of C. canephora 
(Denoeud et  al. 2014) and the C. canephora, C. arabica, 
and C. eugenioides PacBio genomes (ACGC 2014) was 
carried out with Censor (Kohany et al. 2006). A complete 
Divo element is considered when it contains both ORFs 
Gag and Pol and a minimum of 99% sequence identity 
between both LTRs. Such a sequence was found in the C. 
canephora genome and was used as a reference for simi-
larity searches (accession number #KX767841). A copy is 
considered if it covers a minimum of 80% of the reference 
sequence with at least 80% of nucleotide identity (Wicker 
et al. 2007) and a fragmented copy is considered if it cov-
ers a minimum of 20% of the reference sequence with at 
least 80% of nucleotide identity. Full-length copies were 
also extracted according to the following definition: 80% 
of nucleotide identity over 100% of the reference sequence 
length as well as potential solo LTRs (80% of identity over 
100% of the LTR sequence length). The genomic distribu-
tion of the identified elements in the C. canephora pseudo-
chromosomes was established using Circos (Krzywinski 
et al. 2009).

The insertion time of full-length Divo copies was esti-
mated based on the divergence of the 5′- and 3′-LTR 
sequences of each identified full-length copy. The two 
LTRs were aligned using Stretcher (EMBOSS), and the 
divergence (K) was calculated using the Kimura 2-parame-
ter method implemented in Distmat (EMBOSS). The inser-
tion dates (T) were estimated using the formula T = K/2r 
(SanMiguel et al. 1998) where we used average base sub-
stitution rates (r) of 1.3e−8 established by Ma & Bennetzen 
(2004).

Presence of Divo at orthologous locations in three 
coffee‑trees genomes

Insertion of full-length copies of Divo in C. canephora, C. 
eugenioides and C. arabica at orthologous locations among 
the three genomes were compared. As a first step, genomic 
regions containing full-length Divo copies were recovered 
from the C. canephora contigs adding 2 kb upstream and 
downstream the element. The recovered genomic fragments 
are then compared as queries using BLASTN (evalue 
1e−100) against the other two genomes. The best results 
(lowest e-values and highest scores) are then extracted and 
compared to the queries using dot-plot alignements (Son-
nhammer and Durbin 1996). Finally, dot-plot alignments 
are manually evaluated to classify the orthologous relation-
ships into the following categories: (i) queries are not con-
served and so no orthologous regions could be identified; 
(ii) queries are conserved within an orthologous region 

but the Divo element is not conserved, and (iii) queries are 
conserved within an orthologous region and the Divo ele-
ment is present at the same insertion site. These steps are 
repeated for the full-length copies of Divo in C. arabica 
and C. eugenioides.

Search for Divo potential expression in C. canephora 
tissues

RNA sequencing (RNA-seq) data generated under the C. 
canephora genome project (Denoeud et  al. 2014) from 
leaves, roots (C. canephora accession #T3518), stamen, 
and pistil (C. canephora accession #BP961) were used to 
identify the transcriptional pattern of reference sequences. 
The 130.106 RNA-Seq reads were cleaned using prinseq 
(Schmieder and Edwards 2011) and mapped against 18 
Divo sequences using Bowtie 2 (Langmead and Salzberg 
2012). The number of mapped reads per TE sequence was 
processed and RPKM (reads per kilo base per million) were 
calculated. A heatmap representing the expression profiles 
was computed using Heatmap3 package in RStudio (2012). 
Differential expression among available RNA-seq libraries 
was detected using Winflat (Audic and Claverie 1997) with 
significance threshold of 0.05 and Bonferroni correction. 
This analysis was performed with IDEG6 software (http://
telethon.bio.unipd.it/bioinfo/IDEG6_form/) (Romualdi 
et al. 2003).

