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Abstract

A completed map, based on two selfed progenies from two banana cultivars (M53 and SFB5) is
presented (roughly 1200 cM). More than three hundred markers are linked in 11 linkage groups
representing the genome (2n=22) of Musa acuminata. Roughly one third of the markers are co-
dominant restriction fragment polymorphisms (RFLPs; one hundred) or microsatellites (thirty). Two
thirds of the markers are dominant amplified fragment length polymorphisms (AFLPs; 10% could be
considered to be co-dominant). The mean linkage distance is 3 cM, but marker density still should be
increased on a couple of linkage groups. Particularities for a mapping job in banana are discussed. Due
to Musa acuminata sub-species specific translocations, up to 36% of all the markers tested show
important segregation distortions. The need for a cooperative mapping initiative based on a proposed
"frame-map" harbouring evenly spaced co-dominant "anchor" markers is proposed. CIRAD has
published 45 sequence tagged microsatellite sites (STMS) in the EMBL database which are accessible
at: "http://www.ebi.ac.uk/" using the keywords LAGODA and MICROSATELLITE (EMBL
accessions X87258 to X87265, X90740 to X90750 and Z85950 to Z85977).

1. INTRODUCTION

Banana and plantain belong to the Musaceae family and are among the tallest
monocotyledons. They are crops of primary economic importance for many tropical countries,
either as a local staple food or for exportation. Unfortunately, they can be considered "orphan
crops" because they are seldom included in international genome analysis initiatives. They are,
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however, an example of higher eukaryotes (reviewed in [1]) whose cytogenetic structure is
made more complex through chromosomal repatterning due to considerable chromosome
structural differentiation within the Musa species (reviewed in [2]). Natural reproductive
barriers exist, therefore, between acuminata wild type diploid subspecies, an obvious
component of subspecies divergence, and genetic diversity of the species as a whole. This fact
is of paramount importance to breeders, seriously limiting options in improvement strategies.
Diploid cultivars are essentially inter-(sub)species hybrids, heterozygous for one or several
translocations (reviewed in [2]). The tendency towards male-sterile material and genie female
sterility further complicates the use of these materials as female parents. Sterility (both genie
female (male?) and caused by structural hybridity), parthenocarpy (i.e. autonomous stimulus to
pulp growths) and subsequent formation of triploids (resulting from the fusion of reduced and
non-reduced gametes following nuclear restitution) are the milestones of domestication which
created the present vegetatively propagated, sexually sterile cultivars. Molecular knowledge of
the complex genome structure of banana and plantain is thus mandatory to better understand
Musa genetics. In the late 1980s, CIRAD started to use molecular markers on banana to study
the genetic diversity of the Musaceae and to investigate marker assisted breeding ([3] and [4]
and references therein) for resistance to important diseases such as Black Leaf Streak Disease
(BLSD). The present report will focus on mapping the banana genome.

2. MATERIALS AND METHODS

2.1. Plant material (mapping populations)

Eighty-nine individuals have been used to build the "M53" map. The parental clone,
M53, is a synthetic hybrid:

(Musa acuminata malaccensis 'Kedah' type xMusa acuminata banksii 'Samoa' type)
x

(AAc 'Paka' type xMusa acuminata banksii 'Samoa' type)

"M53"

M53 originally stems from the genetic improvement program headed by Dr. K. Shepherd
in Jamaica. The progeny was produced at CIRAD, French West Indies (Guadeloupe). The
progeny of the selfed M53 shows segregation for the resistance to BLSD (Bunchy Leaf
Disease). More than 750 other progenies of the same cross are being evaluated in the field for
BLSD resistance at the CRBP in Cameroon.

Our second mapping population was a selfed progeny of clone SFB5. The parental clone,
SFB5, is a hybrid between SF265(AAcv) and Musa acuminata ssp. banksii type 'Banksii'
(AAs). Ninety-two individuals have been used to build the "SFB5" map [5].

2.2. Detection of molecular markers and map construction

Amplified fragment length polymorphisms (AFLP) were performed using six primer pairs
from the kit of GIBCO-Life Technology, with the protocol provided by the supplier. Variable
number of di-nucleotide repeats (VNDR) were obtained and analysed as previously described
[6, 7]. Restriction fragment length polymorphisms (RFLP), randomly amplified polymorphic
DNA (RAPD) and isozyme analyses were performed as previously described [4,8]. Maps were
constructed using the JoinMap 1.4 software [9]. A critical LOD value of 4 was used to
establish linkage groups.
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TABLE I. FERTILITY AND ESTIMATED NUMBER OF TRANSLOCATIONS IN M53 AND
SFB5

Individual

M53

SFB5

Viable
pollen
total
number

510(545)

908 (969)

Fertility

%

93

94

Metaphase
spreads
number

14

15

(0)

