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At the opposite, for the insular species (Mascarocoffea), a 
strong variation of LTR-RT was observed suggesting dif-
ferential dynamics of these elements in this group. Two 
LTR-RT lineages, SIRE and Del were clearly differentially 
accumulated between African and insular species, suggest-
ing these lineages were associated to the genome diver-
gence of Coffea species in Africa. Altogether, the informa-
tion obtained in this study improves our knowledge and 
brings new data on the composition, the evolution and the 
divergence of wild Coffea genomes.

Keywords LTR retrotransposons · Partial genome 
sequencing · Coffea · Genome size · Geographic divergence

Introduction

Repetitive sequences are major components of plant 
genomes. Transposable elements (TEs), constituting the 
mobile part of the genomes, are divided into two main 
classes (Class I and Class II) according to their mode of 
transposition. They are hierarchically classified into orders, 
super-families, lineages, families and individuals within 
each class (Wicker and Keller 2007; Wicker et al. 2007). 
Class I elements known as retrotransposons, transpose via 
an RNA intermediate without movement of the master 
copy. This ‘copy-and-paste’ mechanism can theoretically 
lead to a rapid increase of the frequency of the original 
copy. Class II, or transposons move following a ‘cut-and-
paste’ mechanism or through DNA replication, resulting 
to low or moderate new inserted copies. Plant retrotrans-
posons include two major orders: Long Tandem Repeat 
retrotransposons (LTR-RT) and non-LTR retrotransposons. 
The first ones include two super-families: Copia and Gypsy 
that differ mainly in their coding region organization and 
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are composed of ancient conserved evolutionary lineages in 
plants (Wicker and Keller 2007). The second ones includes 
long and short interspersed nuclear element, LINE and 
SINE, respectively (Kumar and Bennetzen 1999; Wicker 
et al. 2007).

During the last 10 years, the accumulation of genomic 
sequencing data (Michael and Jackson 2013) indicated that 
TEs are the major component of plant genomes and that 
their accumulation could be correlated with the genome 
sizes (Ibarra-Laclette et al. 2013; Kumar and Bennetzen 
1999; Lisch 2013). LTR-RTs are the most redundant ele-
ments and in extreme cases, they can represent up to 80 % 
of plant genome sequences, suggesting that their propaga-
tion mechanisms are directly responsible of the genome 
size increase (SanMiguel et al. 1998; Schulman et al. 2004; 
Bennetzen et al. 2005; Hawkins et al. 2006; Dvořák 2009). 
Sometimes the propagation mechanisms induce a rapid 
accumulation, called a “burst”, of a few number of LTR-
RT families as demonstrated in the wild rice Oryza aus-
traliensis (Piegu et al. 2006). At the opposite, in maize, the 
accumulation of LTR-RT families was probably gradual, 
but leading to a considerable genome size increase when 
compared to the sorghum or the rice genome. However, a 
correlation between genome size variations and LTR-RT 
copy numbers was not established for the Zea genus (Mey-
ers et al. 2001), suggesting that the proliferation mecha-
nism of a few LTR-RT families per se cannot explain all 
genome size variations in plants. The host genome controls 
the level of transposition of LTR-RTs through epigenetic 
mechanisms (Bucher et al. 2012; Ito 2013; Ito and Kaku-
tani 2014) This control might be reduced under abiotic 
stresses (Todorovska 2007; Alzohairy et al. 2014; Kinoshita 
and Seki 2014), leading to an increase of transposition and 
suggesting that LRT-RT play a role in the genome adapta-
tion facing environmental changes (Casacuberta and Gon-
zalez 2013). However, so far no correlation was established 
between plant genome size and their habitat or phenotypic 
and life traits (Eilam et al. 2007; Knight and Beaulieu 
2008; Slovak et al. 2009; Dušková et al. 2010).

Next generation sequencing technologies provided pow-
erful tools to identify and characterize the repetitive frac-
tion of genomes even in large genomes such as wheat, bar-
ley or pea (Macas et al. 2007; Wicker et al. 2009). For these 
authors, an important advantage of the NGS sequencing 
lies in the limited bias obtained for the production of the 
sequences. Low-depth sequencing was effective in identify-
ing the most highly repeated sequences and in estimating 
their copy numbers in the pea genome (Swaminathan et al. 
2007), banana genome (Hribova et al. 2010) and in vesper 
bats (Pagan et al. 2012) and to study genome evolution at a 
genus or a family scale (Nystedt et al. 2013). It also allows 
identifying TEs insertion polymorphism accompanying 
clonal variation in grape (Carrier et al. 2012). The uneven 

distribution of TEs between wheat and barley (Wicker et al. 
2009), the genome size variation in the allotetraploid spe-
cies Nicotiana tabaccum, (Renny-Byfield et al. 2011) as 
well the composition and abundance of highly repeated 
TEs in ten Triticeae taxa (Middleton et al. 2013) were also 
studied via a 454 pyrosequencing genomic survey.

