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Abstract Cytoplasmically inherited characters such as
resistance to viral and fungal diseases, determination of
starch types, crop yield, resistance to low or high tempera-
ture often contribute to the advantageous phenotypic traits
of plants. In the present study, our goal was to elucidate the
genealogy of cytoplasmic genomes chloroplast and mito-
chondria in banana. Banana breeding is rather complicated
because of the low fertility and mostly unknown origin of
the edible cultivars, therefore, knowledge on the putative
fertile ancestors of cytoplasmic genomes chloroplast and
mitochondria would be beneficial for breeding pro-
grammes. Based on the established marker systems distinct
species specific gene-pools could be identified for both
chloroplast and mitochondrial genomes for Musa acumi-
nata and Musa balbisiana wild types, respectively.
Detailed analysis of the species specific chloroplast and
mitochondrial gene-pools of M. acuminata and M. balbisi-
ana revealed six chloroplast and seven mitochondrial gene-
pools in the analysed accessions. Comparative analysis of
the haplotypes revealed the presence of Primary Centers
of origin for both chloroplast and mitochondrial genomes
of both species supporting the idea of common origin of
these genomes. Cytotypes representing combinations of
M. acuminata chloroplast and mitochondrial gene-pools
were identified in majority of the analysed hybrid cultivars.
A single M. acuminata cytotype was present in the majority
of the analysed cultivars, which combination was not
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detected in any of the wild types. On the other part a single
balbisiana cytotype was identified participating in the for-
mation of interspecies hybrids. The strong preference for
the presence of certain cytoplasmic gene-pools in cultivars
may indicate hundreds of years of natural as well as of
farmers’ selection supplementing the phenotypic traits pro-
vided by the nuclear genome. Based on the present results
the present day subspecies classification of M. acuminata is
also discussed.

Introduction

Musa (Musaceae) is one of the most important staple crops
widely cultivated in tropics and subtropics. The present day
edible bananas originate mostly from the diploid species
(2n =22) Musa acuminata and M. balbisiana (Cheesman
1950; Simmonds 1995). The diploid or polyploid cultivated
banana varieties are mostly sterile intra- or inter-specific
hybrids of these two species and have been fixed through
hundreds of years of human selection. The haploid genome
originating from M. acuminata is called the ‘A’ genome
while that of M. balbisiana is the ‘B’ genome. Based on
morphological characters and ploidy level five main genetic
groups (AA, AB, AAA, AAB, ABB) have been described
for cultivated bananas by Simmonds and Shepherd (1955)
and Simmonds (1962). Several subspecies have also been
recognised on morphological characters and hybridisation
studies in M. acuminata wild types: banksii, burmannica,
burmannicoides, errans, malaccensis, microcarpa, siamea,
truncata and zebrina, however their classification was
questioned latter based on molecular data (Carreel et al.
2002; Ude et al. 2002). Despite the observed high genetic
diversity in M. balbisiana (Sotto and Rabara 2000) less
effort was devoted to the classification of this species.
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Banana breeding using high quality cultivars must fol-
low complicated regimes (Ortiz 2003) since most of the
edible cultivars are low fertility triploids mostly with
unknown origin. However, knowledge on the putative fer-
tile ancestors would be beneficial for breeding programmes.
Several attempts were made for the elucidation of the origin
of banana cultivars using various molecular techniques (see
for example Ude et al. 2002; Nair et al. 2005). Recently,
Swangpol et al. (2007) used comparative sequencing of the
chloroplast genome for lineage assessment of interspecific
hybrids. Recently, Raboin et al. (2005) could identify puta-
tive wild type ancestors of Gros Michel triploid AAA culti-
var using nuclear genome based molecular tools.

Cytoplasmic genomes—chloroplast and mitochondria—
provide photosynthetic carbon fixation and oxidative phos-
phorylation, respectively, for the plant cell. Beyond these
basic functions, however, there were many traits reported
being cytoplasmically inherited in plants such as resistance
to viral and fungal diseases (Voluevich and Buloichik 1992;
Braun et al. 1989), determination of starch types (Chen and
Zhu 1999), crop yield (Loessl et al. 2000), resistance to low
or high temperature (Hutton and Loy 1992; Shonnard and
Gepts 1994), control of tissue culture regeneration ability
(Ekiz and Konzak 1991) and influence on programmed cell
death (Balk and Leaver 2001). Therefore, elucidating the
genealogy of the cytoplasmic genomes of cultivars and wild
types would be beneficial for banana breeding. In Musa the
chloroplast genome was shown to be maternally, while the
mitochondrial genome paternally inherited (Faure etal.
1993). In previous studies using cytoplasmic genome based
marker systems the paternal and maternal lineages of the
different Musa genotypes could be traced (Carreel et al.
2002), the sectional relationships of Musa could be revealed
(Nwakanma et al. 2003) and geographical differences in the
gene-pool of the chloroplast cytotypes could be identified in
M. balbisiana populations (Ge et al. 2005).

