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Abstract The nuclear genome of wild-type banana ac-
cessions was investigated for repetitive elements. We
report here the occurrence, in the banana genome, of
a sequence family of species-specific repetitive elements:
Brep 1. This sequence family is distributed throughout
the Musaceae with various copy numbers. The two
species Musa acuminata and M. schizocarpa carry the
highest copy numbers in contrast to M. balbisiana and
tested representatives of different other sections. PCR
primers were defined in the core consensus sequence for
specific amplifications, which allow representatives of
this sequence family to be easily detected in wild and
cultivated banana clones. Sequence data were analysed
and hypotheses on the evolution of banana cultivars
from the wild-type banana clones are discussed.
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Introduction

Banana is a monocotyledonous plant of the Musaceae
family (order Zingiberale). The early taxo-morphologic
classification of banana (Cheesman 1947; Simmonds
and Shepherd 1955; Simmonds 1962) is now adopted
worldwide with only minor corrections and additions.
The wild diploid bananas contain about 30 Musa
species grouped into four sections: Australimusa,
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Callimusa, Eumusa and Rhodochlamys. The Eumusa
section contains mainly the Musa acuminata species,
whose great phenotypic diversity allows the subdivi-
sion into distinct subspecies, the Musa schizocarpa spe-
cies (related to the M. acuminata species complex) and
the Musa balbisiana species. Next to nothing is known
about evolution of the Musa because of a lack of fossils.
Cultivated clones are diploids or polyploids, and it has
been established that parthenocarpic clones of ag-
ronomic interest originated from the Mendelian
hybridization of two major species, M. acuminata
(A genome) and M. balbisiana (B genome), belonging
to the Eumusa section (Simmonds and Shepherd 1955).
However, recent advances in diversity studies using
molecular markers demonstrate that M. schizocarpa
(S genome) and representatives from the Australimusa
section (T genome) are involved in the genomic com-
position of both the diploid and the polyploid culti-
vated clones (Carreel 1994). M. acuminata is known
to be extremely diversified, and several subspecies can
be distinguished both morphologically and by molecu-
lar markers (Lebot et al. 1993; Jarret et al. 1993; Carreel
1994; Bhat and Jarret 1995). It has been proposed that
specific subspecies contributed to different cultivated
banana types (Lebot et al. 1993; Carreel 1994). Differ-
ences observed between the different subspecies do not
only affect the genic sequences. Large structural
rearrangements of the genome have also been reported,
and specific translocations have been detected by
studying crosses between wild M. acuminata ssp. by
metaphase spreads (Dessauw 1987). Furthermore, the
size of the nuclear genome varies (Dolezel et al. 1994)
between the different subspecies. This could be partly
due to variations in the copy number of nuclear repeti-
tive sequences (Baurens et al. 1996).

Repetitive elements have been used in different plant
species as molecular markers for fingerprinting and as
a basis for molecular phylogeny (Cai and Bullen 1994;
Li et al. 1996). Due to the sequence copy number
varying between 100 and several millions, repetitive



sequences often form the greatest proportion of plant
genomes, the exact extent depending on the animal
or plant species considered. The use of site-specific
primers anchored in nuclear repetitive DNA allows
rapid and efficient access to the nuclear genome.
Considering the exponential nature of polymerase
chain reaction (PCR) amplification, only very small
amounts of DNA template are required compared to
restriction fragment length polymorphisms (RFLPs)
or other hybridization-based methods. Moreover, the
relatively low size of the amplicon, generally comprised
between 100 bp and a few kilobases, enables the use
of poor quality or even sheared or partially degraded
DNA.

Repeated sequences have been successfully used for
typing banana clones with hybridization-based
methods (Kaemmer et al. 1992) and using decameric
PCR primers located in these elements (Jarret et al.
1993). The purpose of the study described here was to
identify suitable repetitive elements and to assess the
potentials of site-specific PCR-based markers with re-
spect to molecular breeding strategies in banana im-
provement programmes, especially for distinguishing
the individual genotypes involved in the cultivars’
genome complex using PCR tests. Musa acuminata and
M. schizocapa genomic libraries were screened for spe-
cies-specific repetitive elements. These elements were
used to determine site-specific PCR primers for detect-
ing these sequences in different representatives of the
Musaceae family. Sequence data from specific isoforms
were subjected to phylogenetic analysis and complex
polyploid cultivar genome analysis.

Materials and methods

Plant material and DNA extraction

Total DNA was extracted by the modified CTAB method (Gawel
and Jarret 1991; Fauré et al. 1993a). The Musa acuminata ssp.
M. balbisiana and M. schizocarpa accessions used in this study
(Table 1) were obtained from the French West Indies’ (Guadeloupe)
collection. DNAs from Ensete giletii, Musa jackeyi, M. textilis,
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Table 1 Wild-type banana clones used in this study

Section Specied Subspecies Name

1 Eumusa schizocarpa schizocarpa Schizocarpa
2 Eumusa acuminata banksii Madang

3 Eumusa acuminata zebrina Monyet

4 Eumusa acuminata malaccensis Malaccensis
5 Eumusa acuminata burmannicoides  Calcutta 4
6 Eumusa balbisiana type IV Pisang Batu
7 Eumusa balbisiana type 1 Honduras

8 Eumusa balbisiana Butuhan

M. becarrii, M. angustigemma and M. laterita were kindly provided
by F. Carreel.

Library construction and screening

M. schizocarpa and M. acuminata EcoRI genomic DNA libraries
were constructed as previously described (Baurens et al. 1996).
Inserts were amplified by PCR using the M13 universal primer
pair, and amplification products were blotted onto a Hybond®
N+ membrane and hybridized with total genomic DNA from 8
wild banana clones (Table 1). Probes with differential hybridization
signals, obtained after overnight exposure, were collected and used
as RFLP probes on total restricted genomic DNA to confirm
specificity. Only probes with a clear species-specific signal were
sequenced.