Ranked fourth among angiosperms, the young Rubi-
aceae family [90.4 My divergence time, (Bremer and Eriks-
son 2009)] comprises ca. 600 genera and ca. 13,600 spe-
cies. This family includes herbs, shrubs and trees growing 
naturally in overly diverse habitats (from desert to tropical 
sempervirente forests via temperate areas), altitudes (from 
sea level to over 2500 m) and soils. In this plant family, 
diploids are the most common and share the same basic 
chromosome number [x = 11 (Kiehn 1995)]. The Coffea 
genus, member of Rubiaceae, is the most known genus due 
to its major socio-economic importance worldwide (pro-
ducers in Southern countries and consumers in Northern 
countries). Accounting for 124 described species, all dip-
loids with 2n = 2x = 22 but C. arabica (allotetraploid), the 
natural distribution in inter-tropical forests of Africa and 
of Western Indian Ocean Islands was recently extended to 
India, Asia and Australasia (Davis et al. 2011). The recent 
sequencing of C. canephora (also called Robusta) genome 
showed that no whole genome duplication has occurred 
after the Asterid clade divergence, some 110 My ago 
(Denoeud et al. 2014). Moreover, comparative mapping 
between two divergent African genomes: C. canephora and 
C. pseudozanguebariae did not reveal any major chromo-
somal rearrangements (unpublished data). Despite struc-
tural conservations, a notable variation of genome sizes is 
observed among Coffea species. This variation ranges from 
469 to 900 Mb with a general pattern of increasing genome 
sizes from East to West in Africa (Noirot et al. 2003) and 
from North to South-East in Madagascar (Razafinarivo 
et al. 2012), suggesting a gradual accumulation of nuclear 
DNA, under speciation and adaptive processes of the spe-
cies. Recently, the C. canephora genome sequencing 
allowed the computational identification of TEs (Denoeud 
et al. 2014). They represent more than half of the available 
genome sequence, and among them, LTR-RTs are the most 
frequent order of elements (42 % of the genome). However, 
outside the C. canephora genome, no wide survey of TE 
composition has been conducted in the Coffea genus.

Here, we used a 454 sequencing survey of one tetraploid 
and ten diploid species representative of the botanical and 
geographical diversity of the genus Coffea to study and 
compare the composition and abundance of highly repeated 
transposable elements in their genomes. Using a genome 
coverage ranging from 3.2 to 15.7 %, the analysis of LTR-
RT composition and dynamics shows a clear difference 
between African and insular Coffea species, suggesting an 
ancient divergence. Contrary to previous hypotheses and 
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generally admitted idea, our results suggest that the Coffea 
species from Western Indian Ocean Islands and from Asia 
have diverged independently from their continental coun-
terparts. Furthermore, no strong activation of LTR-RTs was 
obvious in any species, whatever their genome size, sug-
gesting that other molecular mechanisms or general but 
limited variation in TE copy numbers are associated to 
genome size increases in the Coffea genus.

Materials and methods

DNA isolation and 454 sequencing

Leaves from Madagascan and Comorian species were 
obtained from the Kianjavato Coffee Research Station 
(KCRS) in Madagascar. The African species were sampled 
from the Coffea collection maintained at IRD (Montpel-
lier, France) or Nestlé R&D (Tours, France) greenhouses. 
The studied species belong to Chevalier’s (Chevalier 1942) 
botanical sections, i.e., Eucoffea (West and Central African 
species), Mozambicoffea (East African species), Masca-
rocoffea (species from the Western Indian Ocean Islands) 
and Paracoffea (species belonging to Psilanthus sub-
genus Afrocoffea). In total, we used seven Eucoffea, two 
Mozambicoffea, three Mascarocoffea and one Paracoffea 

accessions. Information on the accessions used, their origin 
and other used data are given in Table 1.

DNA was isolated from fresh or dried leaves using 
Qiagen DNeasy Plant Mini extraction kits following the 
manufacturer protocol. Quantity and quality of DNA was 
measured using a Nanodrop (ND-1000). The libraries con-
struction and Next Generation sequencing were performed 
at Nestlé R&D laboratory (Tours, France) according to the 
Roche/454 Life Sciences Sequencing Method using one 
Roche 454 GS Junior plate per accession. Data were sub-
mitted to GenBank, BioProject PRJNA242989. General 
information on 454-pyrosequencing is available in Table 1.

Sequences analyses

Quality of 454 reads was checked using FASTQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 
cleaned using Prinseq v0.20.4 (Schmieder and Edwards 
2011).

