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Two novel Tyl-copia retrotransposons isolated from coffee trees
can effectively reveal evolutionary relationships in the Coffea

genus (Rubiaceae)
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Abstract In the study, we developed new markers for
phylogenetic relationships and intraspecies differentiation
in Coffea. Nana and Divo, two novel Tyl-copia LTR-ret-
rotransposon families, were isolated through C. canephora
BAC clone sequencing. Nana- and Divo-based markers
were used to test their: (1) ability to resolve recent phy-
logenetic relationships; (2) efficiency in detecting intra-
species differentiation. Sequence-specific amplification
polymorphism  (SSAP), retrotransposon-microsatellite
amplified polymorphism (REMAP) and retrotransposon-
based insertion polymorphism (RBIP) approaches were
applied to 182 accessions (31 Coffea species and one
Psilanthus accession). Nana- and Divo-based markers
revealed contrasted transpositional histories. At the BAC
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clone locus, RBIP results on C. canephora demonstrated
that Nana insertion took place prior to C. canephora dif-
ferentiation, while Divo insertion occurred after differen-
tiation. Combined SSAP and REMAP data showed that
Nana could resolve Coffea lineages, while Divo was effi-
cient at a lower taxonomic level. The combined results
indicated that the retrotransposon-based markers were
useful in highlighting Coffea genetic diversity and the
chronological pattern of speciation/differentiation events.
Ongoing complete sequencing of the C. canephora genome
will soon enable exhaustive identification of LTR-RTN
families, as well as more precise in-depth analyses
on contributions to genome size variation and Coffea
evolution.

Keywords LTR-retrotransposons - Coffea - Genetic
diversity - Evolution

Introduction

Global changes occurring as a result of rapid climate
change and forest degradation (FAO 2006) are endangering
biodiversity in tropical areas (Gardner et al. 2009). In this
setting, wild coffee trees (Coffea genus) native to tropical
forests of Africa, Madagascar, Mascarenes and Comoros
are especially at risk. Indeed, out of the 103 currently
described Coffea species, 72 (approximately 70%) are
threatened with extinction as a result of the quantitative
and qualitative decline in their habitat (Davis et al. 2006).
The three botanical sections defined by Chevalier (1947),
i.e., Eucoffea (West and Central African species),
Mozambicoffea (East African species) and Mascarocoffea
(from Madagascar, Comoros and Mascarenes) are also
characterized by several morpho-physiologic traits. F,
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interspecific hybrid sterility was the first evidence of
genetic divergence between eastern and western-central
African species (Louarn 1992). High divergence was also
reported between Malagasy and African species (Charrier
1978). This divergence is generally associated with (1)
genome size variation (0.50-0.88 pg/1C, Noirot et al.
2003), higher genome size differences between parental
species and higher F1 hybrid sterility and (2) distinct
rDNA chromosomal distributions (Hamon et al. 2009).
Early phylogenetic studies (26 species/taxa) based on ITS
(Lashermes et al. 1997) and cpDNA sequence divergence
(Cros et al. 1998) indicated that the Coffea genus was
geographically organized within four clades i.e., West and
Central Africa, Central Africa, East Africa and Madagas-
car. A more complete molecular phylogenic analysis of the
genus (86 species, Maurin et al. 2007), based on four
plastid and one nuclear regions, supported the major geo-
graphical lineages but highlighted large unresolved bran-
ches. Similarly, the use of microsatellite markers did not
completely resolve the relationships among Coffea species
(Cubry et al. 2008). However, at a lower taxonomic level,
studies using molecular markers, such as RFLPs (Dussert
et al. 1999) and microsatellites (Gomez et al. 2009),
detected genetic differentiation within C. canephora—five
major genetic groups (A—E). Hence, to overcome the low
species differentiation and insufficient marker variability
and informativeness, it would be essential to develop
new approaches able to detect diversity at the required
taxonomic level.

Retrotransposons are classified according to the pres-
ence or not of a long terminal repeat (LTR) at their
extremities. LTR-retrotransposons are generally subdi-
vided into Tyl-copia and Ty3-gypsy groups based on their
internal coding region organization (Wicker et al. 2007,
Hill et al. 2005). LTR-retrotransposons are abundant in
plant genomes, and numerous families have been identified
and characterized (Vitte and Panaud 2005). The replicative
mechanism (via an RNA intermediate) results in preser-
vation of the original copy and its amplification throughout
the genome through copy—paste mechanisms. Stress could
induce transpositional activity and de novo insertions that
generate rapid genetic variability (Melayah et al. 2001).
In some extreme cases, intense transpositional LTR-retro-
transposon activity results in a rapid increase in their copy
number, leading to profound changes in the genome
organization such as a rapid increase in genome size
(Bennetzen 2000; Kalendar et al. 2000; Piegu et al. 2006).
These structural features, as well as the activity and dis-
persion, of LTR-retrotransposons have prompted their
widespread exploitation as effective molecular markers for
genetic diversity analysis between genera (Pearce et al.
2000; Kumar and Hirochika 2001; Schulman 2007). Two
popular retrotransposon-based marker techniques, based on

@ Springer

PCR detection of anonymous insertion polymorphism at
the genome scale, have been developed in plants:
sequence-specific amplified polymorphism (SSAP, Waugh
et al. 1997) and retrotransposon-microsatellite amplified
polymorphism (REMAP, Kalendar et al. 1999). SSAP
detects insertion polymorphism in LTR-retrotransposons
next to a specified restriction site, while REMAP detects
LTR-retrotransposons inserted close to a microsatellite.
SSAP and REMAP polymorphism patterns reflect the sit-
uation encountered at the whole genome level and the
history of LTR-retrotransposon transpositional activity.