The objective of this study was to reveal the genealogy
of the cytoplasmic genomes of diploid wild as well as the
present day intra- and inter-specific Musa accessions thus
identifying the putative ancestor gene-pools also contribut-
ing to the hybrid genotypes. Therefore, we analysed the
relationship of the chloroplast and mitochondrial haplo-
types of wild type versus diploid, triploid and tetraploid
cultivars in order to elucidate their genealogy.

Materials and methods
Sample set
Purified DNA of 48 members of a ‘mini core’ collection of

51 accessions (http://www.musagenomics.org/index.php?
id=137) isolated by Isabelle Hippolyte (CIRAD) was
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kindly provided by the Global Musa Genomics Consor-
tium. Additionally, three M. balbisiana (samples 50, 51 and
52), two M. acuminata (samples 9 and 10) and one
M. schizocarpa (sample 54) wild types kindly provided by
J. Dolezel (Laboratory of Molecular Cytogenetics and
Cytometry, Institute of Experimental Botany Olomouc,
Czech Republic) were also used for the present study. The
DNA of the latter samples was purified using Qiagen Plant
mini kit. Altogether ten M. acuminata, eight M. balbisiana,
one M. schizocarpa wild types and 35 diploid, triploid and
tetraploid cultivars were analysed during the course of the
present study (Table 1).

PCR-RFLP of the organellar genomes

The procedure for analysing genetic diversity of cytoplas-
mic genomes, the method originally described by Dumolin-
Lapegue et al. (1997) was used with minor modifications
(see below). This way eight chloroplast and four mitochon-
drial primer pairs were used to amplify selected regions of
the organellar genomes (Table 2). PCR amplification of
these chloroplast and mitochondrial regions were per-
formed in 25 pl reaction mixture containing 0.2 uM of each
primer, 200 pM of each dNTP, 2.5 mM MgCl,, 0.2 unit
HotStarTaq polymerase (QIAGEN), 1x PCR buffer sup-
plied with the polymerase and 25ng genomic DNA.
Amplifications were run in PTC-100 (MJ Research Inc.)
PCR machines using the following cycling conditions: acti-
vation of the polymerase was accomplished by incubating
the reaction mix at 94°C for 15 min, followed by 35 cycles
of 94°C 45 s, T,, (Table 2) 45 s and 72°C for D, (Table 2)
followed by 72°C for 10 min elongation in the last cycle.
Subsequently, the fragments were restriction digested with
the enzymes listed in Table 2. The banding patterns were
visualised either by polyacrylamide gel electrophoresis
(PAGE) followed by silver staining (PCR-RFLP 1-11;
Table 2) or by Agarose gel electrophoresis using 1% Aga-
rose (Sigma) in TBE and subsequently staining the gels
with 0.3 pg/ml Ethidiumbromid (PCR-RFLP 12; Table 2).
The PAGE analysis was made in 0.5 mm thick 8% gels
(Rotiphorese Gel 30, Roth) prepared in 1x TBE using
GelBond®PAG Film (Cambrex, USA) gel support film.
The gels were loaded using shark tooth combs, which allow
the detection of small differences in the mobility of the
fragments. Dual Vertical Slab Gel System DSG-250 (CBS)
electrophoresis system cooled to 15°C was used for running
the gels at 500 V for 3 h. Subsequently, the support film
attached gels were fixed in 10% ethanol and 0.5% acetic
acid for 30 min and then stained in 0.1% AgNO; for
45 min. The bands were developed by soaking the stained
gels in solution containing 1.5% NaOH, 0.01% NaBH, and
0.15% formaldehyde until bands appeared. Developing was
terminated by soaking the gels in 0.75% Na,CO; for 5 min.


http://www.musagenomics.org/index.php?id=137
http://www.musagenomics.org/index.php?id=137
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Fig. 1 Examples of eight chloroplast and four mitochondrial PCR-
RFLP patterns. Amplified regions are numbered as in Table 2. PCR-
RFLPs 1-11 were analysed on polyacrylamide gel with silver staining,
while PCR-RFLP 12 was visualised on agarose gels. Brackets indicate
the bands/regions considered for scoring. Since only two examples are
shown not all the scored regions show polymorphism. In PCR-RFLP