RFLP analysis

RFLP analyses were performed according to Fauré et al. (1993a)
with minor modifications (Baurens et al. 1996).

Primer design and PCR amplifications

Primer design and calculation of annealing temperature (Ta) were
performed using the OLIGO™ program. PCR was performed on
a 50-pl aliquot containing 0.2 uM of each primer and 200 mM
of dNTP (Pharmacia) in a buffer of 67 mM TRIS-HCI pH 8.0,
16.6 mM (NH,4),SO4, 1.5mM MgCl, and 1 U of BIOTAQ®
(Eurobio). Aliquots of 50 ng of total DNA were used in each reac-
tion as template. PCR was computed on a PTC 100 thermocycler

Table 2 Name and sequence of

primers used in this study Name* Sequence 5" — 3’ Direction®  Ta®(°C)
AGRPO07 ACC CTA TCG TCT GTT GAA TCC F 54
AGRPO8 CCA GTG GCA CAT CAA ACA AA R 53
AGRP09 TTC AAG ATT TCT GAC CTT TCG F 54
AGRP54 CTT TTG ACA CCG ATT TTG TAG A F 53
AGRP55 GCT CCA ATA CCC ATA AGA AGG R 60
AGRP60 ACT CCC TGT TGA AAA TTC TGA R 52
AGRP61 AAG TAT TCG GTG TCC AAA ATC F 52

* Expected product sizes on consensus sequence using primer pairs AGRP07-AGRP08, AGRP08-
AGRP09 and AGRP54-AGRP55 are, respectively, 200 nt, 365 nt and 451 nt. PCR amplifications
were performed using the highest annealing temperature from the primer pair

*F, forward primer; R, reverse primer

¢Ta, annealing temprature in °C
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(MJ Research) using the following amplification programme: 94°C
for 4 min, 35 x(94°C for 30s; T for 30s; 72°C for 45s), 72°C for
4 min (For Ta values, see Table 2). For each PCR amplification, two
repetitions were processed using Ta values for high-stringency speci-
fic amplification and an annealing temperature 5°C below the opti-
mum Ta of low-stringency PCR. Half the reaction products were
loaded onto a 2% agarose gel, analysed by electrophoresis and
visualized by ethidium-bromide staining.

Phylogenetic tree building

Sequence data from the repeated sequence family representatives
were computed with PAUP software (Swofford 1993) using an exhaus-
tive search option for minimal tree length and DNAPARS software
(pHYLIP software package, Felsenstein 1993). 1000 bootstraps were
processed on the consensus tree obtained using default parameters.
Genetic distances were obtained by the DNADIST software using
Kimura 2 distance parameters.

Results

Identification of species-specific repetitive elements was
achieved by differentially screening genomic libraries.
Three clones were selected for strong species-specific
hybridization signals of similar intensities and se-
quenced: pMaCIR 11114 (Y08644), pMaCIR 11145
(Y08645), pMaCIR 11161 (Y08646). All of these se-
quences exhibited a strong hybridization signal with M.
acuminata and M. schizocarpa accessions but not with
M. balbisiana. We intend to name these sequences
Brep 1 (for Banana repetitive DNA family no. /).

Sequence comparison

Sequence data from these species-specific RFLP probes
were compared with the EMBL database content using
both BLAST (Altschul et al. 1990) and FASTA (Pear-
son and Lipman 1988) algorithms. Interestingly, they
were found to be related to a previously described M.
acuminata repetitive sequence (EMBL X91626,
Baurens et al. 1996) but do not display substantial
homology with any other plant or animal repetitive
DNA sequences.