Results

Copia LTR‑RTs in C. canephora, C. arabica and C. 
eugenioides genomes

Since LTR-RTs represent the main part of the TE fraction 
found in the C. canephora genome, we focused our anal-
yses on these elements, and more specifically on Copia 
LTR-RT lineages and families. LTR_STRUC identified 
1799 (588  Gypsy and 474 Copia), 7363 (2010 Gypsy 
and 999 Copia), 4346 (2153 Gypsy and 1080 Copia) and 
3591 (1632 Gypsy and 913 Copia) LTR-RT elements, for 
C. canephora (Denoeud et  al. 2014), and C. canephora, 
C. arabica, and C. eugenioides (ACGC), respectively. We 
specifically screened and filtered out LTR_STRUC poten-
tially complete elements according to similarities with 
the Copia-specific domains. The reverse transcriptase 
(RT) amino-acid domains of Copia recovered sequences 
were extracted and used for a NJ phylogenetic analysis. 
The analysis of the resulting NJ trees for C. canephora, 
C. arabica, and C. eugenioides shows that coffee RT 
Copia domains were classified into all five Copia line-
ages previously described in plants: Tork, Oryco, SIRE, 
Retrofit, and Bianca (Llorens et  al. 2009; Wicker and 

http://telethon.bio.unipd.it/bioinfo/IDEG6_form/
http://telethon.bio.unipd.it/bioinfo/IDEG6_form/
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Keller 2007, Fig. 1). References RT domains from other 
organisms Diatoms (CoDI), Fungi (Pseudovirus, pCretro) 
and Arthropoda (1731, Hemivirus) were found clustered 
outside of plant lineages that include coffee, according 
to their classification into Branch 1 and 2 (Llorens et al. 

2009). The diversity of Copia lineages appears very simi-
lar between the three species analyzed (Fig.  1). One of 
the smallest clades called Bianca and supported by strong 
bootstraps (Fig. 1), grouped together 12 sequences from 
C. canephora (Denoeud et al. 2014 and 13 sequences in 

Fig. 1   Phylogenetic analysis of 
LTR retrotransposons sequences 
predicted from C. canephora 
(A), C. arabica (B) and C. 
eugenioides (C) genomes. 
Phylogenetic trees were based 
on amino-acid alignments of 
the reverse transcriptase (RT) 
domains; 999, 1080, and 913 
amino acids, repectively, from 
C. canephora, C. eugenioides, 
and C. arabica genomes. The 
classification into lineages was 
done according to the RT refer-
ence domains (black branches) 
downloaded from GyDB. The 
Coffea sequences within the 
Bianca lineage are indicated by 
a red arrow, and lineages are 
indicated by brackets and names
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PacBio genome), 14 from C. arabica, and 12 from C. 
eugenioides.

Divo elements in C. canephora, C. arabica, and C. 
eugenioides genomes

In total, 89 full-length elements belonging to the Bianca 
lineage and recognized by LTR_STRUC or BLASTN in 
the four coffee genome sequences (Supplemental Data 1) 
were analyzed and annotated. The structure of these ele-
ments corresponds to the typical organization of Copia 
elements with two LTRs at each extremity and two ORFs: 
Gag and Pol containing the protease (PR), integrase (INT), 
reverse transcriptase (RT), and RNase H (RH) domains, in 
this specific order. The LTRs were 350 bp long and were 
terminated with the LTR consensus: 5′TG…CA3′. The 
overall length of complete elements (i.e., elements car-
rying two highly conserved LTRs and complete Gag and 
Pol ORFs) ranged between 5276 bp and 5636 bp (Fig. 2a). 
The Gag sequence (1065 bp long, separated from Pol by 5 
stop codons in all the elements found) presented similari-
ties with the UBN2 family domain (Pfam14223—nucleo-
tide position 718–942). UBN2 is a form of the peptide 
encoded by the Gag ORF frequently found in the Copia 
LTR-RT superfamily. A Zinc finger amino-acid motif 
(ZnF_C2HC, nucleotide position 1318–1365), involved in 
nucleic acids binding, is also found in the peptide encoded 
by this ORF. The Pol ORF (3501 bp), showed high similar-
ities with Gag_pre-integrase family (Pfam13976, position 
2050–2268), Integrase (INT) core domain (Pfam00665, 
position 2305–2655), Reverse transcriptase (RT) genes 
(Pfam 07727, position 4645–5085), and RNase-H (RH) 
domain (position 3637–4374), in this specific order. All 
these domains show high similarities with Copia LTR-RTs.