911

12

10

Observed poly-valents per metaphase
(maximum number of translocations)

I = mono-, II = di-, III = tri-, IV = tetra- valents
(1) (2) Translocations

9 n , 9 n 8 ii 7 ii, i rv,
1IIL &1 & 1III&1I number
&1I IV 1

VI

1 1 0 1 2

2 2 1 0 2

(modified from [4])

3. RESULTS

Pollen fertility and metaphase spreads of the parental accessions of the two mapping
populations, M53 and SFB5, have been previously described (Table I, [4]). Pollen fertility,
evaluated according to the method described by Alexander [10], was rather high (93%),
whereas up to one third of the analysed metaphase spreads showed chromosomal structures
compatible with 2 "heterozygous" translocations for both accessions.

A composite map was constructed based on common markers in the two mapping
populations. Mapping of the "SFB5" population has been previously reported [5]. This map is
based on RFLPs (61 probes, eight of which gave duplicated loci), RAPDs (thirteen loci) and
isozymes (4 loci, MDH, POXc, EST, PGM). We recently added 16 microsatellite sites. This
map now comprises 106 markers, 89 of which are mapped on 15 linkage groups. Four markers
appeared as two independent, tightly linked pairs of loci, thirteen loci remained unlinked at a
LOD (Log of the Odds) value of 4.

The available polymorphism in the "M53" population permitted the mapping of 61 RFLP
probes, five of which revealed duplicated loci, and 29 microsatellite loci. Thus a "frame-map"
of 95 co-dominant "locus-specific anchor markers" was produced. The use of RAPD and
AFLP technologies allowed for a rapid addition of eleven and 204 dominant markers,
respectively. Seventeen pairs of AFLP markers (34 fragments) appeared to be alternative
alleles of seventeen loci. Every candidate AFLP-pair was revealed by the same set of primers,
they had close positions on the analysing gel and no 'double absences' were observed for the
same individual. They were tentatively treated as seventeen co-dominant markers. The
resulting genetic map comprises 294 markers. Two hundred and seventy six markers were
mapped on eleven linkage groups. Six markers appeared as three independent tightly linked
pairs of loci and nine markers remained unlinked at a LOD value of 4. The total size of this
map was 1177 cM. Segregation distortions were calculated for all the markers. Twenty AFLP
markers with a significant c2 at the 0.001 level were excluded.

37



The "M53" and "SFB5" maps had 97 locus specific markers in common (81 RFLP and
sixteen microsatellites). Co-linearity was observed between linkage groups of the two maps.
This allows for the construction of a composite map (1227 cM) at a LOD score of 4.75. This
composite map links 373 isozyme, microsatellite, RFLP, RAPD and AFLP markers in 11
linkage groups. One tightly linked AFLP pair (provided by "M53") doesn't associate with any
linkage group and two STMS, four AFLP from "M53" as well as one RFLP and two isozyme
markers from "SFB5" stay unlinked at the chosen LOD score. Mean linkage distance is 3 cM.
Up to 36 % of the tested markers showed important segregation distortions. Most of these
markers associate in a very large linkage group at LOD £ 3.0, but are dissociated in different
linkage groups at LOD 3 4.0. Of special interest are three RFLP markers pMaCIRlOOl,
pMaCIRllll and pMaCIR257. These RFLP markers are amongst the markers showing the
most distorted segregation. They are also the only RFLP markers permutating linkage when
comparing both maps (Fig. 1). More studies are needed to test whether this is indicative of a
translocation breakpoint.

4. DISCUSSION

4.1. Mapping and translocations

The most important problem for mapping the banana genome seems to be the variability
of chromosome structure. Translocations are a common phenomenon in diploid bananas [2].
Banana chromosomes are tiny, which explains the paucity of cytogenetic data (reviewed in
[4]). These data are not explicit enough to identify whether the translocation(s) involved: an
unbalanced translocation, a segment from one chromosome is transferred on top of another,
nonhomologous, chromosome; the insertion of a segment from one chromosome into the
chromosomal arm of another non-homologous chromosome; or the exchange of chromosomal
ends between two non-homologous chromosomes.