Generating haplotype reads

Ten out of the 12 PCRs gave similar sized amplificates. For
describing the banding patterns in these cases the PCR-
RFLP data were scored as multistate unordered characters.
Each clearly visible and recognizable polymorphic restric-
tion band on the polyacrylamide gel was regarded as a char-
acter/locus and its states as different alleles (Fig. 1) since
band migration on the acrylamide gel system is also influ-
enced by internal sequence differences of the fragments
(data based on Quercus chloroplast amplificates not
shown). All PCR-RFLP profiles were determined at least in
duplicates (independent PCR amplification and subsequent
restriction digestion). In Fig. 1 the scored bands are indi-
cated as regions and all minor differences in the mobility of
the fragments revealed by using shark tooth combs were
recorded as alleles of the particular band. This way up to
seven polymorphic bands could be detected in a single
PCR-RFLP combination (Table 3), while each band
yielded several alleles. On the contrary the mitochondrial
markers 9 and 12 gave different PCR fragment sizes. PCR-
RFLP 9 resulted in two fragment sizes. M. acuminata was
characterized by a 1,400 bp while M. balbisiana type mito-
chondria by 1,800 bp long PCR fragments, respectively. No
variation was observed in the 1,400 bp long fragment,
while the 1,800 bp long fragment yielded different PCR-
RFLP patterns (Fig. 1-9). Cox II (PCR-RFLP 12) gave
three different fragment sizes. In M. acuminata type mito-
chondria 800, 1,000 and 1,200 bp long amplificates were
observed, while exclusively 1,000 bp fragments were
detected in M. balbisiana type mitochondria. RFLP varia-
tion was observed in the 1,000 and 1,200 bp long frag-
ments. Because of the variation of the original fragment

@ Springer
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#4 only the upper band was considered, since the lower one showed
symmetrical polymorphisms. PCR-RFLP #9 shows the polymor-
phisms obtained with the 1,800 bp fragment. PCR-RFLP #12 shows
the variation of the 1,000 bp fragment; a M. acuminata, b M. balbisi-
ana. PCR-RFLP #4 shows the mutation discriminating Cavendish
accessions Grand Naine (a) and Petit Naine, Poyo (b)

Table 3 Number of polymorphic markers used for principal compo-
nent analysis in all the samples and in the species specific gene-pools
of M. acuminata and M. balbisiana type chloroplast (Ca and Cb) and
mitochondria (Ma and Mb)

PCR-RFLP No.of  Polymorph  Polymorph Polymorph
chloroplast bands in all in Ca in Cb

1 8 5 3 0

2 6 4 4 1

3 4 3 2 2

4 1 1 1 0

5 8 6 4 2

6 7 7 6 1

7 1 1 1 1

8 1 1 1 0

Sum 36 28 22 7
PCR-RFLP No.of  Polymorph  Polymorph Polymorph
mitochondria  bands in all in Ma in Mb

9 6 6 0 6

10 6 5 4 2

11 2 2 1 1

128? 1 1 1 1

Sum 15 14 6 10

# Scored as pattern. See ‘Generating haplotype reads’ in “Material and
methods”

length along with additional RFLP variations this marker
was scored as pattern (Fig. 1-12). The combination of all
these alleles within an individual formed a haplotype. This
way a 28 digit string of loci could be established for the
chloroplast haplotype and a 14 digit string for the mito-
chondrial haplotype, respectively.
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Statistical analysis of the haplotypes

Genetic relationships of the haplotypes were analysed by
principal component analysis (PCA) based on correlation
using the PAST software package (Hammer et al. 2001).
Grouping of haplotypes based on PCA analysis was veri-
fied by molecular variance analysis (AMOVA) using the
Arlequin v3.1 (Excoffier et al. 2005) software package to
estimate variance components (between groups and between
haplotypes within groups).

Minimum spanning tree (MST) has been computed for
assessing the relatedness of cytoplasmic haplotypes using
the Arlequin v3.1 (Excoffier et al. 2005) software package.
The trees were visualized in TreeView v1.6.6 (Page 1996)
and latter redesigned in MSPowerPoint.