While the polypurine track motif (PPT, used for the 
synthesis of the complementary DNA strand) is found 
upstream the 3′ LTR, the primer-binding site (PBS) pre-
sents unusual sequence conservation (Fig.  2b). Among 
the 89 elements precisely analyzed here, only one (Acces-
sion #KX767840) showed a complementary sequence to a 
tRNA (tRNAIle (AAT)).

Similarity analyses between coffee full-length elements 
belonging to the Bianca lineage, known Bianca elements 
(Wicker et al. 2007) and known coffee elements showed a 
relatively good nucleotide conservation with Divo, a Copia 
LTR-RT element identified earlier in a C. canephora BAC 
sequence and used to assess insertion site polymorphism 
(Hamon et  al. 2011). Comparisons between Divo and a 
complete and potentially active element in C. canephora 
revealed by LTR_STRUC (Accession #KX767841) indi-
cated an overall percentage of nucleotide identity of 63.6% 
and a LTR percentage of identity of 58% and 56.7% for the 
5′ and 3′ LTR, respectively. This relatively low percentage 

of nucleotide identity is probably due to the absence of sev-
eral regions of the Divo element identified earlier (Hamon 
et al. 2011; Fig. 2c). This percentage is similar for all full-
length coffee-trees elements. Nevertheless, we named the 
novel annotated sequences, carrying the new group of RT 
domains similarly to the initial element discovered earlier: 
Divo. A reference Divo element was ascertained for each 
of the three Coffea genomes, based on the most conserved 
annotated sequence found. These references were used for 
different analyses when they needed a reference sequence. 
All the recovered sequences of Divo presenting a good con-
servation and no stop codon in the RT domain were used in 
RT-based phylogenies, which confirmed their affiliations to 
the Bianca lineage and the Divo family (Supplemental data 
2).

We also searched for the transcriptional pattern of the 
Divo family using RNAseq reads (Denoeud et  al. 2014) 
from leaves, roots, stamen, and pistil mapped on the 18 
Divo sequences found in C. canephora published genome 
with LTR_STRUC. Transcriptional pattern suggested tran-
scriptional modulation when vegetative tissues (leaves or 
roots) are compared to reproductive tissues (stamens or 
pistils). Seventeen Divo exhibited differential expression 
between leaves or roots versus stamen or pistil, while only 
seven presented differential expression between leaves and 
roots and none between pistils and stamen. In addition, a 
lower degree of expression of these retrotransposons was 
detected in pistil and stamen when compared to leaves and 
roots (Supplemental data 3).

Copy number estimation and insertion time of Divo 
elements in C. canephora, C. arabica and C. eugenioides

One hundred and ninteen, 204, and 132 copies of Divo 
were, respectively, found in C. canephora (Denoeud et al. 
2014), C. canephora, C. arabica, and C. eugenioides 
ACGC sequences (Table  1). Besides looking for highly 
conserved copies (100% of coverage and ≥80% of iden-
tity), less conserved or fragmented copies (80% of identity 
on at least 20% of the total length) and solo LTRs (Devos 
et al. 2002) were also detected. Higher copy numbers were 
obtained for C. canephora ACGC sequences, probably due 
to the completeness of the sequencing technology used. 
Interestingly, C. eugenioides showed a higher Divo total 
copy number when compared to C. canephora, but with the 
notable exception of full-length copies. The allotetraploid 
genome of C. arabica contains the highest total Divo copy 
number. However, for each category, the number of copies 
in C. arabica is lower than the sum of its diploid progeni-
tors. The ratio of solo LTR to full-length or “intact” ele-
ments was in a similar order of magnitude for C. canephora 
(4.7:1 and 3.4:1) and C. arabica (5.4:1), but three times 
higher for C. eugenioides (16.8:1). In the annotated C. 
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canephora pseudo-molecules, the Divo family, whatever 
the status of the copy (full-length, “80–80,” fragmented or 
solo LTR), appears equally distributed along TE-rich and 
gene-rich regions (Supplemental data 4).