In addition to SSAP and REMAP, the locus-specific
retrotransposon-based insertional polymorphism technique
(RBIP, Flavell et al. 1998) appears to be an interesting
method for detecting polymorphism with respect to inte-
gration of an element at a particular locus. The RBIP
method requires retrotransposon and flanking sequence
information for primer design. RBIP is the only retro-
transposon-based marker method yielding co-dominant
markers. Using these methods, retrotransposon-based
markers have proven to have great potential for detecting
diversity at different taxonomic levels, analyzing evolu-
tionary history and resolving complex pedigrees or species
lineages (Pearce et al. 2000; Bousios et al. 2007; Natali
et al. 2007; Petit et al. 2007; Sanz et al. 2007; D’Onofrio
et al. 2010).

In this study, we identified the first two Coffea LTR-
retrotransposons (LTR-RTN) and performed a comparative
analysis of these LTR-RTNSs as potential sources of poly-
morphic markers for Coffea genetic studies. We used
RBIP, SSAP and REMAP approaches to reveal the genetic
diversity and infer the evolutionary history of Coffea (182
accessions studied, corresponding to 32 species). We aimed
to: (1) characterize the two new LTR-RTN families, Nana
and Divo, identified in C. canephora; (2) assess both ele-
ments as markers and compare their insertional patterns;
and (3) examine their relative contributions to gaining
further insight into Coffea species relationships and, at a
lower taxonomic level, within species differentiation.

Materials and methods
Plant materials and DNA isolation

In all, 182 accessions belonging to 31 Coffea species, plus
one accession of the genus most closely related to Coffea
(Robbrecht and Manen 2006), i.e., Psilanthus ebracteol-
atus from Cote d’Ivoire, were studied. The 31 Coffea
species are representatives of the natural geographic dis-
tribution of the genus, i.e., West and Central Africa, East
Africa and Indian Ocean islands (Madagascar and Com-
oros) (Fig. 1).
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Fig. 1 Natural geographic distribution of the Coffea species studied,
according to Charrier (1978), Davis et al. (2006) and Noirot et al.
(2003). Because of overlap in some species distributions, four Africa
maps denoted in a—d were used. Africa a: 1, C. liberica var liberica;
2, C. liberica var dewevrei; 3, C. congensis; 4, C. kapakata; 5,
C. pseudozanguebariae; 6, C. racemosa. Africa b: 1, C. stenophylla;
2, C. heterocalyx; 3, C. anthonyi; 4, C. sessiliflora; 5, C. salvatrix.

Except for C. canephora, fresh leaves corresponding to
20 African Coffea species (total: 81 accessions) and P.
ebracteolatus (1 accession) were harvested on plants
maintained in IRD tropical greenhouses (Montpellier,
France), and 10 Mascarocoffea accessions (belonging to 10
species) were provided by the National Research Centre for
Applied Rural Development (FOFIFA), Madagascar. DNA
was purified using the Qiagen DNeasy Plant Maxi Kit® or
the DNeasy Plant Mini Kit® (Quiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. Quan-
tification was done using a NanoDrop TM 1000 Spectro-
photometer (LabTech, France).

Regarding C. canephora sampling, DNAs from 78 wild
and cultivated accessions from Cote d’Ivoire, Cameroon,
Congo and Central African Republic were kindly provided
by S. Dussert. Those from the 12 wild Ugandan accessions
were kindly supplied by P. Musoli from NARO/COREC
(Uganda). These accessions were representative of the
genetic diversity range within this species (five genetic
groups, namely A-E, Gomez et al. (2009) plus the Ugan-
dan group, Cubry et al. 2008).

The species and number of accessions used according to
the technique applied, the geographic origin of accessions

Africa c: 1, C. humilis; 2, C. brevipes; 3, C. sp Congo, C. sp Ngongo2,
C. sp Mayombe; 4, C. costatifructa. Africa d: 1, C. canephora; 2,
C. arabica; 3, C. eugenioides. Comoros: 1, C. humblotiana. Madagascar:
2, C. tsirananae; 3, C. heimii; 4, C. perrieri; 5, C. millotii; 6,
C. lancifolia; 7, C. sakarahae; 8, C. resinosa; 9, C. dolichophylia; 10,
C. bertrandii. Dotted line shows geographic distribution of the Coffea
genus

and the code species used on the genetic trees obtained in
this study are given in Table 1.

LTR-retrotransposon characterization and annotation

Two different C. canephora BAC clone libraries were used
for this study. One (Leroy et al. 2005) gave us access to the
49N24 BAC clone containing a caffeic acid O-methyl-
transferase (CcCOMT) gene. The second library con-
structed from the C. canephora doubled haploid genotype
DH200-94 (de Kochko et al. 2010) provided high-density
filters for the DNA—DNA hybridization step to extrapolate
the LTR-RTNs minimum copy number.

