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Abstract The banana family (Musaceae s.str.; Zingiberales), an economically important tropical group of plants, includes three
genera, Musa, Ensete and Musella, and possibly 41 species. We performed phylogenetic analyses of a total of 39 accessions
covering 28 species in the Musaceae and five outgroup species using nuclear ribosomal ITS and chloroplast trnL-F sequences.
Outgroups were chosen from the closely related families Lowiaceae, Strelitziaceae, and Heliconiaceae. Our results suggest
that Musaceae s.str. is monophyletic. Three main internal clades are well-supported within the family. The genus Musa is
comprised of two of these clades, and Musella plus Ensete make-up the third clade. The sectional classification system of Musa
based on chromosome numbers is not supported by DNA sequence evidence. Both inflorescence orientation (erect or pendent)
and chromosomal number in Musa, which were characters traditionally thought to be diagnostic in sectional classification, are
homoplasious traits in the family. The disjunct distribution of living members of the genus Ensete in tropical Asia and Africa
with a fossil species described from the Eocene of Oregon in North America may be an example of the distributional retreat of
the Boreal Tropics. The phylogenetic position of the monospecific Musella as sister to the African clade of Ensete suggests that
the single species in this lineage is a highly specialized member not warranting generic status. Evidence from the molecular
phylogenetic investigations highlights the evolutionary diversification and biogeographic context of this plant group, and suggests additional taxonomic investigations of both Musa and Ensete are in order.
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INTRODUCTION
Zingiberales have long been regarded as a natural monophyletic group within the monocotyledons (Tomlinson, 1962;
Cronquist, 1981; Dahlgren & al., 1982; Kress, 1990, 1995;
Rudall & al., 1999; Stevenson & al., 2000; Kress & al., 2001).
Within this order, two informal groups (“banana families” and
“ginger families”) have been recognized. The “banana families” corresponds to Musaceae sensu lato (s.l.), which includes
taxa now generally accepted to be separate families, namely
Musaceae sensu stricto (s.str.), Heliconiaceae (Heliconia L.),
Strelitziaceae (Strelitzia Ait., Ravenala Adans., Phenakospermum Endl.) and Lowiaceae (Orchidantha N.E. Br.) (Petersen,
1889; Lane, 1955; Dahlgren & al., 1982). Musaceae s.str. was
isolated from Musaceae s.l. by Nakai (1941) and Hutchinson
(1964), and was shown to be monophyletic with the basal-most
lineage in the order Zingiberales by Kress (1990, 1995) and
Kress & al. (2001).
The banana family in the strict sense (Musaceae s.str.; Nakai, 1941; Hutchinson, 1964; Cronquist, 1981; Takhtajan, 1997)
comprises three genera, Musa L., Ensete Horan. and Musella
C.Y. Wu ex H.W. Li, with 41 currently accepted species (Wu &
Kress, 2001). Musa (35 species) occurs in tropical Asia from the
eastern Himalayas to northern Australia; Ensete (5 species) is
distributed discontinuously between tropical Africa and tropical
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Asia (Simmonds, 1960, 1962); and Musella, a monotypic genus,
is restricted to a limited area in southwestern China (Li, 1978,
1979, 1981; Wu & Kress, 2001; Liu & al., 2002a, 2003). Being
of great economic importance in tropical agriculture, the cultivated bananas have attracted a good deal of research in many
countries over many years. The wild relatives, however, have
attracted much less attention (Simmonds & Weatherup, 1990;
Gawel & al., 1992) as they are a taxonomically difficult group
due to the large fleshy nature of the plants, ephemeral aspect
of the flowers (Liu & al., 2002b), and poor representation in
herbaria (Argent, 1976; Häkkinen & Väre, 2008).
Per the reports of Sagot (1887) and Baker (1893), Cheesman (1947) isolated the genus Ensete from Musa and established the sectional classification system within Musa based
mainly on chromosome number. He divided Musa into four
sections: Musa sect. Musa (2n = 22), sect. Rhodochlamys (2n
= 22), sect. Australimusa (2n = 20) and sect. Callimusa (2n
= 20). Simmonds (1960) followed Cheesman’s treatment, but
regarded Musa ingens (2n = 14), Musa beccarii (2n = 18) and
Musa lasiocarpa (2n = 18) to be of undetermined positions
(see Appendix 1). Argent (1976) placed M. ingens into the new
sect. Ingentimusa, but the taxonomic position of M. beccarii
remained uncertain. Franchet (1889) first described Musa lasiocarpa and drew attention to its distinctness from other members
of the family in its dwarf, congested, suckering pseudo-stems
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and compact rosette inflorescences by placing it into a new sect.
Musella within Musa. Baker (1893) agreed with the placement
of this taxon as a species of Musa, but moved it to Musa subg.
Eumusa on the grounds of its rhizomatous suckering growth
habit. Cheesman (1947) supported Franchet’s original description and treated Musella as a member of Ensete (E. lasiocarpa).
Simmonds (1960), however, drew attention to the distinctive
perianth of Musella as well as its rhizomatous habit as important diagnostic characters at the generic level that distinguished
it from Ensete and allied it to Musa. He pointed out that Musella
resembled Ensete only superficially and reinstated Musella as
Musa lasiocarpa in an uncertain position within the genus.
Wu (in Li, 1978) was the first to recognize the taxon at generic
rank as Musella. The genus Musella, however, has drawn little
attention from recent taxonomists, e.g., Brummitt (1992), Mabberley (1997) and Kubitzki (1998) do not mention this genus in
their influential publications. To date little is known about the
phylogenetic position of Musella.
Simmonds & Weatherup (1990), in a re-investigation of the
classification system of wild bananas based on morphological
and cytological characters, found little support for Cheesman’s
sectional classification. Gawel & Jarret (1991), Gawel & al.
(1992) and Jarret & al. (1992) explored the genetic diversity
of wild bananas using comparative restriction fragment length
polymorphisms (RFLPs) at the inter- and intra-specific level.
Their results largely disagreed with Cheesman’s sectional
classification, though the sampling within Musa was limited.
Cheesman’s sectional classification is still in use, but is clearly
in need of re-evaluation (Shepherd, 1990). Due to the lack of
well-supported phylogenetic evidence, the classification of
Musa remains an open question. The current study utilizes
molecular phylogenetic evidence to re-evaluate previous classification systems as well as to provide a phylogenetic framework for the further understanding of morphological character
evolution and biogeographic distribution in this plant group.
The DNA regions ITS and trnL-F have been shown to
be useful for reconstruction of phylogenetic relationships at
generic, sectional, and species levels and their combined sequences often show strong congruence with phylogenetic hypotheses (Molvray & al., 1999; Karol & al., 2000; Fernandez &
al., 2001; Richardson & al., 2001; Zomlefer & al., 2001; Kong
& al., 2002; Crisp & Cook, 2003; Catalan & al., 2004; Chen &
al., 2005; Gonzalez & al., 2008). The analyses presented here
used molecular data (DNA regions ITS and trnL-F) to investigate generic-level and section-level relationships in the banana
family. The current investigation represents the first phylogenetic analysis of the banana family based on DNA sequence
data. Our results provide a framework for understanding the
phylogeny and evolution of this group, for constructing a new
classification system of the genus Musa, and for tracking the
biogeographic dispersion of this family.