Results

In order to elucidate the resolution power of uniparentally
inherited chloroplast and mitochondrial marker systems in
identifying the putative ancestor cytoplasmic gene-pools, a
collection of 54 accessions was analysed consisting of 52
Musa accessions representing different variants of the ‘A’
and ‘B’ nuclear genotypes supplemented by one M. schizo-
carpa homozygote and one M. acuminata x M. schizo-
carpa hybrid (Table 1). Based on preliminary experiments
eight regions representing 28 polymorphic bands/loci of the
chloroplast and four regions of the mitochondrial genomes
representing 14 polymorphic bands/loci were selected and
analysed (Table 2).

Diversity analysis of the chloroplast genome

The number of polymorph bands per primer-enzyme com-
binations ranged from 1 to 7 in the eight analysed regions
of the chloroplast genome (Table 3). Altogether 28 poly-
morph bands could be identified for haplotyping the chloro-
plast genome yielding, 37 different chloroplast haplotypes
among the 54 analysed. Four haplotypes (two BBw; 47 and
48, one ABcv; 34 and the SS 54) were incomplete, since the
PCR amplification of locus 2 and in two samples (34 and
48) also locus 1 was not successful despite of several
attempts.

Principal component analysis (PCA) confirmed by
AMOVA giving the highest variance among groups
(72.66%, P < 0.00001) revealed three species specific gene-
pools based on full haplotypes (28 markers), since all three
gene-pools were characterised by the exclusive presence of
either M. acuminata (AA) or the M. balbisiana (BB) or
M. schizocarpa (SS) wild type accessions along with dip-
loid and polyploid cultivars (Fig. 2a). Both the M. acumi-
nata (Ca) and the M. balbisiana (Cb) specific gene-pools

were further analysed by PCA excluding the uniform mark-
ers present in the haplotypes within groups. PCA based on
the residual 22 polymorphic markers (Table 3) present in
the Ca haplotypes revealed three sub-groups (Fig. 3a).
AMOVA confirmed this genetic structure, yielding the
highest variance among groups (48.1%; P < 0.00001). The
presence of diploid wild types M. acuminata ssp. burman-
nicoides (Calcutta 4; 2), siamea (4), burmannica (5),
malaccensis (10) and zebrina (8 and 9) characterized the
largest gene-pool (Cal) along with the three AA cultivars
(11, 12 and 13) and hybrids representing all triploid combi-
nations (AAA: 14, 15, 16, 17, 18, 19, 23; AAB: 24, 25, 26,
29, 33 and ABB: 32, 38, 39, 40 and 42) as well as two dip-
loid AB hybrids (34 and 35). The three Cavendish acces-
sions (14, 15 and 16) were also found in this gene-pool
along with the Gros Michel sample (19). M. acuminata
wild types [ssp. errans (3) and banksii; 6 and 7] marked the
Ca2 gene-pool together with six hybrids (AAA: 27, 28, 30,
37; AAB: 21, 22). M. acuminata ssp. microcarpa (1) wild
type and one hybrid (AAA: 20) formed the third gene-pool
(Ca3). On the other part PCA analysis of the Cb haplotypes
based on seven polymorphic marker loci (Fig. 3b; Table 3)
revealed three subgroups. AMOVA confirmed this struc-
ture yielding majority of variance among groups (74.9%;
P <0.00293). M. balbisiana wild type genotypes (45, 46,
48 and 49) featured the larger gene-pool along with four
triploid (AAB: 31; ABB: 36, 41, 43) and the single tetra-
ploid (44) cultivars. Three diploid M. balbisiana wild types
50, 51 and 52 formed a second, while 47 a third gene-pool
in Cb with no related cultivars in our sample set.

Diversity of the mitochondrial genome

Altogether 14 polymorphic markers could be identified in
the four analysed mitochondrial regions for diversity
assessment of the mitochondrial haplotypes (Table 3).
Based on these markers 15 different mitochondrial haplo-
types could be distinguished in the 54 analysed accessions.
Similar to chloroplast haplotyping PCA based comparison
of the complete haplotypes (14 markers) revealed three spe-
cies specific gene-pools (Fig. 2b). AMOVA yielded 81%
variance among groups (P < 0.00001). The larger gene-
pool (Ma) included 36 accessions harbouring all the mito-
chondrial haplotypes found in the M. acuminata wild types
(samples 1-10). Seventeen accessions formed a smaller
gene-pool (Mb) including all the M. balbisiana wild types
(samples 45-52). The single M. schizocarpa wild type
formed the third species-specific gene-pool along with the
single AS hybrid (53). Additional structuring by PCA of
the Ma group based on 6 within group polymorphic mark-
ers (Table 3) revealed four gene-pools of the mitochondrial
haplotypes (Fig. 4a). Analysis of the molecular variance
(AMOVA) of the group structure revealed 74.22% variance
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Fig. 3 Detailed analysis of M. acuminata and M. balbisiana chloro-
plast gene-pools using restricted haplotype strings by omitting uniform
markers. a M. acuminata type chloroplast gene-pools based on 22 loci
haplotypes. b M. balbisiana type chloroplast gene-pools based on
seven loci haplotypes. Wild type haplotypes are indicated in bold.