According to Burnham [11] the reciprocal translocation (exchange) is the most common
process observed in somatic cells or at meiosis. Translocations may occur spontaneously due
to the imbrication of bivalents, entangled chromosomes, homozygosity of special genes (e.g.
sticky, stl in corn), growth from aged seeds or be induced by exogenous stimuli like chemical
treatments or irradiation. At meiosis the homologous regions of the hybrid chromosomes
produced by translocation will associate. Meiosis will proceed normally if both members of the
hybrid chromatid couple experienced the same structural modification. The translocation is
then called homozygous. In structural hybrids, when one member of the associated
chromosomes suffered structural modification, the translocation is then called heterozygous.
At prophase I, the association of four chromosomes (two pairs), sharing partial homologies,
produces a complex chromatid configuration (tetravalent, visible as a structure resembling a
cross). How this complex configuration behaves at meiosis depends on the frequency of the
chiasmata and on their relative location in relation to the centromere position and orientation.
If two heterozygous translocations co-exist in the same cell, two tetravalents may be observed
if both events don't share a common chromosome or one hexavalent, if one chromosome is
implicated in both structural modifications (Table I, Fig. 2).
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FIG. 1. Detail from the comparison of the "SFB5" and "M53" maps. The candidate translocation
breakpoint (to be investigated farther) is indicated as: "M53 " unlinked. The probe type is indicated
by the probe name: pMaClRxxxx, RFLP (genomic); cMaCIRxxxx, RFLP( cDNA); rOPXxx.x, RAPD;
ixxx, STMS; andH4C14, RFLP (histone).

There are at least three important genetic consequences of structural hybridity. First,
nonhomologous chromosomes involved in a reciprocal translocation will associate during
meiotic prophase I to form the polyvalents described above, thus creating inter-chromosomal
linkage. These complex structures may be considered as a single recombination unit or linkage
group. This might explain why at a LOD score between 3 and 4 both our maps include nine
linkage groups (basic chromosome number n = 11), one being a very long "mega-linkage
group" harbouring significantly more markers than the eight other linkage groups. Thus, genes
usually segregating independently, because they are normally situated on different
chromosomes in one parent, will show variable degrees of linkage in the progenies of structural
hybrids. Second, the recombination rate is reduced near translocation breakpoints due to steric
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hindrance of the heterochromatin structure [11] (Fig. 2) and genetic distances between the
proximal loci will appear shortened. Third, at meiosis, the disjunction of the multiple
chromosome associations at metaphase will result in mostly unbalanced distributions of
interchanged chromosomal segments. Some gametes will be unviable and their gene marker)
combinations will not be represented in the progeny due to the differential gametic viability.

I II III

Q
1

BPl-

X

I

1
•f
A

CO

BP2

LR1

LR2

FIG. 2. Diagrammatic representation of meiotic pairing in a hypothetical structural heterozygote for
two reciprocal translocations involving 3 pairs of chromosomes (modified from [IJ.The complements
of the parental accessions differ by two reciprocal interchanges involving 3 pairs of chromosomes (I, II,
IE). BPl, BP2 = translocation breakpoints. CO - segments of putatively unaffected crossing over
potential. LRI, LR2 = zones with reduced recombination rate. Loci linked in both parents: (I, b, a} and {d,
c, sj. CO' = region of variable crossing over potential. Loci linked in parent 1 (I, II, HI) but not in parent
2:1&2, S&4 and5&6. Loci linked in parent 2 but not in parent 1:1&3, 2&5 and 4&6. Linkage groups {a -
bj and {c-d} are the most likely to be unaffected by translocations. "Hybrid" linkage groups {I, 2, 3} and
{4, 5, 6} will appear independent only if the crossing over rate is high at CO' between BPl and BP2. Loci
1, 2 and 3 (idem for loci 4, 5 and 6) may appear "linked" more or less tightly depending on crossing over
rate between each of them and the proximal breakpoint. Crossing over may be sterically hindered
depending on position relative to the proximal LR and the centromere.

This phenomenon will be observed as a distortion of the expected marker segregation on
rearranged chromosomes. This might explain the severe distortion of some of our mapping
markers and the fact that 36% of the tested markers show varying levels of distortion. The
majority of the markers showing some degree of distortion are found in the "mega-linkage
group" described above. At a LOD score 3 5.0, both maps break up into 14 ("M53") and 15
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("SF5") linkage groups (these remain stable up to a LOD score of 10). Depending on the
relative position of translocation breakpoints and centromeres (Fig. 2), the crossing over
frequency and the percentage of most homozygous gametes at the translocation breakpoints,
the "mega-linkage group" would produce up to 15 fragments behaving as autonomous linkage
units at increasing LOD scores (Fig. 2, computer simulations).

In fact, the mechanism responsible for the resulting segregation has not yet been
completely understood. Chromosomes having suffered translocation(s) and normal
chromosomes will migrate to opposite poles; all resulting gametes will thus inherit a complete
set of genes and gametic viability and fertility will be high. Non-homologous, translocated,
alleles will migrate towards the same pole. The resulting gametes will inherit one normal and
one translocated chromosome, thus their gene sets will harbour duplications of genes and
suffer loss of genes, and differential gametic viability and fertility will depend on the relative
importance of the duplicated and/or lost genome segments.

In conclusion, both the probability of rinding unwanted linkages and the strength of these
linkages may increase. As a corollary, the precision of QTL localization will be adversely
affected.