MATERIALS AND METHODS
Taxon sampling. — A total of 39 accessions were sampled in the field or the living collections at the Smithsonian
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Institution’s National Museum of Natural History Botany Research Greenhouse, Suitland, Maryland, U.S.A. (NMNH);
Helsinki University Botanic Garden (HUBG), Helsinki, Finland; and Tenom Orchid Center (TOC), Lagud Sebrana Tenom, Sabah, Malaysia. The three genera of the banana family
(Musaceae s.str.) were represented by 28 species covering the
four sections of Musa in Cheesman’s classification system
(1947). Simmonds (1960) mentioned an undescribed Ensete
species in Thailand. According to our collections and study,
the so-called “undescribed species” in Thailand is similar to
Ensete superbum, so we included the undescribed species in
this study. The other five species represented the outgroups:
Heliconia (Heliconiaceae); Strelitzia, Ravenala and Phenakospermum (Strelitziaceae); and Orchidantha (Lowiaceae).
A list of samples, voucher location and GenBank numbers is
provided in Appendix 2.
Molecular methods. — Total genomic DNAs were extracted from fresh or silica-dried tissues using either the method
of Doyle & Doyle (1987) CTAB (Cetyltrimethyl-ammonium
bromide) or a DNeasy Plant Mini kit (Qiagen, Valencia, California, U.S.A.) extraction protocol. The aqueous phase was
extracted with 24 : 1 chloroform/isoamyl alcohol, and DNA
was resuspended in Tris-ethylenediaminetetracetic acid (TE)
buffer (pH = 8.0) following isopropyl alcohol precipitation,
with the CTAB method. The DNeasy extraction followed the
manufacturer’s protocols. Amplification of the nuclear rRNA
ITS region (ITS1 + 5.8S + ITS2) was accomplished using either primer pair ITS4 and ITS5 (White & al., 1990) or ITS4
and ITS5a (Stanford & al., 2000). The plastid trnL-F region
(spanning trnL intron, the 3′ trnL exon and intergenic spacer
region) was amplified with primers Lc and Ff (Taberlet &
al., 1991). PCR reactions were conducted in a 25-μL volume
of 1× Promega (Madison, Wisconson, U.S.A.) or Invitrogen
(Carlsbad, California, U.S.A.) Taq buffers and 2 units of Taq
polymerase, 50–200 ng total genomic DNA, 2.0 mM MgCl2,
0.4 μM of both forward and reverse primers, and 0.25 mM
dNTPs. A touch-down thermal cycling program was used for
ITS amplification with an initial annealing temperature of
65°C, decreasing 1°C per cycle for 10 cycles, followed by 26
cycles at 55°C. In some cases (in particular for amplification of
ITS from the outgroup taxa Strelitzia, Phenakospermum and
Orchidantha), 5% to 10% (v/v) dimethyl sulfoxide (DMSO)
was added to the PCR mix in order to obtain adequate PCR
products. Amplified products were purified using Qiagen’s
Qiaquick kit (Valencia, California, U.S.A.) per the manufacturer’s protocol, and sequenced directly using automated sequencing methodology of the ABI Prism Big Dye Terminator
Cycle Sequencing Ready Reaction kit (Foster City, California,
U.S.A.). Sequencing primers used included the PCR amplification primers and ITS2 (White & al., 1990) and/or ITS3G (Kress
& al., 2002) as necessary for sequencing of the ITS region,
and primers Le and Fd (Taberlet & al., 1991) for sequencing
of trnL-F. Both strands were sequenced to assure accurate
base calling. Sequencing reactions were cleaned on Sephadex G-50 Centri-Sep spin columns (Princeton Separations
P/N 901, Adelphia, New Jersey, U.S.A.), dried under vacuum,
and run on an ABI3100 automated sequencer (Perkin Elmer,
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Applied Biosystems, Inc., Foster City, California, U.S.A.) at
the Smithsonian Institution’s Laboratory for Analytic Biology.
Forward and reverse sequences were assembled using Sequencher v.4.2 (Gene Codes Corp., 2006). Alignments were performed manually by SE-AL v.2.0a11 (Rambaut, 1996). Ambiguous areas occurring in the outgroups were excluded or handled
as missing data in the corresponding area of the ingroups.
Phylogenetic analyses. — Phylogenetic analyses were
conducted using maximum parsimony as well as Bayesian
maximum likelihood approaches. For maximum parsimony,
PAUP* v.4.0 b10 (Swofford, 2002) was used with unweighted
characters and 5000 random-sequence-addition replicates,
saving all shortest trees bisection-reconnection (TBR) branch
swapping, STEEPEST DESCENT off, MULTREES on, COLLAPSE branches if maximum length is zero. Multiple randomsequence additions were used to search multiple tree islands
(Maddison, 1991). All shortest trees were saved, and a strict
consensus tree was computed. The datasets for each gene region were analyzed separately and then, following the total
evidence approach for multiple datasets (de Queiroz & al.,
1995; Nixon & Carpenter, 1996; Kress & al., 2005), the sequence data were combined and analyzed again (the trnL-F
sequence of the accession Musa acuminata 2 was treated as
missing data in the combined dataset due to its unavailability).
Incongruence between ITS and trnL-F datasets was assessed
using the incongruence length difference (ILD) test (Farris &
al., 1995) as implemented in PAUP*.
Support for the nodes resolved in the strict consensus of the
most parsimonious trees was evaluated via bootstrap analyses
(Felsenstein, 1985; Mort & al., 2000) using PAUP* with TBR
branch swapping on 1000 bootstrap replicates with 100 random
additions per replicate. Bootstrap support (BS) was categorized as strong (> 85%), moderate (70%–85%), weak (50%–