Complete copies LTR sequences (80–100%) were 
used to calculate their nucleotide divergence and estimate 
their insertion times in C. canephora, C. arabica, and C. 

eugenioides according to the substitution rate established 
by SanMiguel et  al. 1998 (Fig.  3). Our analysis indicates 
relatively recent insertions of Divo in C. canephora and in 
C. arabica (at 0–0.5 Mya), while in C. eugenioides, two 
more ancient peaks (at 0.5–1 and 1.5–2 Mya, red line) are 
detected. Interestingly, the second ancient peak observed 
in C. eugenioides is also detected in a lesser extent in C. 

Fig. 2   Structure of the Copia 
LTR-RT Divo. a Structural 
features of the Divo family. 
The complete Divo element 
was identified in C. cenephora 
genome (KX767841). Gag and 
Pol ORFs are separated by five 
stop codons. LTR long terminal 
repeats, PBS primer-binding site 
(black triangle), PPT polypu-
rine tract (open triangle), UBN2 
ubinuclein 2 domain, INT inte-
grase, RT reverse transcriptase, 
RH RNAse H. b Web-Logo 
representation of the PBS of 
Divo full-length copies found in 
(c) canephora and C. arabica. 
c Dotter alignment between 
the fragmented Divo (Hamon 
et al. 2011, HM755952) and 
a complete Divo element 
uncovered by LTR_STRUC 
in C. canephora (KX767840). 
Asterisks regions absent in Divo 
but present in the complete 
element. # Regions present in 
Divo but absent in the complete 
element. The positions of LTR 
are indicated

5,636 bp

LTR 5’ LTR 3’

PBS PPT

Gag INT RT RH

CGTTATCAGCACGA ACATCCAAGGGGAG5 stop codons

1,065 bp 3,051 bp

UBN2

ORF2ORF1

A

B

C
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arabica (purple line), showing a good conservation of 
copies from the C. eugenioides parental genome in the 
allotetraploid.

Comparison of orthologous regions of full‑length Divo 
insertions between C. canephora, C. arabica and C. 
eugenioides

Insertion sites of 39, 37, and 20 Divo full-length copies 
were mined in C. canephora, C. arabica, and C. eugen-
ioides genomes, respectively, with their location given by 
Censor (Kohany et  al. 2006). 31 specific insertion sites 

are represented by blue, purple, and red squares, respec-
tively (Fig. 4). In orthologous regions, 16 copy sites are 
shared between C. canephora and C. arabica (blue stars), 
six between C. arabica and C. eugenioides (red stars), 
and one between C. canephora and C. eugenioides (blue 
and red stars at 0,7 My). Twenty-four copy sites are 
shared between the three genomes (yellow circles). Copy 
sites shared between the three genomes are dated from 
0.8 × 106 up to 3.2 × 106 years. In C. canephora, specific 
copy insertions are dated from 0 to 3.1 × 106 years.

Table 1   Estimation of the copy 
numbers of Divo elements in 
the C. canephora genome (*, 
Denoeud et al. 2014) and C. 
canephora, C. arabica, and C. 
eugenioides genome sequences 
(§, PacBio)

Number of intact 
copies (80–100)

Number 
of copies 
(80–80)

Number of 
partial copies 
(20–80)

Number of 
solo LTRs

Solo LTR/
intact copies 
ratio

Total

C. canephora* 28 119 199 132 4.7:1 478
C. canephora§ 41 129 212 142 3.4:1 524
C. arabica§ 37 204 351 201 5.4:1 793
C. eugenioides§ 20 132 223 336 16.8:1 711