4.2. Molecular markers

Comparing both maps from different sub-species hybrids, it has been noted, as expected,
that collinearity of co-dominant markers (RFLP, Microsatellites) is highly conserved. The
efficiencies of the different marker systems, RFLP and microsatellites, in a comparative
mapping approach are roughly equivalent [7].

The usefulness of microsatellite derived markers is emphasised by the utilization of
relatively simple laboratory techniques (polymerase chain reaction(PCR), non radioactive
detection, potential for automated analysis) compared to RFLP markers [6,7]. Detecting
microsatellite loci is expensive, but using already established markers is cost effective.
Nevertheless, development of microsatellite markers is currently limited in plants, in general,
by the number of available published sequence data for most species. This is particularly the
case for tropical crops such as banana, but an increasing number of research groups are
working on the molecular characterisation of these and there is no doubt that more DNA
sequences will be available in the near future.

RAPD and AFLP techniques have in common the ability to rapidly produce a great
number of signals which can be scored. These data can- be introduced into evaluation
algorithms in order to be analysed statistically. These analyses are the bases of identification
systems, genetic diversity estimations and mapping. These markers are, however,
"anonymous", random markers, meaning that the fragments produced in these assays must be
scored as dominant (presence vs. absence) markers. To identify the specific loci, and to identify
the homologous alleles of the specific loci, one must invest more effort into sub-cloning and
eventually sequencing these fragments, producing cleaved amplified polymorphic sites (CAPS)
and sequence characterized amplified regions (SCARs). This is the main reason these marker
systems are good identification tools for clonal identification or to assist breeding of near-
isogenic lines (NTLs). In a mapping approach they may be used to rapidly saturate a frame map
based on co-dominant markers, knowing that the information deficiency of dominant markers,
as compared to co-dominant markers in a F2 type mapping approach, decreases confidence in
QTL map positions and marker order.
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A complete comprehensive map of Musa spp. will be attainable through the comparison
of several maps based on parents with different karyotypes. This can not be accomplished by a
single research group. Thus, we are selecting a subset of our co-dominant markers, spaced 10-
20 cM apart, to construct a "frame map" which could be easily saturated using AFLP, as an
example. Eventually this "anchor marker set" is bound to be distributed to interested
researchers in a cooperative research effort. Forty-five STMS from CIRAD are published in
the EMBL database and accessible via "http://www.ebi.ac.uk/" using keywords LAGODA and
MICROSATELLITE (EMBL accessions X87258 to X87265, X90740 to X90750 and Z85950
to Z85977).

The different maps eventually produced could be compared through the relative
localisation of the same anchor markers. The comparative data resulting from these efforts
should be used to map translocation breakpoints in order to produce a Musa consensus or core
map.

5. CONCLUSION

An almost complete map harbouring eleven linkage groups, ideally corresponding to the
basic number of chromosome (n=ll) has been produced. The total length is about 1200 cM.
Significant levels of segregation distortion were observed, particularly for AFLP markers.
Those distortions could be related to the two translations observed on meiotic preparations
of M53 and SFB5 [4].

No structural differences could be detected between the 'SFB5' and 'M53' maps. This
allowed the straightforward construction of a frame-map of the Musa genome. It now
comprises 119 loci with 94 RFLP, 24 microsatellites and one isozyme. The density of co-
dominant markers will have to be improved for a couple of linkage groups.

The development of PCR-based markers is a key objective of our mapping program.
AFLP technology also appears to be a fast and powerful tool for saturating the "frame-map".
A mean of 33 markers were revealed for each primer pair and about 10% could be considered
to be co-dominant. It is probable that a combination of SCARs from AFLP and microsatellites
will be used in the future to transfer genotyping "to the field".

The difficulties with breeding improved triploid cultivars are now easy to understand.
Classical strategies involve crossing a diploid accession (e.g., wild type), usually a fertile one
showing some desirable trait, onto a good triploid recipient cultivar having good female
restitution. Other strategies include breeding improved diploids, both cultivated and wild type
accessions, in order to reconstruct triploid cultivars by crossing the improved diploid onto a
tetraploid, artificially induced or not. Insufficient knowledge about the genomic origins and
composition of diploid and polyploid cultivars complicates the choice of the best diploid
materials for desirable introgressions. The overall effects of structural hybridity, as shown, will
interfere with the breeders efforts at recombining and transferring desirable traits from wild and
cultivated diploids, sometimes forcing them, unwittingly, to attempt bridging crosses to
circumvent these reproductive barriers or to avoid apparent linkage of undesirable traits. On
the other hand, translocations can also be used to the breeder's advantage for the transfer, or
localization, of particular gene loci [1].

As far as breeding Musaceae is concerned, molecular markers have proven to be
invaluable tools. Having these tools handy, breeders, the real work is still to be done!
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