among groups (P <0.00001). The gene-pool (Mal) was
marked by wild types M. acuminata ssp. errans and
banksii, while one diploid cultivar (12), two diploid hybrids
(34 and 35) and 18 triploid hybrids consisting of seven
AAA (14, 15, 16, 17, 18, 19, 20), ten AAB (24, 25, 26, 27,
28, 29, 30, 31, 32, 33) formed the rest of the haplotypes.
The AS (M. acuminata x M. schizocarpa) hybrid cultivar
(53) was also found in this gene-pool. M. acuminata ssp.
macrocarpa, burmannicoides, siamea, burmannica and
malaccensis, one diploid AA (13) and one triploid cultivar
(23) formed gene-pool Ma2. The third gene-pool (Ma3)
was represented by two identical wild type haplotypes of
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Identical haplotypes are collected around a line pointing to the position
of the respective samples. Numbering of accessions corresponds to
Table 1. Percent contribution of the component to variability is indi-
cated in parenthesis

M. acuminata ssp. zebrina and two AAA hybrids (21 and
22) again with identical haplotypes. Cultivar 11 (AA)
showed a very distinct mitochondrial haplotype suggesting
the existence of an additional gene-pool (Ma 4) not repre-
sented by wild types in our sample set. Concerning the Mb
group (Fig. 4b) PCA analysis based on ten within group
polymorphic markers (Table 2) revealed that wild types 45,
46, 47, 48 and 49 form a gene-pool (Mb1) along with nine
hybrids, representing all the ABB and the single ABBT
accessions. Wild types 51, 52 (Mb2) and 50 (Mb3) indicate
the presence of two additional gene-pools without related
cultivars present in our collection. AMOVA confirmed this
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genetic structure yielding 69.7% variance among groups
(P < 0.00001).

Genealogy of the cytoplasmic genomes

Minimum spanning trees based on pair wise distance esti-
mation has been computed for revealing the genealogy of
the chloroplast and mitochondrial haplotypes (Fig. 5). The
applied marker system was not based on sequence data and
evidence obtained on oak chloroplast fragments showed
that changes in migration of bands in acrylamide gels was
also dependent on their sequence composition additionally
to length variation (Burg unpublished). Consequently, the
observed alterations in fragment migration may also be the
result of several mutations. Therefore, the genetic distances
were assessed as arbitrary operational units (AOU). This
way M. acuminata, M. balbisiana and M. schizocarpa hapl-
otypes could be well differentiated for both chloroplast and
mitochondria. The distance for the closest chloroplast hapl-
otypes was 12 and 13 AOU for acuminata/balbisiana and
balbisianalschizocarpa, respectively. As far as the mito-
chondrial haplotypes were concerned acuminatalbalbisiana
relation spanned 10 AOU distance, while for acuminatal
schizocarpa relation this was only seven. The genetic dis-
tances observed between species were equal or higher than
those observed within species. The existence of subgroups
revealed by PCA could be verified by identifying lineages
in MST (Fig. 5a, b). Comparing MST of acuminata and
balbisiana chloroplast haplotypes primary centres of origin
(PCO) of closely related haplotypes could be observed in

bold. 1dentical haplotypes are collected around a line pointing to the
position of the respective samples. Numbering of accessions corre-
sponds to Table 1. Percent contribution of the component to variability
is indicated in parenthesis

each species (Fig. 5). In acuminata this was represented by
wild types ssp. burmannicoides, ssp. burmannica and ssp.
siamea; chloroplast haplotypes 11, 12 and 34, respectively
of the Cal gene-pool (Fig. 5a). Within this gene-pool the
chloroplast haplotypes of ssp. zebrina and ssp. malaccensis
were somewhat more distantly related (chloroplast haplo-
types 9, 10 and 13). The Ca2 gene-pool was represented by
the closely related haplotypes of ssp. banksii and ssp.
errans (chloroplast haplotypes 20, 21 and 6), which was a
well separated branch of the PCO observed in Cal. Simi-
larly the chloroplast haplotype of ssp. microcarpa (chloro-
plast haplotype 18) originated from the PCO present in Cal.
Based on the genetic distances between haplotypes smaller
genetic diversity was observed in M. balbisiana chloroplast
haplotypes. However, PCO in the Cbl gene-pool repre-
sented by Pisang Klutuk Wulung, Pisang Batu and Tani
(chloroplast haplotypes 30, 27 and 29) could also be identi-
fied. The other two gene-pools were branches of the PCO
found in Cbl. As far as M. schizocarpa haplotypes were
concerned they were distantly related to M. balbisiana.