Fig. 3   Estimation of insertion 
times of Divo elements in coffee 
genome sequences. The LTR 
sequences of 178 full-length 
elements uncovered from C. 
canephora, C. arabica, and 
C. eugenioides genomes were 
used to estimate insertion time 
using the substitution rate of 
1.3 × 10−8 (Ma and Bennetzen 
2004). Blue, red, purple, and 
green lines represent inser-
tion times respectively in C. 
canephora, C. eugenioides, 
C. arabica, and C. canephora 
(Denoeud et al. 2014)
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Divo elements in plant genomes

Only one element found in Repbase called Copia_12 
(http://www.girinst.org/2014/vol14/issue9/Copia-12_
TC-I.html), showed significant similarity with Divo (76% 
of nucleotide similarity between internal regions and 
48.1% between the LTRs). Copia_12 was annotated in 
the Theobroma cacao genome (Argout et  al. 2011), but 
the element was neither characterized nor classified. Dot-
plot alignment between Divo (Accession #KX767841) 
and Copia_12 confirmed the overall conservation of the 
elements structure with the exception of the LTR regions 
(only 52% of identity), suggesting that Copia_12 may 
belong to the Divo family and so that the Divo family 
is not restricted to the Coffea genus (Supplemental data 
5). We also checked the identity between our sequences 
of Divo from Coffea and the Matita element from Ara-
chis duranensis (accession #JQ040302). The identity 
between Matita and the reference copies of C. canephora 
(Denoeud et al. 2014) and C. canephora, C. arabica, and 
C. eugenioides PacBio is of 53.7, 57, 57.2 and 57.1%, 

respectively. These percentages of identity indicate that 
Matita could effectively be a Divo element, but with a 
different history in Arachis genomes, leading to a signifi-
cant sequence divergence with the Divo family from Cof-
fea. Moreover, Matita is not complete and probably quite 
degenerate, explaining the weak percentages of identity 
with complete Divo elements.

Using four Divo sequences from C. canephora (Denoeud 
et  al. 2014 and PacBio), C. arabica and C. eugenioides 
(accessions #: KX767840, KX767841, KX767839, and 
KX767842) as references (best intra-LTR sequence con-
servation: 97.4, 99.4, 99.4, and 99.7%, respectively, and 
longest ORF for Pol region). We searched for Divo in pub-
licly available plant genomes. 22 genomic sequences were 
recovered from 14 angiosperm species and their RT amino-
acid domains were used to construct a NJ phylogenetic tree 
(Supplemental data 5). Divo from Coffea form one mono-
phyletic group inside the Bianca lineage. Interestingly, sim-
ilar sequences to Divo found in the previously mentioned 
plant genomes were separated into two clear clades, cor-
responding to monocots and dicots, suggesting the Bianca 

MYA 
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Fig. 4   Timing of insertion of Divo and comparative orthologous 
analysis in C. canephora, C. eugenioides, and C. arabica ACGC 
genomes. The vertical line on the right shows the divergence scale of 
LTRs for each element. The vertical line on the left shows the inser-
tion times in Mya estimated with the molecular clock of Ma and Ben-
netzen (2004) (1.3 e−8 substitution per site and per year). Peaks of 
insertions observed in C. canephora (0–0.5 Mya) and C. eugenioides 
(0.5–1 and 1.5–2 Mya) relating to Fig. 3 are symbolized by the blue 
and red triangles, respectively. The insertion sites are located accord-
ing to their estimated insertional time. Yellow circles represent Divo 
insertions at orthologous sites in the three species. The two horizontal 
gray dashed lines indicate the most recent (0.7 Mya) and the oldest 
(3.3 Mya) Divo elements present in the three species. Noted that for 
C. arabica, the most recent insertion is absent from one sub-genome. 