BLASTX searches (minimum e-value 10e−4) were 
first carried out on 454-reads against the RepBase amino 
acid sequence dataset (Kohany et al. 2006; Jurka et al. 
2005)—http://www.girinst.org/repbase/). BLASTN were 
carried out against Coffea coding sequence (CDS, http://
coffee-genome.org), the C. arabica chloroplast genome 
(EF044213) and rRNA sequence (X52320 and AY083685) 

Table 1  454 sequencing data for 11 Coffea Species

Botanical groups (Group) are those from Chevalier (1942) with EUC Eucoffea (species from West and Central Africa), MOZ Mozambicoffea 
(East Africa), MAS Mascarocoffea (species from Western Indian Ocean Islands), PSI Paracoffea
a The Eucoffea classification for C. charrieriana was not established by Chevalier since the species was recently described by Stoffelen et al. 
(2008). Therefore, its classification was assumed according to its geographical origin. Genome sizes are from Noirot et al. (2003) and Razafina-
rivo et al. (2012). The genome coverage is given in %

Species Accession Country of origin Group No. of 454 reads Total (bp) Mean size (bp) Coverage (%) Genome size (Mb)

C. arabica ET39 Ethiopia EUC 93,194 41,643,904 446 3.2 1300

C. arabica ET39 Ethiopia EUC 112,615 51,892,121 460 3.9 1300

C. arabica ET39 Ethiopia EUC 140,976 61,729,478 437 4,7 1300

C. canephora IF410 Ivory Coast EUC 186,138 85,292,671 458 12.2 700

C. canephora DH200-94 D. Republic 
Congo

EUC 98,017 43,037,451 439 6.1 700

C. canephora BUD15 Uganda EUC 140,120 64,290,611 458 9.2 700

C. charrieriana OA22 Cameroon EUCa 136,518 57,405,992 420 7.9 723

C. eugenioides OUG14 Uganda EUC 186,449 85,961,094 461 13.3 645

C. eugenioides DA56 Kenya EUC 91,834 39,993,235 435 6.2 645

C. heterocalyx JC65 Cameroon EUC 123,119 45,633,337 370 5.2 863

C. pseudozangue-
bariae

8107 Kenya MOZ 215,117 91,733,301 426 15.5 593

C. racemosa IA56 Mozambique MOZ 173,803 79,199,218 455 15.7 506

C. tetragona A.252 Madagascar MAS 147,430 68,881,825 467 13.4 513

C. dolichophylla A.206 Madagascar MAS 147,758 70,632,674 478 10.4 682

C. humblotiana A.230 Comoros MAS 141,834 62,465,685 440 10.4 469

C. horsfieldiana HOR Indonesia PSI 104,605 44,610,588 426 7.5 593

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.girinst.org/repbase/
http://coffee-genome.org
http://coffee-genome.org
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with a minimum e-value of 10e−6. BLASTN analyses 
were also performed against the C. canephora repeat 
database built with REPET (https://urgi.versailles.inra.
fr/Tools/REPET) with an e-value of 10e−20. The goal 
was to identify the major TE classes, super-families and 
lineages reported until today at different scales (amino 
acid and nucleotide) and to obtain their proportion in the 
investigated genomes. Given the importance of the Class 
I/LTR-RT in all genomes, BLASTN similarity searches 
were conducted between 454 reads and a dataset of LTR 
retrotransposons consensus sequences from C. canephora 
classified according to their Reverse Transcriptase (RT) 
amino acid similarities (available at the Gypsy Database 
2.0). 454 sequences showing similarities with RT domains 
were classified by phylogenetic analyses. Identified RT 
domains from 454 datasets were extracted from the nucle-
otide sequences and translated into amino acids. Amino 
acid sequences (with a minimum of 150 residues) were 
aligned (ClustalW) to construct a bootstrapped neighbor-
joining tree, edited with FigTree (http://tree.bio.ed.ac.uk/
software/figtree/).

Detailed annotation of the SIRE lineage (Copia) was 
performed using LTRFinder (http://tlife.fudan.edu.cn/ltr 
finder/, (Xu and Wang 2007). LTR domain sequences were 
aligned with MUSCLE to build a consensus 100 bootstraps 
neighbor-joining phylogenetic tree with ClustalW. Com-
plete SIRE elements were annotated with Artemis (Ruther-
ford et al. 2000) and used as references. Structural incon-
gruities (InDels and rearrangements) were searched using 
graphic alignments (dot-plot, (Sonnhammer and Durbin 
1995).

The copy number of SIRE in 454 dataset was estimated 
as described in (Chaparro et al. 2015) and (Dias et al. 
2015). BLASTN searches were carried out with full-length 
SIRE elements found in the C. canephora genome. Reads 
with more than 90 % of nucleotide identity with the refer-
ence sequence over a minimum 90 % of the read lengths 
were considered as potential fragments of the element. 
Cumulative lengths of aligned reads were used to extrap-
olate the contribution of the element to each genome size 
investigated. For each element family, the potential number 
of full-length copies is estimated by the division of the esti-
mated size of total members of the element in the genome 
by the reference sequence length.