RFLP pattern analysis

A member of this sequence family, pMaCIR 1115
probe, was hybridized on restricted DNA from 8
individuals of wild-type representatives of the Eumusa
section (Fig. 1). A strong signal was observed for the
M. acuminata and M. schizocarpa genotypes but not for
M. balbisiana. Analysis of the hybridization pattern,
after 2 h of exposure, suggested that the core sequence
might be a 500-bp EcoRI fragment. In fact, other frag-
ments did appear in the genome with variable intensi-
ties after a longer exposure (e.g. 250-bp and 3-kbp
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Fig. 1 Southern Blot hybridization of the pMaCIR1115 representa-
tive of the Brep 1 family. Overnight exposure of the pMaCIR 1115
probe on total endonuclease-digested DNA of several representa-
tives of the Eumusa section. Lanes 1-3 Musa balbisiana Butuhan
DNA restricted with EcoRI, Haelll and Sau3Al respectively, lanes
4—6 M. balbisiana Honduras DNA restricted with EcoRI, Haelll
and Sau3Al respectively, lanes 7-9 M. balbisiana Pisang Batu DNA
restricted with EcoRI1, Haelll and Sau3Al respectively, lanes 10—12
M. acuminata ssp. burmannicoides restricted with EcoRI, Haelll and
Sau3Al respectively, lanes 13—15 M. acuminata ssp. malaccensis
restricted with EcoRI, Haelll and Sau3Al respectively, lanes 16—18
M. acuminata ssp. zebrina restricted with EcoR1, Haelll and Sau3Al
respectively, lanes 19-21 M. acuminata ssp. banksii restricted with
EcoRI, Haelll and Sau3Al respectively, lanes 22—24 M. schizocarpa
restricted with EcoRI, Haelll and Sau3Al respectively. Sizes in
kilobases are indicated on the right. Arrowheads indicate the conser-
ved core EcoRI “cassette” of the Brep 1 family revealed after a short-
time exposure

EcoRI fragments). Analysis of other restrictions with
Haelll and Sau3Al did not exhibit single high-intensity
fragments but only fragments with variable intensities,
as described for EcoRI.

Sequence structure of the Brep 1 family

Sequence alignments of the representatives of this se-
quence family are shown in Fig. 2. The homologous
region of the pMaCIR 11161 clone sequence, represent-
ing the first 500 nucleotides, is shown. The nature of
the remainder of this sequence is discussed below. All
of the representatives can be seen to exhibit homology
on the 500-bp EcoRI “cassette” except clone pMaCIR
11145 which is shorter due to the presence of an EcoRI
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Fig. 2 Sequence alignment of

! pMaCIR 11161 I FRATTCGGGCAGGAACTRTTINGTTTGABARRTAGACTCTTATATCTTCCTGTTGAC| 57
Brep 1 family members. Sequence  pvaCIR 11114 I GTTTGAA ,AGACTCTTHTA[C[‘T(,CTGTI‘GAC 57
data are available on EMBL pMaCIRITIS 1 TILGRAATT rclrarkherrhkrhirreac) 57
databank under Y08644, YO8645, ~ PMaCIRILI4S ! TTTGAA rerrarathTCe TGTTGAC 56
Y08646 and X91626 accession
numbers. Dashed squares
potential polymorphic enzyme pMaCIR 11161 58 JC TTGGACACCGAARTACTTACCCARACATCTGATTCAATT 4
Sites’ shaded regions pMaCIR 11114 58 BC TTGGRACACCGAATACTTACCCAAACATCTGATTCAART P(JP‘G 114
autocomplementary regions of PMaCIR1ILS 58 RC TTGGACACCGRATACTTACCCARARR TG rearkRkaG] 114
potential loops, — gap PVECRIIMS 57 BCTGATTITGTAGATTTTGGACACCGAATACTTACCCARACATCTGATTCAATTGAG] 113
,
PMECIRILIEL 115 [CCTATAGACGCTGTARAACAGGGTTCGAGATTTCTGACCTGICGATACTARAATGCC] 17]
PMaCIR 11114 115 CCTATAGACGCTGTAARACAGGETTCGAGATTTCTGACCTGTCGATACTARAATGCCT] 171
pMaCIR1115S 115 FCTATAGACGCTGTAARACAGRETTCRRGATTTCToaccTceaTacTannnflEcd 171
pvECIR 11145 114 ECCTATAGACGCTGTAARACAGGETTCRRGATTTCTh————————======-momm—— 148
PMECIR 11161 172 TRTAACTCCCTGTTGAABRATTCTGAATT CTR] 228
pMECIR 11114 172 [TATAACTCCCTGTTGAARATTCTGAATT TRGR| 228
pMaCIRILIS 172 [TATAACTCCCTGTTGAARATTCTGARIT Rl 228
pMaCR 1145 149 ftefElercccrerrebhanrtiicrare pci| 205
pMCIR 11161 229 ETTGRAAATRITTCTT ITGAR[TTATAGT T TGAARRTTTTGGATTTCAATTGCCTACC] 285
pPVECIR 11114 229 "T"TG;\A}\#TCT;LECTT ALETATAGTTTGAARATITTGGATTTCAATTGCCTACC| 285
pMaCIR1115 229 LrrTcARARErErcTTTTGARE) y T 270
pMVBCIR 11145 206 CTTQAAPJT—CTTTCTI‘TTG‘\ 3 250
pMuCIR 11161 286 L TATTGTCTGTTGAATCCGACCCTATARATTCTGE 342
pMBCIR (1114 286 LTATTGTCTGTTGARATCCGACECTATARAITCTGE 342
pMaCIR1115 271 Lrathkrcrerrenatcceafbcraranabircrac 327
pMICIRIN6I 343 LCTTGTGTTACCAAATCAARGGTAACTICCGCGTTGGGARCCCTGTTTCGTATGAAAT[ 399
PMECIR1ITI4 343 TETTGTGTTACCAAATCARAGGTARCTCCGLG GAAC GTATGAARAT| 399
pMaCIR111S 328 _c'rTEhGTTACCAA_:\Tgﬂfhcr;-rmx_mcﬁgﬁh;- : rchhaTcraaT| 34
pMaCIR 11161 400 [[TGTTCCATCAGRATATAGATTGAT GTTTTCTTATGGGTAT| 436
pMaCIR 11114 400 [TGTTCCATCAGAATATAGATITGA TTTTCTTATGGGTAT| 436
pMaCIR1115 385 cperTccaTchbaaTaracaklrcar 3 1
pPVBCIR 11161 457 CTGARGIATTTGT ITGATGTGCCACTGEETRGGGTCAR 512
pMaCIR 11114 457 - TGRARITATTTGTHIGATGTGCCACTG rc 507
pMaCIR111S 112 T CARRTATTTGTTTGATGTCCCACT CORARIC 492