Insertions shared between two species are represented in blue or 
red stars according to the species involved. The most recent copies 
shared by C. eugenioides and one sub-genome of C. arabica in one 
hand, and C. canephora and the other sub-genome of C. arabica in 
the other hand both dated from 0.3 Mya. The oldest copies shared by 
C. canephora and C arabica on one hand, and C. eugeniodies and 
C. arabica on the other hand, both dated from 2.6 Mya. Divo inser-
tions present in only one species are represented by blue, purple, and 
red boxes respectively for C. canephora, C. eugenioides, and C. ara-
bica (represented by its two sub-genomes SG1 and SG2). Numbers 
in boxes indicate copy numbers at the site. Purple boxes between the 
two sub-genomes for C. arabica indicate unknown sub-genome iden-
tification for these insertions

http://www.girinst.org/2014/vol14/issue9/Copia-12_TC-I.html
http://www.girinst.org/2014/vol14/issue9/Copia-12_TC-I.html
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lineage is composed of two families: one for monocots and 
the other named Divo for dicots.

To further characterize Divo in dicots, we decided to 
annotate these elements in two reference genomes: A. 
thaliana (140  Mb) and V. vinifera (~500  Mb). A total of 
197 and 1,384 potential LTR-RTs were detected in these 
genomes by LTR_STRUC. Out of these, seven and 44 
sequences similar to Divo were recovered from the A. 
thaliana and V. vinifera genomes, respectively. The overall 
structure of these sequences is strictly similar to that of the 
complete Divo sequence (#KX767841) (Supplemental data 
6), including the total length of the elements (an average of 
6,071 bp for A. thaliana and 5,824 bp for V. vinifera) and 
the length of LTRs (335 bp on average for A. thaliana and 
314 bp on average for V. vinifera).

In A. thaliana, four copies are potentially functional 
since no frame-shift was present in the ORFs of these ele-
ments. One of these (called L34-161, LTRs identity of 
98.2%), displays a unique large ORF including the Gag and 
the Pol regions, as found frequently for Copia LTR-RTs 
(Peterson-Burch and Voytas 2002), but so far unique for all 
the Divo sequences analyzed. In grapevine, three sequences 
appeared potentially functional. One of them, called L107-
1314 (LTRs identity of 96.8%), seems the most conserved 
as it carries only one stop codon between the Gag and Pol 
regions, contrary to the two others.

Finally, an analysis of the putative PBS region in 120 
Divo sequences (from the copies of C. canephora, C. ara-
bica, C. eugenioides, Arabidopsis thaliana, Vitis vinifera, 
Brassica rapa, Medicago truncatula and Matita) indicated 
that only the first 14  bp of the PBS region is conserved, 
particularly the four nucleotides “TTAT,” while the 3′ ends 
were found more diverse (Fig. 2b).

Altogether these results suggest that Divo, the family of 
LTR-RTs described for the first time from complete ele-
ments, is actually conserved among a large panel of dicot 
plants.

Discussion

A novel LTR‑RT family conserved 
among dicotylodenous plants

We uncovered a novel LTR-RT family called Divo in dip-
loid and allotetraploid coffee-tree genomes. This family is 
related to a degenerated element previously annotated in 
a C. canephora BAC clone and used to study the relation-
ships between 32 Coffea species (Hamon et al. 2011). Divo 
was classified into the Bianca lineage using a phylogenetic 
analysis (Fig.  1 and Supplemental data 2) and because it 
shares the same key structural features with elements from 
this lineage such as the overall length of the element and 

LTR sizes (Wicker and Keller 2007; Nielen et  al. 2012). 
However, Divo-like homologous sequences were restricted 
to dicots, suggesting that the Divo family evolved specifi-
cally since the divergence between dicots and monocots.

Bianca is the most ancient Copia lineage as showed 
by our RT-based phylogenetic analysis (see also Piednoël 
et  al. 2013). Bianca elements have been initially detected 
in Triticeae, rice, Arabidopsis and alfalfa (Wicker and Kel-
ler 2007; Wang and Liu 2008). Whereas the Bianca line-
age was not found in soybean (Du et al. 2010), sugarcane 
(Domingues et al. 2012) or quinoa (Kolano et al. 2013), it 
was frequently found in Angiosperm genomes (Piednoël 
et al. 2013), confirming that this ancient lineage was spread 
along the Angiosperms divergence. The Bianca lineage 
was also frequently found with a moderated copy number, 
such as in Arabidopis, rice, peanut, eucalyptus, and poplar 
(Wicker and Keller 2007; Nielen et al. 2012; Marcon et al. 
2015; Natali et  al. 2015), with the exception in the pear 
genome, where Bianca represents the highest copy number 
lineage of all Copia elements (Yin et al. 2015).