The 49N24 BAC clone sequence was analyzed using
BLASTN algorithms (Altschul et al. 1997) against public
and private databases. LTR-RTNs were identified and
annotated by similarity searches against plant sequences.
Detailed analyses of LTR-RTNs were performed with the
EMBOSS package (Rice et al. 2000) and by dot-plot
(Sonnhammer and Durbin 1995). Protein domains were
identified using Pfam (http://pfam.sanger.ac.uk). Final
annotation was performed with the Artemis tool (Ruther-
ford et al. 2000). Two LTR-RTN sequences, named
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Table 1 Study species and sampled genotypes

Species (botanical

Code species used

Country of origin

Accession information

# Accessions used

section) in Fig. 4 (location) for
RBIP REMAP and
SSAP
C. canephora (Eu) CAN-A, CAN-B, CAN-C, Cote d’Ivoire, Cameroon Central From Gomez et al. 78 17/78
CAN-D, CAN-E African Republic (2009) (CI-IRD)
- Uganda From Musoli et al. 12 0
(2009) (CORI)

C. anthonyi (Eu) - Cameroon Gh Montpellier (IRD) 1 0
C. arabica (Eu) ARA Ethiopia Gh Montpellier (IRD) 12 2
C. bertrandii (Ma) BER Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. brevipes (Eu) - Cameroon Gh Montpellier (IRD) 1 0
C. congensis (Eu) - Central African Republic Gh Montpellier (IRD) 1 0
C. costatifructa (Mo) - Tanzania Gh Montpellier (IRD) 1 0
C. dolichophylla Ma) - Madagascar Fc, Kianjavato (FOFIFA) 1 0
C. eugenioides (Eu) EUG Kenya Gh Montpellier (IRD) 1/10 10
C. heimii (Ma) HEI Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. heterocalyx (Eu) HET Cameroon Gh Montpellier (IRD) 1 1
C. humblotiana (Ma) HUB Comoros Fc, Kianjavato (FOFIFA) 1 1
C. humilis (Eu) HUM Cote d’Ivoire Gh Montpellier (IRD) 1/9 9
C. kapakata (Eu) - Angola Gh Montpellier (IRD) 1 0
C. lancifolia LAN Madagascar (Ma) Fc, Kianjavato (FOFIFA) 1 1
C. liberica var DEW Central African Republic Gh Montpellier (IRD) 1/9 9

dewevrei (Eu)
C. liberica var liberica LIB Cote d’Ivoire Gh Montpellier (IRD) 1/10 10

(Euw)
C. millotii (Ma) MIL Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. perrieri (Ma) PER Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. pseudozanguebariae PSE Kenya Gh Montpellier (IRD) 1/10 10

(Mo)
C. racemosa (Mo) RAC Tanzania Gh Montpellier (IRD) 1/9 9
C. resinosa (Ma) - Madagascar Fc, Kianjavato (FOFIFA) 1 0
C. sakarahae (Ma) SAK Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. stenophylla (Eu) STE Cote d’Ivoire Gh Montpellier (IRD) 1/10 10
C. tsirananae (Ma) TSI Madagascar Fc, Kianjavato (FOFIFA) 1 1
C. salvatrix (Mo) - Tanzania Gh Montpellier (IRD) 1 0
C. sessiliflora (Mo) - Kenya Gh Montpellier (IRD) 1 0
C. sp Congo (Eu) - Congo Gh Montpellier (IRD) 1 0
C. sp Mayombe (Eu) - Congo Gh Montpellier (IRD) 1 0
C. sp Ngongo2 (Eu) - Congo Gh Montpellier (IRD) 1 0
C. sp Nkoumbala (Eu) - Cameroon Gh Montpellier (IRD) 1 0
P. ebracteolatus PSI Cote d’Ivoire Gh Montpellier (IRD) 1 1

Total accessions

121/182  96/182

Species, codes used in Fig. 4, number of accessions used according to the technique, country of origin, botanical section and accession
information [institutes in charge of plant collections: FOFIFA (National Research Institute for Applied Rural Development, Madagascar), CORI
(Coffee Research Institute, Uganda), CI (Cote d’Ivoire), IRD (Research Institute for Development, France)]

Botanical section only for Coffea genus: Eu Eucoffea, Mo Mozambicoffea, Ma Mascarocoffea. Gh greenhouses Montpellier, France; Fc field
collection Kianjavato, Madagascar

@ Springer



Mol Genet Genomics (2011) 285:447-460

451

Nana and Divo, were deposited in GenBank (HM755953
and HM755952). The specific Nana and Divo primers used
in this study were designed using Primer 3 (http:/
frodo.wi.mit.edu/); the primer sequences are given in
Table 2.

Nana and Divo minimum copy number estimation

The DH200-94 HindIIl BAC library consists of 36,864
clones with an average insert size of 135 kb (de Kochko
et al. 2010). This BAC library represents 7.9 equivalent
haploid C. canephora genomes (704 Mb, Noirot et al.
2003). LTR and gag probes for each LTR-RTN were
amplified with the specific primers listed in Table 2. After
purification with the QIAquick PCR purification kit
(Qiagen), the probes were quantified before labeling with
[0*?P]-dATP random priming using the Prime-a-Gene®
labeling kit (Promega) according to the manufacturer’s
instructions. DNA-DNA hybridizations were performed
using the protocol described in Bustamante-Porras et al.
(2007). Membranes were then placed for 3—4 h under a
screen sensitive to >2P rays (Phosphor Screen, Amersham®,
Amersham, UK). Images were then analyzed with
GIMP2.6.6 software (http://www.gimp.org). Double sig-
nals in concordance with the deposit pattern in elementary
squares on the high-density filters were scored as positive
as shown on one membrane hybridized with the LTR Divo
probe (Fig. 2).