site that is cryptic or deleted in other representatives
(Fig. 2). Another insertion-deletion polymorphism oc-
curs at positions 150-172 on the pMaCIR 11145 probe.
Point-mutations are randomly distributed throughout
the sequence. Most of the variable regions are be-
tween positions 20 and 60, 98 and 111, 235 and 250.
Sequence data analysis allowed the detection of muta-
tions at positions responsible for the creation or de-
struction of restriction endonuclease restriction sites
for EcoRI and Sau3Al (Fig. 2). There was no strong
relationship between hot-spot mutation points or gap
positions and potential loops in the DNA structure
(Fig. 2), suggesting that insertion-excision processes
may not be involved in generating polymorphism.

A consensus sequence of the EcoRI element was built,
and PCR primers were defined in the most-conserved
regions (Fig. 3). Tentative polymorphic restriction en-
zyme sites are indicated (squares).

Site-specific PCR amplification

Different primer pairs (Table 2) were used to evaluate
the occurrence of the core conserved sequence in differ-
ent banana genotypes. Results are listed in Table 3.
When we used the AGRP 08-AGRP 09 and AGRP 08-
AGRP 07 primer pairs, amplification products were
detectable in all of the positive genotypes tested by
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Fig. 3 Consensus sequence of
the EcoRI core conserved
sequence and primer
localization. The consensus
sequence was obtained by
alignment of all the available
sequence data on the EcoRI
core sequence, including PCR

AGRP 54

** * * * * * * *

AATTCEGGCAGGAACTATTTTGTTTGAAAATTAGACTCTTATATCTTCCTGTTGACACTGATTTT

AGRP 54

5 o * -
GTAGATTTTGGACACCGAATACTTACCCAAACATCTGATTCAATTGAGCCTATAGACGCTGTAAAA
AGRP 61
) . AGRP 09 . AGRP 60

CAGGGTTCAAGATTTCTGACCTTTCGATACTAAAACGCCTATAACTCCCTGTTGAAAATTCTGATT

products from M. acuminata
ssp. and M. Schizocarpa.
Arrows indicate primer
locations, squares indicate
polymorphic restriction enzyme

* ok ok ok Kk k

TGTACCAAACTGATTTTATTTGAAACTAGACTTGAAAATCTCTCTTTTGACATATAGTTTGAAAAT

. AGRP 07

recognition sites, % indicates the
presence of a nucleotide
variation (gap or substitutions)
in at least one of the family
members

TTTGGAGTTCAATTGCCCACCCTATCGTCTGTTGAATCCGACCCTATAAATTCTGCAAACCAGTGA

* ok

TTGTGATTTTGACCI' TGTGTTACCAAATCAGAGGTAACTCTGTGTTGGGAGCCCTGTTTCATATGA

AATCTGTTCCATCCGAATATAGATTGATATATGGTTCGACCATAGCCTTCTTATGGGTATTGGAGC

AGRP055

* ok Kk Kk

ATAATTGTTATTCTGAAATATTTGTTTGATGTGCCACTGGAATTC

AGRP08

Table 3 PCR detection of the

Brep 1 family in the Musaceae in ~ Species Section® RFLP®  PCR primer pairs®
comparison with RFLP
07-08 08-09 54-55 60-61

Ensete giletii En — — — nd nd
Musa jackeyi A - (+) - nd nd
M. textilis A - — - nd nd
M. beccarii C — + + nd nd
M. angustigemma P — — — nd nd
M. laterita R + + + nd nd
M. acuminata spp. banksii Eu + + + + —
M. a. spp. burmannicoides Eu + + + + +
M. a. spp. malaccensis Eu + + + + +
M. a. spp. zebrina Eu + + + + —
M. balbisiana Eu - - — — —
M. b. type I Eu — — — — —
M. b. type IV Eu — (+) — (+) -
M. schizocarpa Eu + + + (+) +

*Taxonomic sections, En, Ensete; A, Australimusa; C, Callimusa; P, Peekeli; R, Rhodochlamys; Eu,

Eumusa

® +, Presence of an amplification product or hybridization signal;

—, absence of an amplification

product or hybridization signal; ( +), presence of PCR amplification product only under low stringency
PCR (5°C below Ta value); nd, not done