Similarly to other Angiosperm genomes, Divo was 
found in coffee-trees with a moderate copy number, sug-
gesting that coffee host genomes may apply a control of the 
copy number of this family,

One of the main characteristics of the Divo family is an 
atypical PBS that did not show any strong complementary 
sequence to host tRNAs (Fig.  2). A PBS is usually com-
posed of 11 to 18 nucleotides complementary to a host 
tRNA that primes the reverse transcription of the element 
(Le Grice 2003). However, the detection of recent Divo 
element insertions based on the LTR divergence suggests 
potential recent mobility. Further studies, including the 
detection of circular dsDNA molecules, suggesting repli-
cative forms of the elements (Mirouze et al. 2009), might 
bring more evidence about the actual transpositional activ-
ity of Divo.

The comparison of the Divo alleged PBS (Fig. 2, CGT​
TAT​CAG​CAC​GA) with those of the families Romani in 
Arabidopsis (GTT​TAT​CAG​CAC​, Wicker and Keller 2007), 
Matita in peanut (TGT​TAT​CAG​CAC​, Nielen et  al. 2012) 
and Mtr13 in Medicago (CGT​TAT​CAG​CAC​GC, Wang and 
Liu 2008) suggest that it could be conserved in different 
families from the Bianca lineage. Other groups of LTR-RTs 
lacking PBS identification were previously characterized in 
Aedes aegypti (Minervini et al. 2009) and in Dictyostelium, 
(Leng et al. 1998), suggesting that these LTR-RTs may not 
need a functional PBS and/or that they could use another 
primer to accomplish their replication cycle.

Divo in diploid and allotetraploid coffee‑trees genomes

The time of LTR-RTs insertions in genomic sequences 
can be roughly estimated using the divergence between 
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LTR sequences of each element, as these regions are 
supposed to be strictly identical in an active copy at the 
time of each insertion. Since no specific substitution rate 
is available for Coffea, we used the one estimated by Ma 
& Bennetzen (2004) for rice LTR-RTs (1.3e−8 substitu-
tion per site per year), and often applied to other dicots 
and monocots LTRs divergence analyses (Vitte and 
Bennetzen 2006). Estimation of LTR-RTs time of inser-
tions in the studied Coffea species showed that these ele-
ments were differentially amplified in the last 2.5  My. 
The C. canephora ACGC genome contains more recent 
Divo copies than the other genomes and more than the 
published C. canephora genome (Denoeud et  al. 2014), 
which is probably a consequence of the higher quality 
and completeness reached by the sequencing technology 
(Fig. 3). Particularly, 18 recent insertions (100% of nucle-
otide conservation between their LTRs) were observed in 
C. canephora, suggesting that Divo was amplified and 
activated recently in this species, and with a lesser extent 
in C. arabica. On the contrary, almost no recent inser-
tions were detected in C. eugenioides (Fig. 4). This result 
is in agreement with the data obtained by Hamon et  al. 
(2011), where they showed that Divo is accompanying 
the C. canephora diversification but not that of the genus 
Coffea, including C. eugenioides. As we can observe 
recent and specific insertion sites in C. arabica (Fig. 4), 
Divo could yet also be active or would have been active 
in the actual C. canephora ancestor of C. arabica. On the 
contrary, C. eugenioides did not show recent transposi-
tions, while two discrete periods of activity at 0.5–1 and 
1.5–2 Mya were evidenced. Furthermore, a high number 
of solo LTRs were detected in C. eugenioides, suggest-
ing that the control of Divo copy number may be more 
efficient in this genome via unequal homologous recom-
bination mechanisms (Bennetzen and Kellogg 1997). The 
distinct periods of transposition and removal activities of 
Divo between C. canephora and C. eugenioides indicate 
a different evolution of the genome structural dynamics 
of these two diploids. As expected, the insertion peri-
odes of Divo elements within C. arabica genome share 
the pattern of both C. canephora, with a recent activity 
(0–0.5 Mya) and C. eugenioides, with a secondary and 
more ancient peak of insertions (1.5–2 Mya; Fig. 3). This 
pattern (common timing insertion with diploid ancestor, 
conservation of orthologous copies, and copy number 
estimation) suggests that the allotetraploid genome of C. 
arabica did not suffer of strong elimination or increase 
of Divo copy number following the allopolyploidization. 
This result differs from other LTR-RT families in allopol-
yploid genomes that underwent modifications of their 
copy numbers after polyploidization (Ainouche et  al. 
2009; Parisod et al. 2010). Further and wider comparative 
analysis of LTR-RTs between the C. arabica genome and 