Nana and Divo expression assessment in C. canephora

Specific primers were designed on the predicted gag gene
of each LTR-RTN as described in Guyot et al. (2009)
(Table 2). PCR amplification was performed on cDNA
libraries obtained from C. canephora young leaves and
fruits at different development and maturation stages
(Mabhesh et al. 2006).

Survey of Nana and Divo insertion at the 49N24 locus
using retrotransposon-based polymorphism

For retrotransposon-based polymorphism (RBIP) experi-
ments, three types of primers were designed as follows: one
(RBIP-2) in the LTR region (oriented toward the exterior
of the element) and two others (RBIP-1 and RBIP-3) in the
flanking region outside the RTN (Table 2; Fig. 3). The
PCR was performed in a 10-pL total volume with 25 ng
template DNA, 0.1 uM primers, 0.2 mM dNTPs, 5 mM
MgCl, and 0.5 U Taq® DNA polymerase Promega buffer
1x. The following program was used: —94°C for 4 min, 27
cycles at 94°C for 45 s, 53°C for 1 min, 72°C for 1 min
and 72°C for 8 min.

The PCR products were visualized after migration on
1% agarose gel and ethidium bromide staining. The pres-
ence of an LTR-RTN at the investigated locus was noted
when the amplification was positive with the RBIP-1/
RBIP-2 pair, but failed with the RBIP-1/RBIP-3 pair. On

Table 2 Primer sequences used

in the different experiments Primer names Primer sequences (5'-3") Technique
using RBIP, REMAP and Nana
SSAP techniques
RBIP-1 TGTGGCGCTAATTAGTGGTG RBIP
RBIP-2 GGAACAGACGTTTGGAAAGC RBIP and SSAP
RBIP-3 GCGACCCAACCTCTCTGATA RBIP
LTR-F GCTTTCCAAACGTCTGTTCC BAC library screening
LTR-R GAAATGGTCCGAACAATGCT
GAG-F GCAACCAAGCAAAAATTCGT BAC library screening
GAG-R GGAAACCAGATTTGCCAGAA
Divo
RBIP-1 TTGAGCACGCCAAGTATGAG RBIP
RBIP-2 TTCCAGATTTCAAGGTTACAAGG RBIP and SSAP
RBIP-3 TTTGGTAAAGGGCCATTGTG RBIP
LTR-F GATGTGGATGTCCGTTGATATT BAC library screening
LTR-R TCCAGATTTCAAGGTTACAAGG
GAG-F CCATGATTTTCCTTCGTCGT BAC library screening
GAG-R CAACAAGATGCTCAGCCGTA
ISSR
ISSR 5 AGAGAGAGAGAGAGAGYC REMAP
ISSR 12 GAGAGAGAGAGAGAGAYC REMAP
ISSR 19 CACACACACACAAG REMAP
ISSR primers are those from ISSR 22 ACACACACACACACACYG REMAP

Joshi et al. (2000)
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the contrary, the absence of an LTR-RTN at this same
locus led to a PCR product with the RBIP-1-RBIP-3 pair
and no amplification with the RBIP-1-RBIP-2 pair.

All C. canephora accessions (90), one accession per
wild species, one C. arabica and one P. ebracteolatus
accession were used for RBIP experiments (see Table 1).

Survey and analyses of Nana and Divo genome-wide
insertion polymorphism using SSAP and REMAP
techniques

For SSAP analyses, the primers used for the pre-amplifi-
cation step were the EcoRI adapter derived from the AFLP
technique, as used in Coulibaly et al. (2003), and RBIP-2.
Total DNA (400 ng) was digested with EcoRI (10 U/pg)
overnight at 37°C. Ligation of adapters on 200 ng of
digested DNA was performed by adding 50 ng EcoRI
adapter, 1 U T4 ligase and T4 ligase buffer 1x (Promega)
followed by 6 h incubation at room temperature (50 pl
final volume). Pre-amplification was done in a 40 pL total
volume with 20 ng DNA, 0.2 pM of each primer (EcoRI
adapter and RBIP-2), 0.2 mM dNTPs, 0.5 U GoTaq® DNA
polymerase (Promega, Madison, WI, USA) and 1x reac-
tion buffer. PCR conditions were similar to those used for
RBIP, but 35 cycles were performed and the annealing
temperature was 50°C. For selective amplification, the
EcoRI adapter was extended in 3’ by -A, -T, -C or -G,
while the M13 sequence was added to RBIP-2 in 5.
Selective amplification was performed in a 15 pl final
volume with 0.5 pl pre-amplification and 35 cycle ampli-
fication with a touchdown annealing temperature: 60 to
55°C for 30 s.
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Fig. 2 Southern hybridization with a *’P radiolabeled Divo LTR
probe. The DH200-94 BAC high-density filter shown contains 18,432
clones (de Kochko et al. 2010). Only double signals on each
elementary square are considered
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For REMAP analyses, primers facing outward from the
LTRs were combined with five anchored simple sequence
repeat (SSR) primers from Joshi et al. (2000). These
primers were selected for their ability to amplify Coffea
genomic DNA and were used in combination with the
RBIP-2-M13 primer. The PCR conditions were similar to
those used for RBIP amplifications, with the following
modifications: 0.2 mM primers (ISSR, RBIP-2 and dyed
M13), 35 amplification cycles and 55°C annealing
temperature.