RFLP probe hybridization. M. beccarii belonging to
the Callimusa section also exhibited an amplification
product with the expected size, reflecting the presence
of representatives of the Brepl sequence family in
this section (Fig. 4). The AGRP 54-AGRP 55 primer
pair was designed to specifically amplify representa-
tives of M. acuminata. The GG dinucleotide at the 3’
end of the AGRP 55 primer was considered as potenti-
ally species-specific following sequence data analysis.
In fact, the GG dinucleotide appeared on all of the
fragments cloned from M. acuminata but not in those

from M. schizocarpa. This particular position was selec-
ted for designing primers because it was the only occur-
rence of a specific dinucleotide site that clearly distin-
guished the two species, and it allowed us to design
a species-specific primer in an approach similar to
“digital DNA typing” within the human genome de-
scribed by Jeftreys et al. (1991). This primer was tested
on all genotypes in association with a primer designed
in a highly conserved region (i.e. AGRP 54, see Fig. 3).
PCR conducted at the defined annealing temperature
enabled the detection of products in the expected
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Fig. 4 PCR amplification using the AGRP08/AGRPOQ9 primer pair.
Agarose gel electrophoresis of AGRPO8/AGRP09 PCR amplifica-
tion using DNA from a panel of different accessions from the
Musaceae family. Lane I Ensete sp. (E), lanes 2-7 Australimusa
section (T') M. boman, M. jackeyi, M. textilis, M. maclayi ‘Huang Si’,
M. maclayi ‘Skai’, M. lolodensis respectively, lanes 8—10 Callimusa
section (C) M. coccinea, M. gracilis, M. beccarii, respectively, lanes
11-12 Section Peekeli (P) M. angustigemma, lanes 13—16 Rhodo-
chlamys section (R) M. ornata, M. laterita, M. sanguinea ‘Sanguinea’,
M. sanguinea ‘ITC0543’, respectively, lanes 17-24 Musa acuminata
spp. banksii (AA), lane M molecular marker (sizes are indicated in bp
on the right). Arrowhead indicates the expected PCR product

size range for the M. acuminata representatives but not
for M. schizocarpa and M. balbisiana (Table 3). The
AGRP 60-AGRP 61 primer pair was designed to am-
plify the amplicon in order to test the hypothesis that
the Brep 1 family was tandemly repeated. When either
primer was used alone, no amplification product could
be detected (data not shown), suggesting that this se-
quence is not invertedly repeated throughout the ba-
nana genome. With the AGRP 60 - AGRP 61 primer
pair, only a few genotypes exhibited a faint amplifica-
tion product (Table 3). The sizes of the PCR products
were variable: 400 bp in Schizocarpa, 1 kbp in Calcutta
4 and Malaccensis.

Occurrence of Brep 1 in the Musaceae family

The use of previously described PCR primer pairs,
AGRP 08-AGRP 09 and AGRP 08-AGRP 07, with
lower annealing temperatures (see Materials and
methods) enabled detection of a product in other
genotypes which exhibited no hybridization signal with
the pMaCIR 1115 probe even after a long exposure
(3days). Interestingly, PCR amplification products
were detectable in M. balbisiana Pisang Batu with
very low intensities but not in M. balbisiana Butuhan
nor Honduras. In the Australimusa section, similar
weak products were also detected. This reflects the
presence of representatives of the Brepl family in
these clones with a very low-copy number. The primer
pair AGRP 54-AGRP 55 was also used under low-
stringency conditions. Amplification products ap-
peared in M. balbisiana Pisang Batu but not in
the other Balbisiana clones tested. A decrease in PCR

stringency enabled the detection of slightly degenerated
Brep 1 representatives in other species, demonstrating
the molecular diversity of this sequence throughout
Musaceae.

PCR amplification of subspecies-specific isoforms

The most specific internal AGRP 08-AGRP 09 primer
pair was used to amplify the Brep 1 region in different
banana clones. A single amplification product ap-
peared at the expected size only in M. acuminata and
M. schizocarpa and no amplification products could be
detected in M. balbisiana. This leads to easy access of
sequence data in different banana genotypes. PCR am-
plification products of the five positively tested acces-
sions were purified and sequenced. Data from
M. schizocarpa (Y08647), M. acuminata ssp. banksii
(Y08648) and M. acuminata ssp. zebrina (Y08649), M.
acuminata ssp. malaccensis (Y08650) and M. acuminata
ssp. burmanicoides (Y08651) are available. Sequence
data showed that all these products are uniformly of
the same size, 365 bp, and that the expected sequence
was amplified. PCR amplification products are not
considered to be excellent templates for sequencing
due to the risk of nucleotide mis-incorporation by
the thermostable polymerase. In order to check se-
quencing information, PCR products were completely
sequenced in both strands. The relatively small size of
the products should mitigate the consequences of arte-
facts due to polymerase errors. Thus, nucleotide posi-
tions where point mutation occurred between the dif-
ferent subspecies were identified, suggesting the pres-
ence of different isoforms. In addition, triploid banana
cultivars were subjected to the same procedure and,
interestingly, in contrast to the diploids, no unambigu-
ous sequence data could be obtained due to locally
overlapping nucleotide signals.