69%), or poor (< 50%) (Kress & al., 2002). Bremer support
values (decay indices [d]: see Bremer, 1992) were generated
using AutoDecay v.4.0 (Eriksson, 1998).
A Bayesian analysis using MRBAYES v.3.0 (Hulsenbeck &
Ronquist, 2001) was performed using the same combined ITS
and trnL-F parsimony matrix. The most appropriate molecular
model for each dataset was determined with MODELTEST
v.3.06 (Posada & Crandall, 1998). A general time-reversible
model (rates = gamma, nst = 6) was used for both ITS and
trnL-F. Data from ITS and trnL-F were partitioned (using the
“1set apply to” command) in order to accommodate differing
evolutionary rates for the respective datasets. Four Markov
chain Monte Carlo (MCMC) chains, one cold and three heated,
were performed. Four MCMC runs of one million generations
each, starting from different random points in parameter space,
were performed in order to more fully explore tree space and
stationarity of parameters to verify consistency in our results.
Trees were sampled every 100th cycle from the chain. All
sample points that occurred before stationarity of negative log
likelihood (–lnL) scores was achieved were discarded as part
of the burn-in period (Huelsenbeck & Ronqust, 2001). Nodes
with posterior probability values ≥ 95% were retained in the
50% majority rule consensus tree. Only informative characters
were included in all analyses.
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RESULTS
ITS analyses. — The total aligned length of the ITS sequence, including the ITS1 + 5.8 S + ITS2 regions, was 673
base pair (bp) positions. Of these, 302 were variable (44.87%)
and 190 (62.9% of the variable positions) were potentially phylogenetically informative. Parsimony analysis of ITS resulted
in 118 most parsimonious trees (MPTs) with the length 549
steps (consistency index, CI = 0.756; retention index, RI = 0.862;
rescaled consistency index, RC = 0.652). All MPTs were found
during the first two addition sequence replicates. In the strict
consensus tree (Fig. S1 in the Electronic Supplement), the ingroup formed a strict monophyly with strong support (BS =
100%; d = 71). Ensete and Musella formed clade I with strong
support (BS = 86%; d = 3), including clade A and clade B; the
monotypic Musella shared clade A with the African members
of Ensete species with strong support (BS = 89%; d = 3). Within
Musa, two strongly supported clades (clade II and clade III;
100% and 98%; d = 9 and 6, respectively) were displayed, but the
genus itself had intermediate support (BS = 80%; d = 3). Species
in clade II have an erect inflorescence except Musa borneensis,
while in clade III, the members of clade C and clade D also
have an erect inflorescence, and others including the species
in clades E–G and M. nagensium have a pendent inflorescence
except for M. laterita. Species comprising clade II have a chromosome number of 2n = 20 except M. beccarii (2n = 18) and
M. splendida (2n = 22). Within clade III, species of clades D, E,
and F have the same chromosome number 2n = 22. Clade C and
clade G, however, contained species with 2n = 20 and 2n = 22,
in particular, M. balbisiana (2n = 22) and M. textilis (2n = 20)
formed a sister group with a strong support (BS = 100%; d = 9).
trnL-F analysis. — The total aligned length of the trnL-F
sequence, including the trnL intron, the 3′ trnL exon, and the
trnL-F intergenic spacer, was 1122 bp positions, of which 179
were variable (15.95%) and 79 (44.13% of the variable position)
were potentially phylogenetically informative.
Parsimony analysis of trnl-F sequences resulted in 802
most parsimonious trees with a length of 231 steps (CI =
0.831; RI = 0.858; RC = 0.713). The strict consensus tree shows
a topology largely consistent with that from the analysis of
ITS, but with somewhat lower clade resolution (Fig. S2 in the
Electronic Supplement). The three major clades I, II and III
were again identified, though clades II and III were separated.
The monophyly of Musaceae s.str. is strongly supported (BS
= 100%; d = 10) and Musella is embedded within Ensete
with strong support (BS = 86%; d = 2). The same two clades
within Musa (clades II and III) are identical to that from ITS
results, but with weaker support (BS = 76%, 83%; d = 1, 2,
respectively). The composition of clade II is nearly the same
as that of ITS, though with weaker support. In clade III, the
clades D–G were again identified with weaker support (BS =
50%, 56%, 55%, 79%; d = 1, 1, 1, 2, respectively). Clade C in
the ITS analysis was collapsed in the trnL-F analysis, and the
positions of M. campestris, M. mannii and M. nagensium were
not resolved. The relationships within clade D are slightly
different from those in the ITS analysis. In clade II, the relationship of M. borneensis and M. splendida was identified
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with weak support (BS = 57%, d = 1). Within clade I, African
members E. ventricosum, E. homblei and E. gilletti formed a
strongly supported clade (BS = 98%; d = 3), and Asian members E. glaucum and E. superbum yielded their own clade
with moderate support (BS = 83; d = 2). Clade I remained
an unresolved trichotomy within the Ensete/Musella clade.
Combined datasets: congruence indices and phylogenetic analyses. — The partition homogeneity test suggested
that the two datasets did not differ significantly in structure