Concerning mitochondrial haplotypes in M. acuminata
the haplotypes were genetically close to each other except
mitochondrial haplotype 8. Primary centre representing the
Mal gene-pool may be identified including the wild type
haplotypes 2 and 3. Branches of this primary centre repre-
sented the other three gene-pools (Fig. 5b). Longer genetic
distances were observed in case of M. balbisiana where a
PCO represented by the haplotypes 10 and 12 could be
recognised (Mbl gene-pool). Gene-pools Mb2 and Mb3
were branches of this PCO.
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Fig. 5 Minimum spanning tree of chloroplast (a) and mitochondrial
(b) haplotypes. The bar represents an arbitrary operational unit (AOU)
for estimation of the genetic distances of the haplotypes. Square

Cytotype diversity of the accessions

Altogether 14 cytotypes (combination of chloroplast and
mitochondrial gene-pools) were identified in the analysed
samples. The analysed ten wild type M. acuminata acces-

symbols represent haplotypes of wild types. The haplotype numbers for
chloroplast and mitochondria correspond to those listed in Table 1

sions yielded four cytotypes, while three cytotypes were
recorded in the eight M. balbisiana wild types (Table 4).
These were different from the cytotype observed in
M. schizocarpa. As far as the 35 cultivars were concerned
nine different cytotypes could be identified. Only two out of

Table 4 Cytotypes identified in the sample set and the corresponding wild types representing the respective gene-pool

Nuclear Wild types representing Cytotype Cytotype Number of Wild types representing
genotype the chloroplast gene-pool number combination accessions the mitochondrial gene-pool
AAA 2,4,5,10:8,9 VIII Cal/Mal 7 3,6,7
3,6,7 IX Ca2/Ma3 2 8,9
1 X Ca3/Mal 1 3,6,7
AAcv 2,4,5,10;8,9 VIII Cal/Mal 2 3,6,7
2,4,5,10;8,9 XI Cal/Ma4 1 -
AAB 2,4,5,10;8,9 VIII Cal/Mal 6 3,6,7
3,6,7 III Ca2/Mal 3 3,6,7
45,46, 47, 48, 49 XII Cb1/Mal 1 3,6,7
ABB 2,4,5,10; 8,9 XIII Cal/Mbl 4 45, 46, 47, 48, 49
3,6,7 X1V Ca2/Mbl 1 45, 46, 47, 48, 49
45, 46, 47, 48, 49 \Y% Cb1/Mbl 3 45, 46, 47, 48, 49
ABcv 2,4,5,10;8,9 VIII Cal/Mal 2 3,6,7
ABBT 45, 46, 47, 48, 49 \% Cb1/Mbl 1 45, 46, 47, 48, 49
AAwt 2,4,5,10 I Cal/Ma2 4 2,4,5,10
8,9 II Cal/Ma3 2 8,9
3,6,7 III Ca2/Mal 3 3,6,7
1 v Ca3/Ma2 1 1
BBwt 45,46 47, 48,49 \% Cb1/Mbl 5 45, 46, 47, 48, 49
51,52 VI Cb2/Mb2 2 51,52
50 VII Cb2/Mb3 1 50
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the nine cytotypes resembled those found in the wild types
(Cytotypes III and V; Table 4), while the rest of the cyto-
types represented new combinations.