Evolution of the Brep 1 family

The five PCR isoforms of the M. acuminata subspecies
and M. schizocarpa were used to build a phylogenetic
tree (Fig. 5a). M. acuminata isoforms were found to be
not strongly related to the M. schizocarpa isoforms.



928

Musa acuminata spp.

burmannicoides  zebrina
malaccensis

banksii

a Musa schizocarpa

Triploid cultivar "Grande Naine"
zebrina

burmannicoides | g banksi Musa acuminata spp.

malaccensis

b Musa schizocarpa

Musa schizocarpa
S2
95 S3
S4
94 malaccensis

97 Triploid cultivar "Grande Naine"
{ zebrina
banksii
burmannicoides

C

Fig. Sa—c Unrooted phylogenetic tree constructed with nucleotide
sequence of Brep 1. a Data from the nucleotide sequence of the PCR
365-bp fragment of M. acuminata subspecies and M. schizocarpa
were used to build a phylogenetic tree using the parsimony method
(paup software). The strictly consensual tree obtained was assayed by
bootstrapping (1000), and values are indicated on the appropriate
node. b Addition of the sequence data from the triploid cultivar
‘Grande Naine’ (pMaCIR 1115), ¢ Dendrogram obtained by adding
the homologous fragment of M. schizocarpa cloned probes to the
tree of b. Representation was assayed by bootstraping (1000), and
values are indicated on the appropriate node

Genetic distances (Kimura 1980) given in Table 4 show
that the Schizocarpa isoform was well-separated from
the others, suggesting a strong divergence between the
two species. Inside the M. acuminata group, Malaccen-
sis and Calcutta 4 were closely related whereas Banksii
and Monyet were on separate branches. Four M.
acuminata isoforms were grouped with a bootstrap
value of 63. The use of other phylogenetic tree building
methods with different weight in tranversion/transition
events gave similar results (data not shown).

In a second approach, an isoform cloned from the
genomic DNA of the triploid AAA clone cv ‘Grande
Naine’ was added to the tree (Fig. 5b). Interestingly, it
located in the M. acuminata part of the tree, strongly
related (bootstrap value 97) to the zebrina ssp.

Other representatives of the Brep 1 sequence family
from M. schizocarpa added to the phenogram all
fell into the Schizocarpa group (Fig. 5¢). This strong-
ly suggests that all Schizocarpa isoforms are related
and could originate from a specific form of the Brep 1
family.

Discussion

The occurrence of four highly homologous sequences
found in the medium-repeated DNA fraction of the
banana genome strongly suggests the existence of a re-
peated DNA sequence family named Brep 1.

Genomic organization of the Brep 1 sequence family

On the basis of the hybridization pattern, the Brep 1
family seems to be interspersed: an overall conserved
core sequence, identified as a 500-bp EcoRI fragment
containing highly conserved and more variable regions,
probably flanked by variable DNA segments. Further-
more, in the conserved core sequence, polymorphic
restriction enzyme sites are present. This, added to the
interspersed organization of the family, contributed to
the production of a complex hybridization pattern.
This showed various strong signals of the EcoRI frag-
ments produced by cuts of the core repeat at variable
positions, thus producing a variety of inserts recover-
able by cloning. Short inserts due to the creation of an
EcoRI site at position 272 were identified (pMaCIR
11145). In the same way, the pMaCIR 11161 clone,
lacking the final EcoRI site, may identify a specific
flanking locus, the 3" part of this sequence not being
related to the Brep 1 family core sequence. Further-
more, hybridization patterns using this probe revealed
the strongest signal in M. schizocarpa compared to
other M. acuminata clones (data not shown). This could
reflect the presence of species-specific flanking regions
in M. schizocarpa.

PCR amplification data did not reveal any oc-
currence of inverted repeats of this core sequence.
Intensities of the PCR products obtained using the
AGRP 60-AGRP 61 primer pair did not vary between
positive clones, whereas differences in copy number,
measured using the AGRP 08-AGRP 09 primer pair,
ranged over an order of magnitude (Baurens et al.
1996). Moreover, the amplification of single-size spacers
in each of these clones reflected the occurrence of reiter-
ations of the conserved core Brep 1 sequence with con-
servation of the spacer size. The fact that few of the
genotypes exhibited this kind of genomic organization
and that the low intensity of PCR products might
reflect a single locus amplificate is consistent with an
interspersed nature of the Brep 1 sequence family. Re-
petitive sequences are generally classified into two
groups: satellite sequences (e.g. Reddy et al. 1993;
Schmidt and Heslop-Harrison 1993; King et al. 1995;
Kolshinsky and Gresshof 1995) and retroelements
(Voytas et al. 1992; White et al. 1994; Aledo et al. 1995).
Our data are in accordance with an interspersed nature
of the Brep 1 element, but no significant homologies to
other known retroposon-like DNA families could be
detected.