(P = 0.71); they were therefore combined into a single dataset
for phylogenetic analysis. Parsimony analysis of the combined
data yielded 30 equally most parsimonious trees with 788 steps
(CI = 0. 770; RI = 0.855; RC = 0.658). The topology of the
strict consensus tree (Fig. 1) is congruent with that from ITS
or trnL-F. The support for clade I is strengthened (BS = 89%;
d = 5, while the support for clade III is slightly weakened (BS
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= 96%; d = 9) compared to the results from ITS analysis (BS
= 98%; d = 6). The resolution among species in clades II and
III was clearly enhanced. In particular, clade C and clade D
within clade III clustered, though the support was weak (BS
= 64%; d = 1); the relationships within clade D are identical
to those from the trnL-F analysis and with better support.
However, the position of M. salaccensis and M. campestris is
slightly different within clade C when compared to the ITS
analysis results.
The 95% majority rule consensus of 9801 trees (10,001
trees minus 200 burn-in trees) resulting from the Bayesian
analysis of the combined datasets is highly congruent with
the strict consensus of the parsimony analysis of the combined
datasets (Fig. 1). The main clades I, II, III, and the subclades
A and B within clade I, and the subclades C–G within clade
III had a posterior probability value of 99%–100%.
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Fig. 1. Strict consensus of
30 equally most parsimonious trees resulting from the
combined analysis of the
ITS and trnL-F datasets
(788 steps; CI = 0.770; RI =
0.855; RC = 0.658, excluding
uninformative characters).
Numbers above branches and
to the left of slashes indicate
bootstrap values. Numbers
above branches and to the right
of slashes indicate Bayesian
posterior probability values
≥ 95%. Numbers below branches are Bremer decay indices
(d). The chromosome number
was shown in parentheses.
Open and filled bars indicate
the erect-inflorescence and
pendent-inflorescence species,
respectively.
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DISCUSSION
Outgroup choice and variability of ITS and trnL-F sequence. — The Musaceae has been considered by many specialists of Zingiberales as a basal lineage in the order Zingiberales with close relationships to Strelitziaceae, Lowiaceae and
Heliconiaceae (Tomlinson, 1962; Kress 1990, 1995; Kress &
al., 2001). However, the rapid radiation of these four families in
the order approximately 110 million years ago (Kress & Specht,
2005) has resulted in limited sequence divergence among them,
and hence only limited support for this basal position. Here, we
have used representatives of all the basal families, i.e., Ravanala,
Phenakospermum, Strelitzia, Heliconia and Orchidantha, as
outgroups, and found that the topologies of the resultant trees
did not significantly differ from each other, though the nodal
supports (bootstrap and decay indices) were slightly different
based on the immediate outgroup (data not shown). We therefore
combined these taxa into a single outgroup in all our analysis.
The ITS region is more variable with 190 parsimony-informative characters when compared to the trnL-F region with only
79 parsimony-informative characters. The greater resolution and
higher statistical support (bootstrap and decay indices) in the
ITS trees than in the trnL-F trees suggests that the ITS region is
more phylogenetically valuable and provides a more informative
signal in reconstructing the phylogeny of the banana family.
The combination of the two datasets provided more resolution
than either dataset alone. The main clades (clades I–III; Fig. 1;
Figs. S1, S2 in the Electronic Supplement) resulting from ITS
and trnL-F are largely congruent in the two analyses. The slight
differences in the two analyses are mainly in the resolution and
support at the species level (Figs. S1, S2), which was most likely
due to the differences in the variability and evolutionary history
between different DNA regions.
Phylogenetic implications for the classification within
Musaceae. — The genus Ensete, since first proposed by Horaninow in 1862, has been generally regarded as a distinct genus
even though several diagnostic characters, including basic
chromosome number, the non-suckering vegetative habit, and
perianth structure, are not absolute (Simmonds, 1960, 1962).
Our results demonstrate that clade I including Ensete and the
monotypic Musella, forms a monophyletic lineage with two
distinct clades: clade A comprising the Asian species and
clade B comprising the African species plus Musella (Fig. 1;
Fig. S1). Therefore the taxonomic validity of Ensete is further
confirmed.
As mentioned earlier, the taxonomic and phylogenetic position of Musella has always been controversial (Franchet, 1889;
Baker, 1893; Cheesman, 1947; Simmonds, 1960; Li, 1978). Although cytologically Musella shares the same chromosome
number with Ensete (2n = 18; Isobe & Hashimoto, 1994; Liu,
2001; however note that at least one species of Musa, M. beccarii, also has a chromosome number of 2n = 18), it shares
other morphological characters with both Musa and Ensete
(Simmonds, 1960; Liu, 2001): the perianth structure and a
suckering habit are shared with Musa, whereas the persistent
bracts, a thickened bulbous pseudostem, flattened seed shape
and warty pollen grains are possessed in common with Ensete
24