PCR products obtained with REMAP or SSAP proce-
dures were analyzed on an automated 16-capillary ABI
Prism® 3130x]1 (Applied Biosystems, Foster City, CA,
USA) sequencer. Data reads were done with GeneMapper®
Software v.3.7 (Applied Biosystems).

SSAP and REMAP techniques provide dominant
markers scored according to the presence (1) and absence
(0) of each band. Hence, genetic parameters [mean number
of insertion sites (i.e., bands) per accession, number of
monomorphic sites for the presence and expected hetero-
zygosity over all sites] and Fgr values (Lynch and Milligan
1994) between species were calculated using the AFLPsurv
program  (http://www.ulb.ac.be/sciences/lagev/aflp-surv.
html). Genetic similarities were calculated from the bin-
ary presence/absence matrices using Dice’s coefficient
(Dice 1945). Neighbor-joining trees were constructed using
DARwin Version 5.0.155 software (http://darwin.cirad.
fr/darwin) with bootstrapping (1,000 replicates).

For these experiments, 8 Mascarocoffea accessions
(each one corresponding to one species), 70 accessions
from Africa (i.e., nine Coffea species represented by 1-10
accessions, depending on their availability), 17 C. cane-
phora accessions (among the 90 available, selected to be
representative of the five intraspecific genetic groups and
intergroup hybrids) and 1 P. ebracteolatus accession were
used (see Table 1).

Results

Identification, characterization and annotation of two
novel Tyl-copia retrotransposon families—Nana
and Divo

In an attempt to characterize CcCOMT encoding genes, the
BAC clone 49N24 was previously isolated from a C.
canephora BAC library (Leroy et al. 2005); 190 kb of the
BAC clone was sequenced using the Roche FLX 454 py-
rosequencing technique. Detailed annotations of the con-
tigs revealed the presence of two full-length LTR-RTNs
belonging to the Tyl-copia group—they were named Nana
and Divo (accession no. HM755953 and HM755952,
respectively).
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Fig. 3 Schematic representation of the structural features of Nana
and Divo LTR-retrotransposons. Hatched boxes represent LTRs while
black boxes and gray boxes, respectively, represent the predicted
coding regions and protein domains (Zn zinc finger, Pr protease, Int
integrase and Rvt reverse transcriptase). Small triangles symbolize the

Nana and Divo were found to be 5,749 and 4,396 bp in
size, respectively. Each LTR-RTN had similar sized 5" and
3’ LTRs, and high nucleotide identity was noted for each
LTR pair, but it was slightly higher for Divo (94.5%) than
Nana (90.5%). The two LTR-RTNs differed in terms of
LTR pair size (Nana 5 LTR, 677 bp, and 3’ LTR, 641 bp;
Divo 5' LTR, 407 bp, and 3’ LTR, 385 bp) and sequence.
Moreover, Nana and Divo did not share any significant
sequence similarity and hence belonged to two different
families. The reconstructed putative coding sequences for
Nana and Divo showed strong similarities to the plant
LTR- RTN Tyl-copia group. For Nana, the protease (PR),
integrase (INT) and reverse transcriptase (RT) motifs were
found in this order, while only the RT motif was detected
for Divo (Fig. 3).

For both Nana and Divo, similarity searches (BLASTn)
of the EST division of GenBank (dbEST, August 2010) did
not detect any similarity with known sequences (imperfect
match in the predicted gag domain of Nana, DV666936,
E value 10e™'%, 78% identity). To test Nana and Divo
expression, primers were designed within the Nana and
Divo predicted gag domains (Fig. 3), and PCR amplifica-
tions were performed in C. canephora fruit and leaf cDNA
libraries (Mahesh et al. 2006). No PCR amplification was
observed for the two LTR-RTNs.

Minimum copy Nana and Divo insertion number
in C. canephora

A minimum Nana and Divo copy number evaluation
was performed after hybridization of the DH200-94
C. canephora Hind 111 BAC clones spotted on two filters
(de Kochko et al. 2010) with two LTR-RTN specific probes

positions of primers (given in Table 2) used for PCR amplifications as
follows: gray triangles PCR amplifications of gag genes, white
triangles PCR amplifications of LTRs and black triangles PCR
amplifications of insertion sites

(LTR and gag). Despite probable underestimation of the
copy number (inability to distinguish unique or multiple
insertions within a single BAC clone, incomplete genome
cloning within the BAC library, lack of the probe corre-
sponding sequence in a degenerated LTR-RTN), this
experiment gave the minimum copy number of each LTR-
RTN in the C. canephora genome (Table 3). Screening
with LTR and gag probes, respectively, revealed 368 and
200 positive hybridization signals for Nana versus 442 and
1,317 for Divo. We used the estimated genome coverage
(7.9%x) for the DH200-94 Hindlll BAC library and
extrapolated the copy number of LTR and gag probes per
genome as 46 and 25 versus 55 and 165 for Nana and Divo,
respectively (Table 3). Based on the assumption that the
simultaneous hybridization patterns of both LTR and gag
probes represented the presence of an almost complete
copy of LTR-RTN, 22 Nana and 43 Divo complete copies
were detected (Table 3).