Specific isoforms of the Brep 1 sequence family

Site-specific PCR amplification of part of this EcoRI
core sequence enabled rapid and simple access to
the isoforms present in a banana population. The
sequences of the PCR products must however, be
considered with care. They represent the major repre-
sentatives of the sequence family present in the tested
genotypes. If alterations in the sequence appear in
a subset of this family, only isoforms with the highest
copy number will be amplified whereas minor ones will
be obscured. This assumption could be tested analysing
different representatives of M. schizocarpa. Cloned rep-
resentatives of the Brepl sequence family from M.
schizocarpa accessions showed the greatest homology
(Fig. 5¢) with the PCR product sequence of the same
species compared with other members of the Eumusa
section. Nevertheless, no completely identical clones
were found. The fact that no clear data sequence could
be obtained from triploid cultivars could be interpreted
in the same way, suggesting that no real major isoform
appears in these due to the combination of different
genomes with various copy numbers of the Brep 1 se-
quence family, characterized by specific nulceotidic al-
terations. Furthermore, analysis of the sequence data
strongly suggests the appearance of genome-specific
alterations in the ‘Schizocarpa’ species. This is sup-
ported by the genetic distances separating representa-
tives of M. schizocarpa from those of M. acuminata
(Table 4). Since considerable intra-species variation in
this sequence occurs, the sequence divergence observed
between M. schizocarpa and M. acuminata representa-
tives is significant and indicative of the molecular
evolution of the Brep 1 sequence family.

Evolution of the Brep 1 sequence family

The Brep 1 sequence family was present in all the repre-
sentatives of M. acuminata, M. schizocarpa and in the

Table 4 Pairwise Kimura genetic distance between wild and culti-
vated bananas

1 2 3 4 5 AAA
1 - 0.0673 0.0900 0.0673 0.0672 0.0891
2 - 0.0285 0.0056 0.0055 0.0292
3 - 0.0197 0.0226 0.0116
4 - 0 0.0174
5 - 0.0231
AAA -

Sequence data of the 365-bp fragment of PCR-amplified alleles of
clones 1-5 and the homologous regions of the pMaCIR 1115 cloned
probe from the triploid cultivar ‘Grande Naine’ (AAA) were used
to calculate genetic distances using the DNADIST software (PHYLIP
package)

*Numbers of the wild banana clones are those listed in Table 1
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Rhodochlamys section with variable copy numbers.
Considering the absence of hybridization signals with
the RFLP probe on the Australimusa and Callimusa
sections and in M. balbisiana and the production of
amplification products using low-stringency PCR am-
plifications, we suggest that the Brep 1 family was pres-
ent at extremely low copy numbers in these clones.
Brep 1 was not detected in Ensete, which is considered
to be the species most closely related to the putative
common ancestor for the Musaceae family (Cheesman
1947). It is clear that the appearance of the Brepl
sequence family preceded speciation of the Callimusa,
Australimusa and the representatives of the Eumusa
sections. In M. acuminata and M. schizocarpa and in
the Rhodochlomys section, copy numbers of the Brep 1
sequence family were considerably increased. Our data
on the Brep 1 sequence family support the hypothesis of
Simmonds (1962) concerning the evolution of the differ-
ent sections of the Musaceae.

In view of the absence of homology of the Brep 1
family to other known plant or animal interspersed
elements, the most probable hypothesis concerning the
molecular evolution of its sequence is that the single-
ancestor sequence duplicated during evolution. As
copy numbers of the Brep 1 family in M. balbisiana or
in the Australimusa and Callimusa sections were quite
low, representatives from these accessions could be
more related to the hypothetical ancestor because of
the absence of multiplication of the sequence. Analysis
of the PCR amplification products suggests that the
occurrence of tandem repeats of this family is not the
general case but occurred at a very low rate in the
genome. This suggests a complex mechanism of dupli-
cation which could lead to changes in the sequence
structure except for the conserved core sequence
found in all the Musaceae. This was confirmed by
the diversity of sequences found in M. schizocarpa
compared to the major isoforms obtained by PCR
amplification. Further investigation is, however,
needed to confirm the founder-isoform hypothesis.
However, a possible horizontal transfer from one spe-
cies to another cannot be completely excluded since
horizontal transmission of Gypsy transposons among
different fly species has been proposed (Mizrokhi and
Mazo 1991).

M. schizocarpa is known to have diverged from the
Eumusa section earlier than M. acuminata (Simmonds
1962). The evidence of Schizocarpa species-specific
point mutations could be interpreted as the differential
evolution of the ancestral sequence within the two
species and could have contributed to their speciation
(Radman and Wagner 1993). This is to be compared to
the difference in copy number as evidenced by the
analysis of RFLP hybridization patterns, the relative
intensities of PCR products and the results of low-
stringency PCR. The Australimusa and Callimusa sec-
tions separated before the appearance of the Eumusa
section. Copy numbers of the Brep 1 sequence family in
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the Musaceae family seem to have increased during
evolution. Thus, the presence in M. balbisiana of
a Brep 1 representative, with very low copy numbers, is
in accordance with the hypothesis of the divergence of
M. balbisiana prior to other representatives of the Eu-
musa and Rhodochlamys sections.

In the M. acuminata species complex, both copy
number and nucleotidic sequences divergence could be
considered for phylogeny. Given that the M.
schizocarpa species separated from the others earlier
(Simmonds 1962), a hypothetical root can be placed on
the tree between these two species. The tree constructed
with nucleotidic data shows that the zebrina subspecies
seems to have diverged more recently, whereas the
subspecies banksii differentiated early. The malaccensis
and burmannicoides subspecies cannot be separated us-
ing these data. Interestingly, copy-number data show
that the malaccensis subspecies carries six times more
copies of the sequence than banksii (Baurens et al.
1996). This suggests that the sequence duplication pro-
cess remains complex with the selection both high- and
low-copy numbers.