De novo detection of repeated sequences

De novo detection of repeated sequences was carried out 
using RepeatScout (http://bix.ucsd.edu/repeatscout/ (Price 
et al. 2005)) on 454 sequences for each species. The librar-
ies of repeated sequences were used to mask each 454 
dataset using RepeatMasker (http://www.repeatmasker.
org). Repetitions were then filtered out according to their 

minimum redundancy in 454 dataset as follow: 20, 100, 
500 and 1000 repetitions.

Searches for microsatellites

Microsatellites were detected on 454 sequences using the 
MicroSAtellite identification tools (http://pgrc.ipk-gatersle-
ben.de/misa/). The unit size of repetition ranged from 1 to 
20 and the number repeated units ranged from 1 to 10.

PCR amplification on Coffea DNA

Primers were designed on three full-length SIRE annotated 
in this analysis (called 36-863, 3-942 and 6-1571) on ENV 
and LTR domains using Primer3 (http://primer3.ut.ee) 
(Supplemental data 1A). PCR amplifications were per-
formed in a final volume of 20 μL using the GoTaq DNA 
polymerase from Promega, according to the manufacturer 
recommendations: 0.5 ml of dNTP (10 nM), 1 ml of each 
primer (10 mM), 0.2 U of Taq polymerase (GoTaq, Pro-
mega) and 20 ng of DNA matrix. We used the following 
PCR amplification cycle: 98 °C 2 min.; three steps (98 °C 
30 s, 55 °C 30 s, 72 °C 30 s) repeated 35 times followed by 
a final elongation step (72 °C 5 min). The DNA samples, 
representative of the biogeographic Coffea groups, (Sup-
plemental data 1B) are those used in (Razafinarivo et al. 
2013).

Results

454 sequencing in Coffea: run reproducibility 
and characterization of genomes composition

The 454 junior runs were produced for 10 Coffea diploid 
and one tetraploid species. Three independent runs for the 
same accession (ET39) of the tetraploid species, C. ara-
bica, were carried out to check the reproducibility of the 
runs. In addition, for two diploid species, C. canephora 
and C. eugenioides, three (BUD15, HD200 and IF410) and 
two (DA56 and OUG14) accessions were, respectively, 
sequenced. The 454 sequencing produced a genome cov-
erage ranging from 3.2 to 4.7 % for C. arabica and from 
5.2 to 15.7 % for all the diploid species (Table 1). In total, 
more than 2.2 millions reads, accounting for 994 Mb, were 
produced and analyzed in this study. The three C. arabica 
replicates gave similar results showing the good reproduc-
ibility of the sequencing and enabling to have confidence in 
the results presented here.

Using BLASTN (CDS, chloroplast genome, rDNA) and 
BLASTX (transposable elements) we found that protein-
coding genes represented between 11 % (C. heterocalyx) 
and 18 % (C. canephora acc. DH200-94) of the obtained 

https://urgi.versailles.inra.fr/Tools/REPET
https://urgi.versailles.inra.fr/Tools/REPET
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tlife.fudan.edu.cn/ltr
http://bix.ucsd.edu/repeatscout/
http://www.repeatmasker.org
http://www.repeatmasker.org
http://pgrc.ipk-gatersleben.de/misa/
http://pgrc.ipk-gatersleben.de/misa/
http://primer3.ut.ee
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data (Fig. 1). A similar percentage to that of C. canephora 
was found for the three C. arabica replicates (17 %). How-
ever, the proportion of identified chloroplast sequences 

between species varies between 0.14 % (C. arabica) and 
7 % (C. pseudozanguebariae). Five species showed a per-
centage of chloroplast sequences larger than 2 % (Fig. 1). 
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Fig. 1  Composition of 454 reads for 11 Coffea species and 14 acces-
sions. Class I and Class II are known transposable element coding 
regions, CDS cellular coding regions, rDNAs ribosomal DNA genes. 

Name and accession of species were indicated with their respective 
genome size indicated into brackets (in Mb)
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Chloroplast DNA presence may be attributed to the fact 
that total DNA was extracted for the sequencing and not 
just the nuclear fraction as in (Carrier et al. 2011) or to dif-
ferent amount of chloroplast DNA inserted into the nuclear 
genomes according to the studied taxa, such insertions have 
been observed in the sequenced C. canephora genome 
(Denoeud et al. 2014). Recognizable coding sequences 
from transposable elements represented a significant pro-
portion ranging from 10 % for C. humblotiana, the smallest 
genome [469 Mb, (Razafinarivo et al. 2012)] to 14 % for C. 
dolichophylla, an average size genome (689 Mb). Interest-
ingly, the genome of C. heterocalyx [the biggest one with 
863 Mb, (Noirot et al. 2003)] was containing 12 % of trans-
posable element coding genes.