TAXON 59 (1) • February 2010: 20–28

(Liu, 2001). The congested stems, compact rosette inflorescences, and stubby, dry, hirsute fruits are unique features found
only in Musella. These autapomorphies have resulted in the
commonly accepted recognition of Musella as a very distinctive entity within Musaceae. The current analyses confirm
the assertion that Musella is phylogenetically closely affiliated
with Ensete (Cheesman, 1947; Kress & al., 2001). It shows for
the first time that Musella is embedded within Ensete as sister
to the African species of the genus (Fig. 1; Figs. S1, S2) and
is not a third separate lineage within Musaceae. The validity
of Musella at generic rank is therefore not supported. At this
point in our understanding of the classification of Musaceae,
we deem it appropriate to recognize this entity as Ensete lasiocarpa Franch. The close relationship of the Asian Ensete lasiocarpa to the African species of Ensete rather than the Asian
species of Ensete is even more curious. We have found few
morphological features that link the African Ensete species
with E. lasiocarpa, except for the tuberculate, warty pollen
and the relatively smaller seeds than those found in the Asian
species. The morphological autapomorphies of E. lasiocarpa
are likely the result of its adaptation to the dry and cold habitats
in the restricted area of the Southeast Himalayas (compared to
the tropical habitats of both Asian and African Ensete).
Two strongly supported clades are found within Musa
(clades II and III) (Fig. 1; Figs. S1, S2). Within clade II,
M. paracoccinea, a recently described species, has a close relationship based on DNA sequence data with Musa coccinea.
Morphologically, they are distinctly different (Liu & al., 2002b).
Simmonds (1960) considered M. beccarii to be in an uncertain
taxonomic position within Musa due to its unique chromosome
numbers (2n = 18). Gawel & Jarret (1991) doubted that M. beccarii is the aneuploid product of an interspecific hybridization.
However, our study clearly supports its phylogenetic position
in clade II, and a close relationship to M. maclayi. Within clade
III, clades D–G were similarly identified in all analyses (Fig. 1;
Figs. S1, S2). Musa balbisiana and M. textilis comprising clade
G have a close relationship, though they have different chromosome numbers. This result is in agreement with Gawel & Jarret’s
finding (1991). Musa formosana is considered to be endemic to
the island of Taiwan (Kao & Lai, 1978), and morphologically it is
close to M. itinerans based on their fruit structure and rhizome
habit. The close relationship of M. laterita and M. acuminata
comprising clade E was observed in all analyses. This result is in
agreement with the finding of Wong & al. (2002) and Ude & al.
(2002) and the observation of Simmonds (1962) that M. laterita
is closely related to M. acuminata. Musa nagensium is unique in
seed shape and inflorescence structure with limited distribution
in south Yunnan and north Myanmar (Liu & al., 2002b). Musa
nagensium is phylogenetically isolated in all analyses, reflecting its genetic distance from other species. Current results are
largely in agreement with Wong & al.’s (2002) finding based on
AFLP data that two major clades are present in Musa, which is
congruent with chromosome numbers. However the positions
of M. campestris and M. textilis in our analyses are different
from the results of that earlier study.
Compared to Simmonds’ classification system (1960), his
Musa sect. Eumusa includes clades E–G and M. nagensium in
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our analyses. The species M. velutina, M. sanguinea, M. rubra
and M. ornata comprising our clade D were placed in Simmonds’ sect. Rhodochlamys with the chromosome number 2n =
22. The clustering of these species in all analyses confirms their
relationships. Musa mannii and M. rosea, another two species
of M. sect. Rhodochlamys, however, cluster with two species of
M. sect. Callimusa: M. campestris, M. salaccensis (Fig. 1; Fig.
S1), and forms our clade C. In particular, six species comprising clade II involves two sections, sect. Australimusa and sect.
Callimusa (M. coccinea, M. paracoccinea, M. splendida and
M. borneensis were placed in sect. Callimusa; M. maclayi was
placed in sect. Australimusa). Musa sect. Callimusa and sect.
Australimusa share the same chromosome number (2n = 20),
but are distinguished from each other in seed structure. The
importance of this character, however, has been questioned by
some (Simmonds, 1962; Ude & al., 2002; Wong & al., 2002).
Our current results further confirm that sect. Callimusa and
sect. Australimusa are not distinct from each other and should
be merged into a single section. It is worthwhile noting that two
species of sect. Callimusa, M. campestris and M. salaccensis,
were separated from other species in our analyses and may form
their own taxonomic sections. Thus, the taxonomic revision of
sect. Callimusa and sect. Australimusa is complex and not be
solved by a simple merger of the two sections.
The species that comprise clade II have chromosome
numbers of 2n = 18, and 2n = 20; members of clade III have
chromosome numbers of 2n = 20 and 22. Species in both clade
II and clade III share the feature of an erect or a pendent inflorescence. This was considered as an important taxonomic
character in earlier classifications of Musa. Our results do not
support the current classification of Musa based on chromosome numbers, which divides Musa into five sections: sect.
Musa (2n = 22), sect. Rhodochlamys (2n = 22), sect. Australimusa (2n = 20), sect. Callimusa (2n = 20) and sect. Ingentimusa
(2n = 14). In particular, sect. Australimusa and sect. Callimusa
are not supported as evolutionary groups. The five groups,
which were recognized using numerical taxonomic analysis
of morphology by Simmonds & Weatherup (1990), are also
not supported by our results. The incongruence between morphological, cytological, and DNA sequence data suggests significant morphological and chromosomal plasticity in Musa.
The current results provide a sequence-based foundation