Another interesting characteristic of this sequence
family is the genetic relationship between its represen-
tatives among the M. acuminata species complex. Se-
quence data could be used for analysis of the complex
polyploid genomes of some banana cultivars. Carreel
(1994) demonstrated, using RFLP analysis of cytosolic
probes, that the triploid (AAA) Cavendish group was
related to M. acuminata ssp. errans and M. acuminata
ssp. malaccensis whereas RFLP data from the nuclear
genome did not allow for any strong association with
either subspecies. In spite of the high number of nuclear
probes used in this study, it was not possible to regroup
this triploid clone to any diploid wild-type subspecies.
Repeated sequences, on the other hand, form a large
portion of the genome. In this particular case, it was
possible to link the triploid cultivar to the zebrina ssp.
This leads to the hypothesis that three M. acuminata
subspecies are included in the cultivar ‘Grande Naine’
errans ssp., malaccensis ssp. and zebrina ssp. The use of
cytoplasmic probes in banana is very interesting due to
the fact that the two cytoplasmic genomes are differen-
tially inherited in wild diploid Eumusa (Fauré et al.
1993b). If, as a working hypothesis, the strictly paternal
inheritance of the mitochondrial genome and maternal
transmission of the chloroplast genome could be ex-
trapolated to all the cultivated clones the history of the
cross that originally produced the AAA cultivar
‘Grande Naine’ might be explained.

As zebrina and malaccensis are sympatric, the first
original cross could have been female malaccensis
x male zebrina. This hybrid should have produced a di-
ploid female gamete which subsequently crossed with
an errans male donor would have produced a triploid
AAA individual with an errans ssp. mitotype, a mala-
ccensis ssp. chlorotype and a zebrina ssp. nuclear Brep 1
sequence family type. The reality of this cross history is

surely not so simple. Hybrids most probably replaced
the putatively “pure” subspecies parents, giving
broader genetic bases to the cultivar. Moreover, it has
been suggested that the effect of repeated selec-
tion/mutation on the putative original cultivar was
conducive to strong differentiation from its ancestral
progenitors (Bhat and Jarret 1995). This could also
have enhanced the actual genetic diversity of ‘Grande
Naine’, Considering the genome representativity of
a repeated sequence and the fact that Brep 1 could be
useful for phylogeny, this sequence should be a good
marker and useful for the genetic improvement of ba-
nana with molecular breeding strategies.

Conclusion and prospects

Variable copy numbers of the Brep 1 interspersed re-
petitive element occur in the Musaceae family. Starting
from only a few repetitions in Musa beccarii in the
Autralimusa section and Musa balbisiana in the Eumusa
section, copy numbers increase in the Rhodochlamys
section, to reach a maximum in the Musa acuminata
and M. schizocarpa species from the Eumusa section.
Significant variations in copy number allow the differ-
ent subspecies of M. acuminata to be distinguished
(Baurens et al. 1996).

It has been shown that repetitive elements are a basis
for efficient molecular markers in banana (Jarret et al.
1993; Kaemmer et al. 1992). Sequence and molecular
organization data on the Brep 1 sequence family mem-
bers open up new opportunities for the development
of site-specific PCR. A PCR-typing approach, ana-
logous to those developed by Jeffreys et al. (1991),
could be applied using carefully chosen primers that
carry a species-specific point mutation at their 3’
end. The isoforms of M. schizocarpa and those of
M. acuminata are unambiguously grouped in two sep-
arate parts of the phylogenetic tree synoptically repres-
enting our data. Moreover, the addition to the tree of
data corresponding to the cloned probes of M.
schizocarpa confirms through the identification of
a strong Schizocarpa isoform group (Fig. 3) that some
nucleotide positions may be characteristic of different
species of the Musaceae family. Based on this, and
bearing in mind all of the difficulties due to ambiguous
nucleotide positions from PCR product sequence data
acquisition, primer positions have to be carefully de-
fined for the detection of species-specific point muta-
tions in the core of the Brep 1 family. Accumulation of
data corresponding to the M. acuminata subspecies-
specific isoforms could be very informative and might
open the way to distinguishing the M. acuminata sub-
species involved in cultivars using PCR tests.

Copy numbers of the Brep 1 sequence family pre-
viously assayed in M. acuminata ssp. showed a large
variation, depending on the M. acuminata subspecies,
and throughout the whole Musaceae family itself.



Additional investigations are, however, needed to clar-
ify the nature of the Brep 1 repetitive element and any
potential correlation between copy number of the
sequence and the expression of agronomical traits.
Overall, the relationship between repeated sequences,
speciation and genomic structure alterations has been
discussed elsewhere (Radman and Wagner 1993), and
a link to parthenocarpy or sterility of banana is not to
be excluded. This can be further explored by in situ
hybridization of this sequence family for precise phys-
ical mapping and the study of interspecific crosses.
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