For C. canephora, a similar TE coding sequences pro-
portion (Class I and Class II) was found for the three acces-
sions analyzed (BUD15, IF410 and DH200-94) originating 
from three different geographical areas (respectively, 12.3, 
12.8 and 13.7 %). For all the species, most of the identified 
coding sequences of transposable elements felled into the 
Class I, as found for the C. canephora genome sequence 
(Denoeud et al. 2014).

To further investigate the composition of repeated 
sequences in Coffea species, we used as reference the C. 
canephora database of consensus transposable elements 
that was constructed de novo and annotated using the 
REPET programs. The C. canephora database is composed 
of 4051 consensus sequences for which 1536 and 2023 
belonged to the LTR retrotransposons and non-autonomous 
LTR retrotransposons, respectively. Using this dataset, 
the proportion of LTR retrotransposons in the 454 reads 
reached 32 % for C. humblotiana and 53 % for C. hetero-
calyx (Supplemental data 2). Interestingly, the amount of 
454 reads similar to C. canephora LTR retrotransposon 
consensus sequences was very similar for Eucoffea spe-
cies whatever their genome size (C. arabica: 50–51 %, C. 
eugenioides: 48–50 %, C. canephora: 49–52 %, C. charrie-
riana: 48 % and C. heterocalyx: 53 %), while a clear lower 
amount was observed for the Mozambicoffea species (C. 
pseudozanguebariae: 37 %, C. racemosa: 39 %), for Mas-
carocoffea species (C. tetragona: 36 %, C. dolichophylla: 
40 %, and C. humblotiana: 32 %) and for Asian Paracoffea 
(C. horsfieldiana: 34 %). These variations between Eucof-
fea and the three other botanical groups (Mozambicoffea, 
Mascarocoffea and Paracoffea), appeared independent from 
the genomes size, at the exception of C. humblotiana that 
showed both the smallest genome (469 Mb) and the low-
est percentage of 454 reads containing sequences similar 
to C. canephora LTR retrotransposons (32 %). Such varia-
tion could be attributed to the nucleotide divergence of LTR 
retrotransposons between Eucoffea and the other botanical 
groups since the nucleotide database of LTR retrotranspo-
sons used as reference was established from C. canephora 

(Eucoffea). Altogether our data suggest a noticeable varia-
tion of the quantitative LTR-RT content in Coffea species 
genomes.

Abundance of LTR‑retrotransposon lineages and their 
contribution to genome size

To further investigate the quantitative variation of LTR-
retrotransposon content, we first classified the REPET con-
sensus sequences into Copia and Gypsy super-families and, 
thus, into lineages (Bianca, Oryco, Retrofit, Sire, Tork for 
Copia and Athila, CRM, Del, Galadriel, Reina and TAT for 
Gypsy (Llorens et al. 2009), according to their similarities 
to reverse transcriptase (RT) reference domains. In total, 
LTR-retrotransposon consensus sequences were assigned 
to 877 families containing RT domains, for which 352 and 
525 belong to Copia and Gypsy, respectively. These 877 
families belong to all the different LTR-retrotransposon lin-
eages previously discovered in other plant genomes. Using 
this dataset, all the Coffea species analyzed were found to 
contain a Gypsy/Copia ratio ranging from 2.6 to 4.6, sug-
gesting that Gypsy represented the most abundant LTR-ret-
rotransposon super-family in Coffea species, as previously 
found in C. canephora (Denoeud et al. 2014; Dereeper 
et al. 2013). The overall proportion of Copia and Gypsy 
varied greatly according to Chevalier’s botanical classi-
fication and increased from Eucoffea to Mascarocoffea 
(Supplemental data 3). These variations were not notice-
able when the 454 reads were translated (using BLASTX 
analysis against RepBase). Interestingly the Gypsy/Copia 
ratio was clearly heterogeneous among Mascarocoffea spe-
cies. Indeed the proportion of different lineages also varied 
according to the botanical classification (Fig. 2). Two lin-
eages, SIRE from Copia and Del from Gypsy appeared to 
differ strongly in the 454 reads between Eucoffea, Mozam-
bicoffea, Mascarocoffea and Paracoffea. In Eucoffea, the 
SIRE lineage is present in 4.5–5.1 % of the 454 reads (iden-
tified with BLASTN, value 10e−20), at the exception of C. 
charrieriana for which 3.2 % of reads contained this line-
age. Mozambicoffea species contained a lower percentage 
of SIRE, with 2.1 and 2.2 % for C. pseudozamguebariae 
and C. racemosa, while SIRE sequences were very rare in 
Mascarocoffea species and Paracoffea (between 1.1 and 
1.5 %). Another important variation between botanical 
groups is observed for the Del fraction; going from 16.2 to 
14 % in Eucoffea, 10.7 to 11.6 % in Mozambicoffea, 7.3 
to 9.9 % in Mascarocoffea and 7.2 % in Paracoffea (Fig. 2; 
Supplemental data 4). Here also, the lowest percentage in 
Eucoffea is observed for C. charrieriana (13.1 %), con-
trasting with the other species of this botanical group. 
The pattern of LTR retrotransposon identified in C. char-
rieriana, suggests that this species differs from all the other 
Eucoffea species studied here.
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Interestingly, no clear relationship was found between 
the abundance of LTR retrotransposon super-families or 
lineages and, the genome size variation. However, there is 
a clear relationship between the abundance of detected ele-
ments and the botanical classification of the Coffea species.