upon which a new classification of the genus Musa can be
formulated. Because several key species in the evolution of the
genus, such as Musa ingens N.W. Simmonds, the only representative of sect. Ingentimusa (Argent, 1976), M. lolodensis,
M. peekelii, and M. gracilis, were not available, and several
newly reported species Musa lokok Geri & Ng. (Geri & Ng,
2005), Musa barioensis Häkkinen (Häkkinen, 2006), Musa
azizii Häkkinen (Häkkinen, 2005), Musa zaifui Häkkinen
(Häkkinen & Wang, 2008) were absent in this analyses, we
have decided to refrain from proposing a new classification of
the genus Musa until further study of additional species and
morphological characters can be undertaken.
The evolution of floral characters and pollination
systems. — Cheesman (1947) assumed that two evolutionary lineages radiated from the ancestral stock of this family,
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i.e., one presenting the evolution of Ensete (in particular, the
development of the monocarpic habit); the other representing the development of Musa and a much greater diversity in
morphological variation evolved (including the stoloniferous
habit, diverse reproductive characters, specialized pistillate
flowers at the base of the inflorescence, and the abscission
layer between the bracts and rachis). Our results, to a certain
degree, substantiate Cheesman’s assumption, i.e., clade I with
strong support (Fig. 1; Figs. S1, S2) presents one evolutionary
line of Ensete (with the distinctive morphological characters
of Musella), and the other including clade II and clade III with
moderate support (BS = 76%; d = 3; Fig. S1) addresses the
evolution of Musa. However, the clade comprising the later
line collapsed in the trnL-F results (Fig. S2), most likely because of the limit of trnL-F’s variability. Within clade I, as
noted above, Musella with an erect inflorescence shares the
morphological characters of both Musa and Ensete, and Ensete
has a pendent inflorescence; clade II comprises the species
with erect inflorescences with the exception of M. borneensis,
and clade III comprised both erect and pendent inflorescences
(Fig. 1). These results suggest that inflorescence orientation
(erect or pendent) is homoplasious in this family evolving independently several times. In general, the members with erect
inflorescence in Musa possess red bracts and a “tube-shaped”
perianth (comprising the free and compound tepals) which
has been recognized as an adaptation to bird pollination; the
members of Musa and Ensete with pendent inflorescences
have dull bract colors and a “boat-shaped” perianth (comprising the free and compound tepals) which appear to be adapted
to bat pollination (Nur, 1976; Itino & al., 1991; Endress, 1994;
Liu & al., 2002c); Musella has developed an entomophilous
pollination system (Liu & al., 2002b). If selection pressures by
different pollinators (bats, sunbirds, and insects) have contributed to the diversification and evolution in the banana family,
our phylogenetic evidence supports the hypothesis that the
chiropterophilous pollination syndrome is the ancestral state
in the family with specialization for ornithophily in the Musa
linage and entomophily in the Musella-Ensete linage. Based
on a parsimony criterion, numerous transitions from one pollination syndrome to another would be required if either bird
or insect pollination was the ancestral state in Musaceae.
Biogeographical implications. — To date, only five species of Ensete (plus Musella now recognized as E. lasiocarpa)
are recorded with three species (E. ventricosum, E. homblei,
E. gilletti) distributed in Africa and two species (E. glaucum
and E. superbum) distributed in Asia. Current study showed
that Ensete is monophyletic with two distinct clades: clade A
comprising Asian species and clade B comprising African
species. The fossil record of Ensete oregonense Manchester
& Kress in North America suggested the differentiation of
Ensete occurred no later than Tertiary (~43 million years ago)
in Laurasia (Manchester & Kress, 1993). The monophyly of
Ensete supports Manchester and Kress’s assumption (1993)
that Ensete had a wider distribution perhaps throughout Laurasia in the early Tertiary. Following this assumption, we believe that the extant disjunct distribution of Ensete between
Asia and Africa is likely a result of reduction in distribution
25
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due to climatic change in the late Tertiary or early Quaternary
(Janis, 1993; Novacek, 1999).
The genus Musa is distributed from the East Himalayas,
through Malaya, Borneo, New Guinea, and to North Australia with three major diversity centers: (1) Assam, SW China,
Myanmar and Thailand; (2) Borneo and Indonesia; (3) New
Guinea. Musa acuminata and M. balbisiana within clade III
have a wide distribution cross the three diversity centers of the
genus Musa. The other members within clade III (except for
M. salaccensis and M. campestris, distributed in the diversity
center Borneo and Indonesia) are mainly distributed in the
diversity center of Assam, SW China, Myanmar and Thailand.
The members within clade II, M. borneensis, M. splendida and
M. beccarii, are limited to the diversity centers of Borneo and
Indonesia, and M. maclays occurrs from New Guinea to north
Australia. Musa coccinea and M. paracoccinea are limited
from SW China to Thailand. Thus clade II also covers three
major diversity centers. The fossils of Musa described from
India by Jain (1963, 1965) demonstrate an unknown affinity
to extant Musa and after a reexamination of the material by
Manchester & Kress (1993), it appears that the actual fossil
record of Musa is scanty. Based on the extant distribution of
this genus, it seems to be reasonable to assume that the genus
Musa evolved and diversified in tropical Asia. It is, however,
difficult to determine the exact causes of the extant distributions due to the complexity between the phylogenetic patterns
and geographic distribution.
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Appendix 1. Classification system of Musaceae sensu stricto (Simmonds,
1960)a.