Divo and Nana 49N24 locus insertion polymorphism
survey

Among C. canephora accessions, the RBIP technique
revealed marked differences in 49N24 locus insertion
polymorphism between the two LTR-RTNs. Nana was
present at this locus in all accessions tested regardless of
their nature (wild or cultivated) and genetic diversity group
(Table 4). On the contrary, insertion polymorphism was
noted for Divo. For instance, among wild accessions, Divo
was only present in the heterozygous state and only
detected in accessions from genetic groups D (9/26) and E
(1/8). Among the cultivated accessions, homozygous
accessions for presence (of Divo) were only detected in the
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Table 3 Minimum copy number of Nana and Divo as extrapolated from different hybridization probe combinations on the two high-density

filters representing the DH200-94 C. canephora BAC clone library

LTR-RTN Probe Total number of positive signals Minimum extrapolated copy
number per genome

Nana gag 200 25

Nana LTR 368 46

Nana LTR and gag 177 (shared signals) 22 (putative complete element)

Divo gag 1,317 165

Divo LTR 442 55

Divo LTR and gag 340 (shared signals) 43 (putative complete element)

Copy numbers were extrapolated using the coverage of 7.9 x per haploid genome of the BAC library (see “Materials and methods™)

genetic group A (1/8 accessions) and intergroup hybrids
AE (1/5) and DE (1/10). Heterozygous accessions belon-
ged to genetic groups A (3/8), E (2/6) and to intergroup
hybrids AE (1/5) and DE (3/10).

Among the remaining Coffea species, the RBIP tech-
nique also revealed substantial differences in insertion
polymorphism patterns between Nana and Divo. Divo
was absent from all analyzed Coffea species and from
P. ebracteolatus, while Nana exhibited insertion poly-
morphism (Table 5). For instance, species native to East
Africa (Mozambicoffea) were homozygous for presence
(of Nana) while Nana was absent from Mascarocoffea
(species from Indian Ocean islands) and P. ebracteolatus.
Species from West and Central Africa (Eucoffea) appeared
to be homozygous for presence (4/17), for absence (8/17)
or heterozygous (3/17).

Nana and Divo genome-wide polymorphism patterns
in the Coffea genus

To evaluate Nana and Divo polymorphism on the genome
scale, we analyzed genetic diversity in 95 accessions
belonging to 18 Coffea species and in one P. ebracteolatus
accession (Table 1), using both SSAP and REMAP tech-
niques. The mean number of bands (representing LTR-RTN
insertion sites) per accession ranged from 2 to 17.5 for Divo
and 2.5 to 15.2 for Nana, irrespective of the technique used
(Table 6). Apart from C. arabica, the highest numbers were
obtained for C. canephora (7.7-15.2 bands).

Regarding each species represented by more than two
accessions, few monomorphic loci for presence (1-4) were
detected. All bands recorded for Psilanthus but one were
also recorded for Coffea. Regarding species represented by
equal sample size, high levels of polymorphic sites at 5%
(57.1-100%) were generally obtained, regardless of the
technique and species. The average expected heterozy-
gosity (Hg) calculated for all sites (i.e., loci) was low and
ranged from 0.13 to 0.20, regardless of the LTR-RTN and
technique used.

@ Springer

Table 4 Divo and Nana 49N24 locus insertion polymorphism in wild
and cultivated C. canephora accessions

C. canephora  Status # Accessions Divo Nana
genetic group” E—
++ = —/— +/+

A Wild 2 0 0 2 2

B Wild 0 0 1

C Wild 8 0 0 8 8

D Wild 26 0 9 17 26

E Wild 8 0 1 7 8
Ug Wild 12 0 0 12 12
A Cultivated 8 1 3 4 8

D Cultivated 3 0 0 3 3

E Cultivated 6 0 2 4 6
AE Cultivated 5 1 1 3 5
CE Cultivated 1 0 0 1 1
DE Cultivated 10 1 3 6 10

? Genetic groups are those defined by Gomez et al. (2009). Ug
accessions from Uganda. +/4 and —/— homozygote for presence and
absence of the LTR-retrotransposon, + heterozygote

Genetic relationships were inferred using Nana and
Divo genome-wide polymorphisms. With Nana, except for
the C. liberica var. libericalC. liberica var. dewevrei (Lib/
Dew) pair, medium to strong differentiation between spe-
cies (pairwise Fgt ranged from 0.055 to 0.23) was clearly
noted regardless of the technique used. Conversely, with
Divo, no or weak differentiation was detected between
species (average Fst: <0.08), except for pairs involving
C. canephora (Fst from 0.10 to 0.29 depending on the
technique).

Considering each LTR-RTN separately, REMAP and
SSAP techniques generated non-redundant information
(Mantel test coefficient values, r = 0.19 and 0.21 with
Nana and Divo, respectively, nonsignificant at P < 0.05).
Hence, combining REMAP and SSAP data for each LTR-
RTN to produce phylogenetic trees was fully justified and
NIJ trees were produced for each Nana and Divo (Fig. 4).
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Table 5 Survey of the presence/absence of Nana and Divo insertion at the 49N24 locus among Coffea species and Psilanthus ebracteolatus

using the RBIP approach

Species Botanical section Nana Divo
(# accessions)
NA (+/+) (*) (/=) (+/+) () (/=)
C. canephora Eucoffea (90) 0 9 0 3 19 68
All Coffea species Eucoffea (17) 2 4 3 0 0 17
but C. canephora Mozambicoffea (5) 1 4 0 0 0 5
Mascarocoffea (10) 0 0 0 10 0 0 10
P. ebracteolatus (1) 0 0 0 1 0 0 1

NA missing data, +/4 and —/— homozygote for presence and absence of the LTR-retrotransposon, £ heterozygote