its two diploid progenitors will bring interesting informa-
tion concerning the consequences of the polyploidization 
on the LTR-RTs dynamics and control in this model.

An evolutionary scenario for diploid and allotetraploid 
genomes divergence

We used the complete copies of Divo conserved in ortholo-
gous regions between the C. arabica genome and its two 
diploid progenitors, C. canephora and C. eugenioides, to 
better understand the evolution of their genomes. The rela-
tive time of insertion of Divo copies allowed us to propose 
an evolutionary scenario for the divergence time between 
C. canephora, C. eugenioides, and for the formation of C. 
arabica.

The relative time for the C. canephora and C. eugen-
ioides radiation can be investigated thanks to the conserva-
tion of Divo copies at orthologous sites, corresponding to 
Divo copies likely inserted in the common ancestor of the 
two diploid genomes. Such orthologous copies had an esti-
mated time of insertion ranging between 3.1 and 0.8 Mya, 
suggesting that the two species completely diverged at least 
0.8 Mya. However, Divo copies were also found specificaly 
inserted in C. canpehora or in C. eugenioides in the same 
time interval, suggesting a long period of radiation into 
two gene pools to give rise to the two species. The analy-
sis of all Divo copies (conserved and non-conserved) that 
inserted between 3.1 and 0.8 Mya in the two diploid ances-
tors, showed two waves of insertion (two peaks at 1.5–2 
Mya and 0.5–1 Mya) that occurred in C. eugenioides but 
not in C. canephora, suggesting a divergence in the activity 
of Divo during the process of radiation. Finally the clear 
amplification of Divo observed in C. canephora but not in 
C. eugenioides in the time interval of 0 to 0.5 Mya con-
firmed that the two species were already differentiated.

The relative time of C. arabica polyploidization event 
may be also estimated using the insertion time of conserved 
Divo at orthologous locations in the two sub-genomes. 
Since the last common Divo insertions at orthologous 
sites between C. arabica and C. eugenioides and between 
C. arabica and C. canephora were observed in the last 0.3 
Mya, we concluded that C. arabica is originated from a 
very recent hybridization, confirming previous estimation 
(Yu et al. 2011). Interestingly, Divo copies showing 100% 
of identity between the two LTRs (nine copies) were only 
found in the C. canephora genome strongly suggesting that 
Divo remains active in that species in a very recent time.

Coffea arabica is an allotetraploid species originated 
from a hybridization event that occurred between diploid 
species and taking place 46,000–665,000 years ago (Yu 
et  al. 2011). Understanding the mechanisms of genome 
modifications during the allotetraploidization may be of 
interest. Divo, a novel family of the Bianca lineage among 
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the superfamily Copia, is present in moderated copy num-
bers in dicots. Complete and potentially functional Divo 
copies were detected in C. arabica and its diploid C. 
canephora and C. eugenioides progenitors. The activity of 
the Divo family, and the mechanisms of control of its copy 
number played certainly a role in the differentiation of C. 
canephora and C. eugenioides genomes. Beside strucural 
impacts on genomes, its precise functional role remains 
to be elucidated. In the near future, a complete character-
ization of active transposable elements in C. arabica and 
its diploid progenitors will bring more insights into plant 
genomes divergence and evolution.
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