De novo detection of repeated sequences in Coffea

As no clear relationship could be established between the 
presence of LTR retrotransposons and the genome size 
variation in Coffea genomes, another type of repeated 
sequences should be involved. For this, we estimated the 
global number of repeated sequences (excluding micro-
satellite sequences) presenting more than 20, 100, 500 and 
1000 repeats and their proportion in each dataset (Supple-
mental data 5). Repeated sequences with a minimum of 
20 copies represented between 54.4 (C. heterocalyx) and 
45.6 % (C. canephora) of reads for Eucoffea, 46.3 and 
41.8 % for Mozambicoffea, 43.4–33.3 % (C. humblotiana) 
for Mascarocoffea and 44.1 % for Paracoffea. A similar 

pattern was observed for repeated sequences with more 
than 100, 500 and 1000 copies. C. heterocalyx (863 Mb) 
and C. canephora (IF410; 700 Mb) are the two samples 
with the highest proportion of repeated sequences, while C. 
humblotiana, the smallest genome, has the lower number 
of repetitions. Among Mascarocoffea, this percentage dif-
fers considerably between C. humblotiana (469 Mb) and C. 
dolichophyla (682 Mb). Interestingly, some species appears 
enriched with highly repeated sequences (>500 and >1000 
copies), such as C. heterocalyx (10.8 % of sequences were 
repeated more than 500 times), while C. humblotiana 
and C. horsfieldiana contained very few highly repeated 
sequences (Supplemental data 5).

Microsatellites and genome size variation

Different types of microsatellites were identified and their 
cumulative length was represented on a histogram (Sup-
plemental data 6). No large variation of the microsatellite 
content was observed among the species analyzed. Indeed, 
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the amount of microsatellite is higher in C. arabica, which 
is the allotetraploid species, but for the diploid species it 
doesn’t show any variation corresponding to the genome 
size, whatever the size of the microsatellite motif (Supple-
mental data 7).

The SIRE LTR retrotransposon lineage and Coffea 
geographic distribution

As LTR retrotransposons represented a significant but vari-
able part of Coffea genomes, we assess their relationships 
from phylogenetic analysis based on their RT domains at 
the amino acid level. The tree obtained using 2,325 RT 
domains (with a minimum length of 150 amino acids) 
(Supplemental data 8) shows clearly an organization into 
lineages between the two super-families Gypsy and Copia. 
For each lineage, it was possible to observe a combination 
of RT domains from different botanical groups (Eucoffea, 
Mozambicoffea, Mascarocoffea and Paracoffea). How-
ever, one lineage named SIRE, showed a specific pattern 
with an over-representation of RT sequences from Eucoffea 
and Mozambicoffea and, very few from Mascarocoffea and 
Paracoffea. From the 263 RT belonging to the SIRE line-
age, five belong to the Indonesian Paracoffea species, and 
21, 49 and 188 belong to Mascarocoffea, Mozambicoffea 
and Eucoffea, respectively. This observation suggests a dif-
ferent dynamics of SIRE elements depending on the botan-
ical group of the species. An in-depth study of this lineage 
was performed to confirm our observations.

SIRE LTR retrotransposons were identified, annotated 
and characterized in the C. canephora genome (Chaparro 
et al. 2015). After detailed analysis, a total of 85 full-length 
SIRE LTR retrotransposons were selected for further analy-
ses. SIRE elements from this dataset showed strong simi-
larities with the SIRE internal coding domains from the 
Gypsy 2 database, and they had no apparent large inser-
tion. All these predicted SIRE elements showed an over-
all length around 9–10 kb, with an average LTR length of 
1 kb. The internal regions of these sequences included a 
large open reading frame (ORF1) containing the consensus 
for the GAG, AP, INT, RT and RNaseH domains. Down-
stream of ORF1 an additional small ORF (ORF2) showing 
strong identities with the ENV domain of retroviruses was 
identified.

These 85 sequences were classified through phyloge-
netic analysis based on their LTR sequences, into three 
major clusters (A, B and C) composed of 17, 28 and 40 ele-
ments, respectively (Supplemental data 9). For each cluster, 
one full-length sequence (with highest percentage of LTR 
identity, and highest overall length) was used as a refer-
ence sequences for further analyses (the sequences were 
named 36-863, 3-942 and 6-1571 for A, B and C cluster, 
respectively).