Considerable differences were observed between tree
topologies. Nana revealed eight major distinct clusters
(Fig. 4a). Most of them corresponded to separate species,
except for the C. heterocalyx/C. eugenioides/C. arabica
(Het/Eug/Ara) grouping. The eight species from Indian
Ocean islands (Mascarocoffea) were clustered and located
close to C. racemosa (RAC, eastern African species).
P. ebracteolatus (PSI) did not cluster with any other Coffea
accession. A completely different tree topology was found
for Divo (Fig. 4b). Divo-based markers: (1) distinguished
C. liberica var. liberica (LIB) and C. canephora (CAN)
from the remaining species, and (2) revealed marked intra-
C. canephora differentiation. To a lesser extent, some of
the Mascarocoffea species were found to be grouped
together. For the remaining Coffea species, there was no
clear separation corresponding to the species classification.
The accessions were found to be highly intermixed despite
the presence of long branches corresponding to high but
unshared polymorphism.

Discussion

Nana and Divo LTR-RTNs: two Tyl-copia families
with unrelated insertion patterns

LTR-RTNs are known to represent a major plant genome
component, but no LTR-RTN had been previously identi-
fied and described in Coffea. Only transposable elements
were observed in an analysis of the 46C02 BAC clone
sequence (Guyot et al. 2009). In this study, the two LTR-
RTN:s, i.e., Nana and Divo, isolated from the 49N24 BAC
clone, belong to two novel Tyl-copia group families, since
no similar sequences have been deposited in public dat-
abases. The failure in their amplification from C. cane-
phora cDNA libraries suggested that, under the tested
conditions, Nana and Divo were not expressed in C.
canephora and therefore that they were inactive. Given the
higher nucleotide identity between LTR sequence pairs for
Divo (94.5%) than for Nana (90.5%), and despite the more

complete sequence of Nana as compared to Divo at the
investigated site, Nana seemed to be older than Divo.
Furthermore, the estimated total minimum number of Nana
and Divo putative complete copies (when both LTR and
gag sequences were present) in the C. canephora genome,
i.e., higher for Divo than for Nana (43 and 22, respec-
tively), indicated more recent transpositional activity for
Divo than for Nana. The low expected heterozygosity
calculated for all loci probably indicates ancient transpo-
sitional activities of the two LTR-RTNs, even though
several rounds could have occurred during evolution of the
Coffea genus, which could explain the high levels of
polymorphic sites per species.

The evolutionary relationship patterns revealed by ret-
rotransposon-based markers are often dependent on the
underlying retrotransposon activity over time. In this study,
we performed a comparative analysis of the structure and
information associated with each retrotransposon.

Nana and Divo had different insertion timings:
consequences for understanding evolution
of the Coffea genus

Combining RTNs with different evolutionary histories
provides higher resolution for studying complex species
relationships (Pearce et al. 2000; Konovalov et al. 2010;
Tam et al. 2007). Hence, recently active RTN families
should provide polymorphic markers that are informative
at the intraspecific level but uninformative at higher taxo-
nomic levels (i.e., genus or interspecific level). Conversely,
RTN families that have been inactive over a long evolu-
tionary period will give informative markers at the inter-
specific level. Using a multi retrotransposon-based marker
approach, we conducted an in-depth investigation of the
insertion activity of Nana and Divo in several Coffea
species and one accession belonging to the closest genus,
Psilanthus, and demonstrated the unique behavior of each
LTR-RTN family.

The results we obtained using the RBIP approach
applied to the 49N24 locus indicated an ancestral insertion
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Fig. 4 Neighbor-joining tree representing genetic relationships
between 95 accessions from 18 Coffea species and one accession
from Psilanthus ebracteolatus. The tree was based on the Dice
dissimilarity matrix calculated from both REMAP and SSAP bands
obtained with Nana (a) and Divo (b). Bootstrap values were
calculated with 1,000 replicates, and only values greater than or
equal to 50 are shown. The main groups are outlined. Species and
corresponding botanical section codes are as indicated in Table 1

of Nana since it was fixed at this locus in all C. canephora
accessions, prior to genetic differentiation of the species. In
contrast, Divo was absent in all wild accessions, but present

in 22 out of the 90 C. canephora accessions tested, indi-
cating a more recent insertion. Regarding the Coffea genus
results, the absence of Nana in all Mascarocoffea acces-
sions tested, while being present in African accessions,
suggested that its insertion at the investigated site occurred
after the African and Malagasy species separation.

In addition to the evolutionary analysis of these results
and those discussed hereafter, the RBIP approach appeared
to be fairly efficient for isolating relatively old insertions,
which occurred in the Coffea genus. Moreover, the co-
dominant nature of RBIP markers appeared to be useful for
evaluating intra-specific genetic diversity in C. canephora
(fixed Divo insertions at the 49N24 site were only noted for
cultivated accessions, Table 4). The recent development of
RBIP high throughput analysis technology will provide an
ideal future tool for evaluating Coffea germplasm collec-
tions (Jing et al. 2010).

At the genomic scale, irrespective of the LTR-RTN
considered (Nana or Divo), REMAP and SSAP-based
markers gave complementary information (nonsignificant
Mantel’s test r values for both Nana and Divo). The
clearest Coffea genus organization and the best intra-C.
canephora differentiation were obtained by combining
these markers. Completely different Divo and Nana
insertion activities were revealed. For instance, the genetic
diversity assessed according to the Divo distribution in
18 Coffea species and one Psilanthus species revealed
C. canephora differentiation and C. liberica var liberica
divergence (Fig. 4b), while species divergence was mainly
observed on the basis of Nana insertion polymorphism.