Appendix 2. Taxa sampled, infrageneric position (chromosome number),
vouchers, source collection locality, GenBank accession numbers (ITS/
trnL-F).

Section (chromoGenus some number)

Species

Ensete N/A (2n = 18)

1. Ensete gilletii (De Wild.) Cheesman

Musa

N/A (2n = 18)

2. E. glaucum (Roxb.) Cheesman

N/A (2n = 18)

3. E. homblei (Bequaert ex De Wild.) Cheesman

N/A (2n = 18)

4. E. superbum (Roxb.) Cheesman

N/A (2n = 18)

5. E. ventricosum (Welw.) Cheesman

Sect. Eumusa

1. Musa acuminata Colla

(2n = 22)

2. M. basjoo Siebold
3. M. balbisiana Colla
4. M. cheesmani N.W. Simmonds
5. M. flaviflora N.W. Simmonds
6. M. itinerans Cheesman
7. M. nagensium Prain
8. M. schizocarpa Kurz
9. M sikkimensis Kurz

Sect. Rhodochlamys 10. M. aurantiaca G. Mann ex Baker
(2n = 22)

11. M. laterita Cheesman
12. M. mannii H. Wendl. ex Baker
13. M. ornata Roxb.
14. M. rubra Wall. ex Kurz
15. M. sanguinea Hook. f.
16. M. velutina H. Wendl. & Drude

Sect. Australimusa 17. M. angustigemma N.W. Simmonds
(2n = 20)

18. M. lolodensis Cheesman
19. M. maclayi F. Muell.
20. M. peekelii Lauterb.
21. M. textilis Nee

Sect. Callimusa

22. M. angcorensis Gagnep.

(2n = 20)

23. M. borneensis Becc.
24. M. campestris Becc.
25. M. coccinea Andrews
26. M. gracilis Holttum
27. M. hirta Becc.
28. M. salaccensis Zoll.
29. M. splendida A. Chev.
30. M. violascens Ridl.