The copy number of SIREs elements estimated in the 
set of species analyzed here and using the three references 
SIRE sequences previously defined, showed a large vari-
ation between botanical groups (Supplemental data 10). 
The highest number was obtained for the Eucoffea with 
the exception of C. charrieriana, while Mascarocoffea 
species and Paracoffea showed very few SIRE sequences. 
The Mozambicoffea showed a moderate number of SIRE 
copies, whose numbers ranged between that of Eucoffea 
and Mascarocoffea. To confirm these observations at the 
molecular level, we conducted a PCR amplification sur-
vey of LTR and/or ENV domains based on the three SIRE 
elements reference over a large panel of species (Supple-
mental data 1). Amplification products were obtained for 
nearly all the Eucoffea, while amplifications were obtained 
for few Mozambicoffea species and almost no amplifica-
tions were observed for the Mascarocoffea and Paracoffea 
(Fig. 3; Supplemental data 11).

Discussion

The objective of this study was to investigate the trans-
posable element composition of diploid and allotetraploid 
genomes from the Coffea genus. In some plant genomes, 
a clear relationship was established between the num-
ber of LTR retrotransposons and the variation of genome 
size (Piegu et al. 2006; Lee and Kim 2014). Considering a 
relatively short evolutionary divergence time of the Coffea 
genus [~11 MY; (Tosh et al. 2013)] and a significant varia-
tion of genome size observed among species (from 469 to 
900 Mb), we focused our study on the identification and the 
characterization of repeated sequences and more particu-
larly the LTR retrotransposons.

We used the 454 Junior apparatus to produce partial 
genome sequencing, representing genome coverage from 
3.2 to 4.7 % for the allotetraploid C. arabica and 5.2–
15.7 % for ten diploid Coffea species. Such “454 whole 
genome snapshot” approach has been recently used in plant 
and animal genomes to study and compare their composi-
tion in transposable elements, with similar or even lower 
(Wicker et al. 2009; Middleton et al. 2013; Sergeeva et al. 
2014; Swaminathan et al. 2007; Pagan et al. 2012). No 
bias of genomic sampling for particular sequence type was 
noted when using the 454 sequencing procedure (Swami-
nathan et al. 2007). Indeed using a relatively low genome 
coverage, only highly repeated transposable elements 
can be accurately studied and low-copy number repeated 
sequences will not be represented in our dataset (Macas 
et al. 2007). Despite the 454 sequencing technology is 
beginning to be outdated; it generates long reads allow-
ing an accurate identification of genes and transposable 
elements. Other approaches are now possible to study the 
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transposable element composition and copy numbers using 
the Illumina platform providing shorter read length but 
with an unrivaled genome coverage (Ramachandran and 
Hawkins 2016).

In this study, we confirmed that no bias was observed in 
the randomness of the sequencing when performing three 
repetitions of the same accession (C. arabica, Et39). So 
far, few studies concerned the TE abundance and dynam-
ics among species from a single plant genus. Most of them 
were performed on annual plants, with the exception of the 
gymnosperm family (Nystedt et al. 2013). However, for 
perennial angiosperms, the dynamics and the evolutionary 
history of TE within a genus remain poorly studied.

TE composition reflects the divergence of the botanical 
groups

For the first time, we conducted a study on TE composi-
tion of the genome of eleven Coffea species. Our study 
was based on the analysis of 454 reads for (1) their simi-
larities with known TE proteins in plants and against 
a library of TE annotated in the Coffea canephora 

genome; and, (2) an ab initio identification of repeated 
sequences.

We found that the most repeated order of transpos-
able elements are LTR retrotransposons as found in the 
C. canephora genome and in most plant genomes (Lee 
and Kim 2014). At the TE amino acid level, as curated in 
Repbase, we found a similar percentage of TE between the 
generated C. canephora 454 reads (ranged from 12.2 to 
13.5 %) and a recent and similar analysis of 131,412 BAC 
End Sequences (BES) from two C. canephora (DH200-94) 
BAC libraries [11.9 % (Dereeper et al. 2013)]. Surprisingly 
the percentage of known TE coding sequences remains 
relatively stable whatever the botanical groups, the species 
and the genome size. Interestingly, the only notable dif-
ferences concerned C. dolichophylla and C. humblotiana 
species showing, respectively, 14.6 and 10.2 % of detected 
TE coding sequences. Considering the genome size differ-
ence (689 and 469 Mb), these species that belong to the 
Mascarocoffea may have underwent a different history of 
TE accumulation. This observation was confirmed at the 
nucleotide level using a C. canephora de novo library of 
TEs using REPET.