New insight was obtained at the genus level concerning
the relative position of Psilanthus in comparison to Coffea.
As the ancestral state of a retrotransposon insertion is
known and subsequent changes at the locus are not subject
to homoplasy (Schulman 2007), REMAP and SSAP bands
shared between accessions have been inherited from a
common ancestor. The presence of Divo and Nana in
Coffea and Psilanthus genera indicated that a first round of
insertion events took place early in the evolution of these
genera. These results support their close phylogenetic
relationship as reported by Couturon et al. (1998) and
Robbrecht and Manen (2006). Nevertheless, there is a
clear-cut genetic divergence between the two genera, as
noted by the non-amplification with 7 out of the 16 primer
combinations (REMAP and SSAP).

Regarding evolution of the Coffea genus, we obtained
more precise information concerning the relative status
of the two subspecies C. liberica var liberica (LIB) and.
C. liberica var dewevrei (DEW) from Divo. Indeed, Divo
insertion polymorphism highlighted the “recent” diver-
gence of C. liberica var liberica and supported their clas-
sification into two separated species, as suggested by
N’Diaye et al. (2005).
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Altogether, these results suggest different timing in the
two LTR-RTN insertions. The LIB/DEW pair was dif-
ferentiated from the remaining species during early Nana
activity, but at that time LIB and DEW had not yet
diverged. Then, more recent Divo activity induced genetic
divergence between LIB and DEW and enabled differ-
entiation of LIB. Interestingly, C. humilis and C. steno-
phylla were well separated on the Nana tree (Fig. 4a)
even though they appeared to be closely linked on all
former phylogenic trees, including the most complete one
constructed by Maurin et al. (2007). The eight non-Afri-
can species (Mascarocoffea) used in this study appeared
to be well grouped and closer to C. racemosa (from
Tanzania) than to any other species. Of course, these
results did not enable us to conclude on their genetic
origin, but they are congruent with their putative eastern
African origin, as suggested by Charrier (1978) and Leroy
(1980).

Our results strongly suggest that the major transposi-
tional activity of Nana was associated with Coffea speci-
ation, while more recent Divo activity took place during C.
canephora differentiation and C. liberica var. liberica
divergence. Hence, phylogenetic trees obtained with these
two LTR-RTNs showed contrasted species distribution
patterns and relationships.

Informativeness and comparison with other marker
systems

LTR-RTNs could provide more polymorphic markers than
microsatellite markers, especially for genera and/or species
characterized by low variation levels. Moreover, direct
comparisons between retrotransposon-based and amplified
fragment length polymorphism (AFLP) markers have
indicated that retrotransposon-based markers are consid-
erably more informative in plants (Waugh et al. 1997,
Porceddu et al. 2002; Venturi et al. 2006).

In the present study, different phylogenetic tree
topologies were obtained. On one hand, the Nana tree
clustered Coffea accessions into eight consistent groups
and supported previous reports of Cubry et al. (2008),
whereas the Divo tree showed differentiation among C.
canephora, as reported by Dussert et al. (1999) using
RFLPs and then Gomez et al. (2009) with SSRs. It also
revealed strong differentiation among the LIB/DEW pair
(LIB well separated). However, contrary to other molec-
ular markers, Nana and Divo were informative on the
timing of events. C. canephora differentiation is not yet
complete, whereas LIB and DEW appear to have fully
diverged. Indeed, inter-C. canephora genetic group
hybrids are completely fertile, while only 44.2% fertility
has been reported for LIB-DEW hybrids (N’Diaye et al.
2005).

@ Springer

Conclusion

This study indicates that retrotransposon-based molecular
marker approaches are informative for studying Coffea
genetic diversity. We showed that Nana and Divo, the two
first LTR-RTNs detected in Coffea (C. canephora), belong
to two ancient families. Their presence was detected in two
genera, i.e., Coffea and Psilanthus. We demonstrated that
distinct LTR-RTN insertion activities might give different
but complementary histories with respect to the evolution
of the Coffea genus. Nana-based molecular markers (both
SSAP and REMAP) were efficient enough to differentiate
most of the species, thus providing adequate markers for
assessment at the genus level. In contrast, Divo, which
probably belongs to a more recently active LTR-RTN
family, gave polymorphic markers that were efficient at the
intraspecific level but uninformative at the interspecific
level.

Information generated by Divo insertion polymorphism
turned out to resemble that obtained via microsatellites
regarding C. canephora; most of the genetic groups
obtained by Gomez et al. (2009) were also obtained in this
study. However, Divo provided new insight into the timing
of LIB/DEW pair divergence relative to C. canephora
intraspecific differentiation.

Finally, combining LTR-RTNs characterized by differ-
ent timing in their transpositional activities provided higher
resolution for studying complex species relationships.

The ongoing complete sequencing of the C. canephora
genome will permit exhaustive identification of LTR-RTN
families, while facilitating characterization of those with
diverse transpositional activities. In the future, several
additional LTR-RTNs will be necessary to be able to
completely resolve the genetic diversity and relationships
within the Coffea genus. These new LTR-RTNs will allow
a more in-depth and precise analysis in terms of the con-
tribution to genome size variation and Coffea genus
evolution.
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