Undetermined

31. M. beccarii N.W. Simmonds
32. M. ingens N.W. Simmondsb
33. M. lasiocarpa C.Y. Wu ex H.W. Lic

a
b
c

Several unidentified species in Simmonds’ summary were not included.
This species was treated as a Musa sect. Ingentimusa by Argent in 1976.
This species was treated as its own genus Musella by Wu in 1978.
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Ingroup: Ensete gilletii (De Wild.) Cheesman, N/A (2n = 18), 19951530
(RBGE), cultivator from Cameroon, FJ626393/FJ621289. E. glaucum (Roxb.)
Cheesman, N/A (2n = 18), Kress 99-6492 (US), sample 1 (Ensete glaucum 1)
from Myanmar, FJ626398/FJ621294; A.-Z. Liu 98003 (KUN), sample 2 (Ensete
glaucum 2) from Yunnan, China, FJ626400/FJ621295. E. homblei (Bequaert
ex De Wild.) Cheesman, N/A (2n = 18), Kress GH01-236 (Natural Museum of
National History, Smithsonian Institution), cultivator from the South Congo,
FJ626394/FJ621290. E. superbum (Roxb.) Cheesman, N/A (2n = 18), Kress
98-6180 (US), sample 1 (E. superbum 1) from Myanmar, FJ626395/FJ621291;
NAA3 (US), sample 2 (E. superbum 2) from India, FJ626396/FJ621292;
Kress 98-6202 (US), sample 3 (E. superbum 3) from Doi Inthanon, Thailand,
FJ626397/FJ621293. E. ventricosum (Welw.) Cheesman, N/A (2n = 18), Kress
94-5321 (US), cultivator in Costa Rica, FJ626392/FJ621288. Musa acuminata
Colla, sect. Musa (2n = 22), A.-Z. Liu 98008 (KUN), sample 1 (Musa acuminata
1) from Yunnan, China, FJ626387/FJ621283; 20000516 (RBGE), cultivator
from Indonesia, FJ626399/–. M. balbisiana Colla, sect. Musa (2n = 22), A.-Z.
Liu 99003 (KUN), sample 1 (M. balbisiana 1) from Yunnan, China, FJ626383/
FJ621279; 19980505 (RBGE), sample 2 (M. balbisiana 2), cultivator from
Bangladesh, FJ626384/FJ621280. M. basjoo Siebold, sect. Musa (2n = 22),
A.-Z. Liu 99010 (KUN), Sichuan, China, FJ626374/FJ621270. M. beccarii N.W.
Simmonds, sect. Musa (2n = 18) (uncertain position), J. Mood 880 (WAIMEA),
Sabah, Malaysia, FJ626376/FJ621272. *M. borneensis Becc., sect. Callimusa
(2n = 20), cultivator in Tenom Orchid Center (TOC), Tenom, Sabah, Malaysia,
FJ626369/FJ621265. M. campestris Becc., sect. Callimusa (2n = 20), Kress
99-6525 (US), Sabah, Malaysia, FJ626377/FJ621273. M. coccinea Andrews,
sect. Callimusa (2n = 20), A.-Z. Liu 98001 (KUN), Yunnan, China, FJ626371/
FJ621267. M. formosana (Warb. ex Schumann) Hayata, sect. Musa (2n = 22),
Hsu Tai-Wen 200015 (KUN), Nantou, Taiwan, FJ626379/FJ621275. M. itinerans Cheesman, sect. Musa (2n = 22), A.-Z. Liu 99002 (KUN), Yunnan, China,
FJ626380/FJ621276. M. laterita Cheesman, sect. Rhodochlamys (2n = 22),
Kress 96-5630 (US), Taungoo, Myanmar, FJ626372/FJ621268. M. maclayi F.
Muell., sect. Australimusa (2n = 20), Kress L-93.0060 (US), Wayne Takeuchi,
Papua New Guinea, FJ626373/FJ621269. M. mannii H. Wendl. ex Baker, sect.
Rhodochlamys (2n = 22), H01-0396 (HUBG), India, FJ626389/FJ621285. M.
nagensium Prain, sect. Musa (2n = 22), A.-Z. Liu 99006 (KUN), Yunnan,
China, FJ626388/FJ621284. *M. ornata Roxb., sect. Rhodochlamys (2n = 22)
B. Kirchoff 88-147 (HLA), Myanmar, FJ626382/FJ621278. M. paracoccinea
A.Z. Liu & D.Z. Li, sect. Callimusa (2n = 20), De-Zhu Li 049 (KUN), Yunnan, China, FJ626375/FJ621271. *M. rosea Baker, sect. Rhodochlamys (2n
= 22) H01-0401 (HUBG), Malaysia, FJ626367/FJ621263. M. rubra Wall. ex
Kurz, sect. Rhodochlamys (2n = 22), Kress 02-7076 (US), Myanmar, FJ626381/
FJ621277. M. salaccensis Zoll., sect. Callimusa (2n = 20), A.-Z. Liu 01001
(KUN), Sabah, Malaysia, FJ626370/FJFJ621266. M. sanguinea Hook. f., sect.
Rhodochlamys (2n = 22), A.-Z. Liu 99004 (KUN), Yunnan, China, FJ626378/
FJ621274. *M. splendida Chev., sect. Callimusa (2n = 20), H01-0405 (HUBG),
Vietnam, FJ626386/FJ621282. M. textilis Nee, sect. Australimusa (2n = 20),
Kress 20-213 (US), cultivator in Costa Rica, FJ626385/FJ621281. M. velutina
H. Wendl. & Drude, sect. Rhodochlamys (2n = 22), A.-Z. Liu 99011 (KUN),
Yunnan, China, FJ626368/FJ621264. Musella lasiocarpa (Franchet) C.Y.
Wu ex H.W. Li, N/A (2n = 18), A.-Z. Liu 98010 (KUN), sample 1 (Musella
lasiocarpa 1) from Yunnan, China, FJ626390/FJ621286. Kress-GH01-210
(Natural Museum of National History, Smithsonian Institution), sample 2
(Musella lasiocarpa 2), cultivator from Myanmar, FS626391/FJ621287.
Outgroup: Heliconia stricta, Kress 88-2295 (US), Esmeraldas, Ecudor,
FJ626404/FJ621299. Orchidantha fimbriata, Kress 87-2159 (US), Malaysia, FJ626405/621300. Phenakospermum guyanensis, Kress 94-3687 (US),
Montsinery, French Guyana, FJ626402/FJ621297. Ravenala madagascariensis, Kress 92-3410 (US), Mananjary, Madagascar, FJ626401/FJ621296.
Strelitzia regina, Kress GH94-3783 (Natural Museum of National History,
Smithsonian Institution), cultivator from Costa Rica, FJ626403/FJ621298.
* Samples were collected and provided by Mr. Markku Häkkinen (Helsinki
University Botanic Garden, Finland)