Psilanthus 
Eucoffea

Mozambicoffea

Mascarocoffea

+++ 100% (18)

+ 23.8% (21)  

- 0% (132)

+ 6.2% (16)

Fig. 3  Geographical distribution of Coffea botanical groups and 
summary of SIRE PCR amplifications. The summary of SIRE PCR 
amplification is symbolized by the rate of PCR amplification in per-
centage, and the number of PCR assays performed in parenthesis. 18, 

7, 30 and 4 species were used as DNA matrix for, respectively, Eucof-
fea, Mozambicoffea, Mascarocoffea and Paracoffea (Supplemental 
data 8, 9 and 10)
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Using a detailed classification of LTR-RT REPET con-
sensuses, we also found that some lineages have vary-
ing distribution levels among Coffea species and botani-
cal groups. For example the Gypsy Del lineage identified 
in higher abundance in African species, decreases from 
Eucoffea species (14–16 %), to Mozambicoffea (10–11 %), 
Mascarocoffea and Paracoffea (9–7 %). This suggests an 
overall increase of the Del LTR-RT westwards; from Indo-
nesian and Malagasy Coffea species to eastern and west-
ern African species. Another LTR RT lineage, named SIRE 
(Copia super-family) was identified as being significantly 
numerous in African species (in 5 % of the 454 reads), but 
almost absent in Indonesian, Madagascan and Comorian 
species (~1 %), this observation was confirmed by the real-
ization of PCR amplifications (Fig. 3). This indicates that 
the SIREs proliferated successfully in African species (in 
Mozambicoffea and especially in Eucoffea) while the copy 
number remained low, by lack of activity or elimination, in 
species from insular species.

These two examples of LTR-RT lineages variation, sug-
gesting different history of TE proliferation, reflect inde-
pendent genome divergences between Coffea botanical 
groups. This result also suggests that geographical differ-
entiation could be associated to independent niches colo-
nization and speciation in Africa, Madagascar and Indone-
sia. Therefore, quantitative and qualitative TE composition 
might be used for performing phylogeny analysis and to 
reinforce a model for the evolution of plant species.

TE composition reflects a different evolution of species 
within the botanical groups

It is well established that plant genome sizes are directly 
linked with the proportion of transposable elements. A 
large amplification of a small number of LTR retrotrans-
posons lineages may cause a dramatic and sudden genome 
size increase (Piegu et al. 2006). In our study, we found 
contrasted results between the genome size of Coffea spe-
cies and their TEs composition.

Few variation of TE composition was related to the 
genome size in Eucoffea, although genome size varies from 
645b Mb for C. eugenioides, to 863 Mb for C. heterocalyx 
(700 Mb for C. canephora). This suggests that no rapid pro-
liferation of few TE families was involved to explain this 
genome size difference. Particularly the TE proportion is 
almost identical between C. canephora and C. heterocalyx 
with the exception to one Gypsy lineage named TAT, that 
varies from 0.9 % in C. canephora to 2.2 % in C. hetero-
calyx. However, this recent proliferation in C. heterocalyx 
cannot explain alone the genome size difference between 
the two species. We, therefore, propose that in Eucoffea 
the genome size variation would result from a differential 

accumulation of numerous transposable elements (mainly 
LTR RT) belonging to a large panel of families.

Similarly, no strong variation of microsatellite copy 
numbers was detected between species, suggesting that 
a rapid amplification of some of these simple sequence 
repeats was not the main mechanisms involved in the C. 
heterocalyx genome size increase as it was observed in 
Lupinus (Martin et al. 2016). Our results are congruent 
with those of Pinus (Morse et al. 2009), Helianthus (Caval-
lini et al. 2010), and Lupinus (Martin et al. 2016) both gen-
era showing a large genome size variation (18–40, 3.2–12.3 
and, 0.97–2.4 Gb, respectively) but with none element con-
tributing specifically to this variation.

At the opposite, the Mascarocoffea species present more 
important variations of their TEs composition. The strong 
contrast in TE content between C. dolichophylla and C. 
humblotiana is due to an increase/decrease of the amount 
of the Del LTR retrotransposon lineage (10 vs 7 %) and a 
smaller increase/decrease for the remaining LTR RT line-
ages. C. humblotiana, has undergone few proliferation of 
LTR retrotransposons explaining its small genome size 
(469 Mb) while C. dolichophylla has undergone prolifera-
tion of mainly Del and several other Copia and Gypsy LTR-
RT lineages. The variation of repeated sequences between 
C. dolichophylla and C. humblotiana is also clear with 
the de novo analysis showing a clear increase/decrease in 
repeated sequences. Since the fully resolved phylogenetic 
analysis of Mascarocoffea is not yet available, the time-
scale of the LTR RT proliferation in C. dolichophylla can-
not be estimated.

Altogether, our analysis demonstrated the power of 
sequencing at low coverage to study the transposable ele-
ments composition of genomes at the genus scale for com-
parative structural genomics of non-model species. The 
C. humblotiana species represents an interesting genomic 
model, worth to have its genome completely sequenced. 
This WGS will allow a better understanding of the mecha-
nisms involved in the decrease or in the control of the pro-
liferation of transposable elements in a genome.
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