Intraspecies M. acuminata hybrids

Three different cytotypes (VIII, IX and X) could be identi-
fied in the ten triploid AAA genotypes (Table 4). Cytotype
VIII was found most frequently. None of these combinations
reflected those found in acuminata wild types. All three Ca
gene-pools were present in these cultivars along with two
mitochondrial gene-pools (Table4). The chloroplast
genome of seven triploid hybrids including Cavendish and
Gros Michel (14-19 and 23) belonged to the Cal gene-pool
represented by wild types M. acuminata ssp. burmannico-
ides, siamea, zebrina and malaccensis, the mitochondrial
genome of these accessions originated from Mal gene-pool
marked by wild types ssp. errans and banksii representing
Cytotype VIII. A similar mitochondrial type was identified
in accession 20 (Rio); however, its chloroplast genome rep-
resented the Ca3 gene-pool marked by M. acuminata ssp.
microcarpa. The remaining two AAA hybrids had Ca2 chlo-
roplast and Ma3 mitochondrial genomes representing the
gene-pools marked by M. acuminata ssp. errans and banksii
for chloroplast and ssp. zebrina for mitochondria, respec-
tively (Cytotype IX). Similar to the triploids two out of the
three diploid cultivars possessed cytotype VIII (12 and 13),
while the third one was a single representative of cytotype
XI having Cal chloroplast along with a unique M. acumi-
nata type mitochondrial genome (Ma4), which was not
represented in M. acuminata wild types analysed.

Interspecies hybrids

Different cytotypes could be identified in the triploid plantain
(AAB) and cooking banana (ABB) cultivars. While mostly
acuminata type cytoplasms were identified in plantains (III
and VIII) a mixed cytotype (XII) was present in Pisang rajah
(31). Similar to the intraspecies hybrids cytotype VIII was
overrepresented since six (24, 25, 26, 29, 32 and 33) out of
the ten analysed accessions were of this cytotype (Table 4).
On the contrary cooking banana cultivars contained either
mixed (XIII and XIV) or pure balbisiana cytotype (V), this
latter was identical to wild types 45, 46, 47, 48 and 49. Simi-
lar M. balbisiana type V cytoplasm was identified in the
tetraploid hybrid as well. On the contrary both AB diploid
cultivar possessed Cytotype VIII acuminata type cytoplasm.

Discussion

Based on the 52 analysed M. acuminata, M. balbisiana and
their hybrid accessions we could identify 36 chloroplast

and 15 mitochondrial haplotypes, which revealed six chlo-
roplast and seven mitochondrial gene-pools representing
the descendants of ancient chloroplast and mitochondrial
genomes. The analysed wild types represented all gene-
pools identified in hybrid cultivars except one mitochon-
drial gene-pool (Ma4), which was represented by a diploid
cultivar.

Genealogy of chloroplast and mitochondrial gene-pools
in M. acuminata and M. balbisiana

Minimum spanning tree analysis revealed PCOs in both
chloroplast and mitochondrial genealogy. MST analysis
suggested a PCO within the Cal chloroplast gene-pool
including several closely related haplotypes including the
wild types ssp. siamea, spp. burmannicoides and spp. bur-
mannica representing the North-western distribution area
of M. acuminata. The two more distantly related wild types
ssp. zebrina and ssp. malaccensis possibly represents geo-
graphic variants of the Cal gene pool; the former represent-
ing the eastern part of the chloroplast distribution area
(Indonesian islands), while ssp. malaccensis a local variant
representing peninsular Malaysia. The PCO identified
within Cal may be considered as origin for the Ca2 as well
as for the Ca3 gene pools. The Papua New Guinea distribu-
tion area represented by wild types ssp. banksii and ssp.
errans showed already distinct evolution. The biphyletic
origin of Ca3 gene-pool may be explained by the few hapl-
otypes identified in this group lacking intermediate haplo-
types connecting this gene pool to the PCO.

The PCO of the mitochondrial haplotypes of M. acumi-
nata was represented by ssp. banksii, ssp. errans; the gene-
pool represented in most of the hybrid genotypes.

These data indicate that the evolution of present day
banana cultivars is based on a restricted number of ances-
tors as far as the cytoplasmic genomes are concerned.

Origin of hybrids

Based on the identified chloroplast and mitochondrial gene-
pools all hybrid combinations could be deduced supposing
hybridisation of different wild cytotypes. Exempt was the
diploid cultivar Pisang Jari Buaja (AAcv), which’s mito-
chondrial haplotype was representing a unique gene-pool
not including any of the analysed wild types.

Twenty out of the analysed 33 hybrid accessions pos-
sessed Cytotype VIII (Cal/Mal) acuminata type cyto-
plasm. The existence of Cytotype VIII could be explained
by crossing of Cytotype I or II maternal and Cytotype III
paternal ancestors. This way subspecies burmannica,
burmannicoides, siamea, malaccensis or zebrina may be
supposed as maternal, while banksii or errans as paternal
ancestor. The reciprocal cross is represented by Cytotype
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IX (Ca2/Ma3) found in the Lujugira/Mutika group sus-
pecting ssp. banksii or errans as maternal and ssp. zebrina
as paternal ancestor as was also suggested by Carreel et al.
(2002). The triploid AAA cultivar Rio was shown to orig-
inate from ssp. microcarpa as maternal and ssp. banksii or
errans as paternal ancestors. Previously it was reported
that ssp. banksii and errans are involved in formation of
almost all diploid and triploid cultivars and parthenocar-
pic varieties. (Carreel et al. 2002; Lebot 1999) In our clas-
sification both of these subspecies belong to Cytotype III
consequently these subspecies could be the paternal
ancestor of cultivars providing the Mal mitochondrial
type or occasionally the Ca2 chloroplast type to the
hybrids. Additionally, Cytotype III was identified in three
of the plantain cultivars, possibly indicating the participa-
tion of ssp. banksii, errans gene-pool in formation of these
hybrids as well. Recently, Swangpol et al. (2007) reported
ssp. malaccensis as possible donor of the chloroplast
genome to the AAA triploid cultivar Grande Naine
(Cavendish group), which is in accordance with our find-
ings as well.

The presence of Cytotype VIII in majority of the ana-
lysed cultivars may reflect the selective advantage either of
this cytoplasmic combination or the combination of the
nuclear genomes beyond. The restricted presence of the
reciprocal cross represented by Cytotype IX (Ca2/Ma3)
may favour the selective advantage of Cytotype VIII for
hybrid formation, however to explain this phenomenon
needs further studies.

Concerning M. balbisiana there was only a single cyto-
type, which could be identified as participant in interspecies
(A x B) hybrid formations (Cytotype V). This cytotype
included the accessions Honduras, Lal Velchi, P. Klutuk
Wulung, P.Batu and Tani (morphotypes 1, 3, 4, 4 and 4,
respectively, as suggested by Horry). This cytotype pro-
vided its mitochondrial genome to all cooking banana
accessions suggesting as being pollen donor in these
hybrids indicating a putative preference for balbisiana
mitochondria in hybrids of balbisiana driven nuclear
genomes (ratio of genomes 2—-1 for B genome) contrasting
plantains having acuminata type mitochondria in acumi-
nata driven triploid nuclear genomes. The maternal contri-
bution of this cytotype could also be observed in cooking
bananas and in a single plantain hybrid as well.

Cytotypes versus subspecies

Ude et al. (2002) has suggested that subspecies classifica-
tion based on morphological, isoenzyme and flavonoid
characteristics may not reflect their genetic relationship.
Based on AFLP analysis they suspected three subspecies in
the acuminata complex, dominated by the subspecies
microcarpa, malaccensis and burmannica.

@ Springer

In our study, we could confirm partly this classification
since the ten analysed M. acuminata wild types represent-
ing eight subspecies yielded four cytoplasmic combina-
tions. This way cytotype 1 subspecies burmannica,
burmannicoides, siamea, and malaccensis could be sup-
posed representing only varieties of the north-western part
of the acuminata distribution area (India, Thailand, Malay-
sia and Philippines) representing the “burmannica” and
“malaccensis” groups suggested by Ude et al. (2002). The
similarity of ssp. burmannica and ssp. burmannicoides on
cytotype level has already been suggested by Carreel et al.
(2002). Additionally, we also found ssp. microcarpa (cyto-
type IV) as representative of a distinct gene-pool confirm-
ing Ude’s suggestion. However different cytotype ancestor
may be supposed for M. acuminata ssp. banksii and ssp.
errans (cytotype III) representing the Papua New Guinea
region along with the Philippines indicating that the geo-
graphic borders listed here are not very strict. We could
confirm previous finding of Carreel etal. (2002) that
M. acuminata ssp. zebrina (cytotype II) has a distinct cyto-
type representing the Indonesian islands. However, in our
hands ssp. zebrina (Cytotype II) was clearly distinguishable
from ssp. malaccensis (Cytotype 1) based on their mito-
chondrial genome. Consequently, molecular data based on
nuclear as well as on cytoplasmic genomes will be appro-
priate for elucidation of genetic relationship of the present
day subspecies; however, to reach precise and conclusive
classification the analysis of more genotypes will be necessary.

On the other part MST analysis of the haplotypes
revealed the presence of primary centres of origin in both
chloroplast and mitochondrial haplotypes indicating com-
mon origin of these cytoplasmic genomes. Therefore, our
findings support the idea of Horry and Jay (1988) who sug-
gested the existence of an ancient acuminata gene-pool as a
source of the latter subspecies or varieties, however based
on our results an ancient gene-pool may as well be sug-
gested for M. balbisiana.
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