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SUMMARY
Hybridizations between closely related species commonly occur in the domestication process of many
crops. Banana cultivars are derived from such hybridizations between species and subspecies of the Musa
genus that have diverged in various tropical Southeast Asian regions and archipelagos. Among the diploid
and triploid hybrids generated, those with seedless parthenocarpic fruits were selected by humans and
thereafter dispersed through vegetative propagation. Musa acuminata subspecies contribute to most of
these cultivars. We analyzed sequence data from 14 M. acuminata wild accessions and 10 M. acuminatabased cultivars, including diploids and one triploid, to characterize the ancestral origins along their chromosomes. We used multivariate analysis and single nucleotide polymorphism clustering and identified five
ancestral groups as contributors to these cultivars. Four of these corresponded to known M. acuminata subspecies. A fifth group, found only in cultivars, was defined based on the ‘Pisang Madu’ cultivar and represented two uncharacterized genetic pools. Diverse ancestral contributions along cultivar chromosomes
were found, resulting in mosaics with at least three and up to five ancestries. The commercially important
triploid Cavendish banana cultivar had contributions from at least one of the uncharacterized genetic pools
and three known M. acuminata subspecies. Our results highlighted that cultivated banana origins are more
complex than expected – involving multiple hybridization steps – and also that major wild banana ancestors
have yet to be identified. This study revealed the extent to which admixture has framed the evolution and
domestication of a crop plant.
Keywords: admixture, genome ancestry, hybridization, Musa acuminata, diversity.

INTRODUCTION
Hybridization between species and subspecies is a widespread evolutionary process in plants and is associated
with the domestication and diversification of some major
crops [e.g. wheat (McFadden and Sears, 1946); citrus (Wu
et al., 2014); date palm (Flowers et al., 2019)], including
bananas (Simmonds, 1962; Perrier et al., 2011).
Banana cultivars are the result of hybridization between
Musa species and subspecies that have diverged in different tropical Southeast Asian regions and islands and western Melanesia (Dodds et al., 1948; Simmonds and
Shepherd, 1955; Simmonds, 1962; Carreel et al., 1994; Carreel et al., 2002; Boonruangrod et al., 2008; Perrier et al.,
2009; Perrier et al., 2011). The species Musa acuminata (A
genome, 2n = 22) is involved in the origin of all cultivars,
1008

with the exception of the Fe’i vitamin-rich bananas (De
Langhe et al., 2009). M. balbisiana (B genome, 2n = 22) is
associated with M. acuminata in many cultivars, while
M. textilis (T) and M. schizocarpa (S) are suggested to
have contributed to only a few cultivars. M. acuminata has
been subdivided into several subspecies with a Northeast
India to New Guinea distribution range, including: siamea,
burmannica, burmannico€ıdes, malaccensis, truncata, errans, microcarpa, zebrina and banksii (Simmonds, 1962;
Perrier et al., 2009). Large chromosomal structural variations between the genomes of some of these species and
subspecies have been reported (Shepherd, 1999; Martin
et al., 2017; Baurens et al., 2019).
In the prevalent banana domestication scenario, fertile
plants from geographically isolated M. acuminata
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subspecies were brought into contact by humans in Southeast Asia and western Melanesia (De Langhe et al., 2009;
Kennedy, 2009; Perrier et al., 2011). This gave rise to intersubspecific hybridizations which first resulted in diploid
hybrids with reduced fertility. Additional hybridizations
within M. acuminata or with other Musa species, sometimes involving 2n gamete formation, led to the current
diploid and triploid banana cultivar diversity. These cultivars
were selected for seedless and parthenocarpic fruits, a condition for edibility. They were classified – based on morphology and ploidy – into genomic groups (‘AA’, ‘AAA’,
‘AB’, ‘AAB’, ‘ABB’, ‘AS’, ‘AT’ and ‘AAT’) to reflect the main
species contributing to their genomes (Simmonds and
Shepherd, 1955). The selected cultivars have high levels of
sterility and have thus been vegetatively propagated for
centuries or millennia, resulting in phenotypic somaclonal
variants. The variants that are presumed to have derived
from a single original zygote form a subgroup.
The most commercially important banana cultivars are
triploid. Among these, the Cavendish subgroup of dessert
bananas (‘AAA’ genome) represents almost half of the
world’s production (Lescot, 2018). Diploid cultivars derived
from M. acuminata (‘AAcv’) are mainly found in New Guinea, but a few of them are present in Malaysia, Indonesia,
the Philippines and East Africa (Stover and Simmonds,
1987; Perrier et al., 2019).
Information regarding the contributions of different
Musa species and subspecies to cultivated banana are
essential to gain insight into the domestication process.
They are also important for banana breeding strategies
that are generally geared towards producing polyploid cultivars with agronomic characteristics similar to those of
current elite cultivars, in addition to some improved traits,
particularly disease resistance. Three genetically well differentiated subspecies, that is M. acuminata ssp. banksii,
ssp. zebrina and ssp. malaccensis, were suggested to be
the main contributors to the A genome of cultivated bananas (Carreel et al., 2002; Perrier et al., 2009; Perrier et al.,
2011; Christelova et al., 2017). Their contributions were
found to be dependent on the geographical origins of the
cultivated accessions, with an eastern Indonesian and New
Guinean pool based mainly on ssp. banksii and zebrina
and a greater ssp. malaccensis contribution further westwards (Perrier et al., 2009). It seems that there has just
been a minor contribution of the closely related burmannica, burmannico€ıdes and siamea subspecies to cultivars
(Carreel et al., 1994; Perrier et al., 2011). The possible contributions of M. acuminata ssp. errans and microcarpa and
the delimitation of these subspecies are less clear (Carreel,
1994; Carreel et al., 2002; Perrier et al., 2009). Parental
donors have been proposed for some commercially important triploid cultivars (Raboin et al., 2005; Perrier et al.,
2009; Hippolyte et al., 2012). Triploid Cavendish dessert
bananas, for instance, are considered to have resulted

from a cross between a diploid accession from the East
African Mchare (formerly Mlali) subgroup as 2n gamete
donor and an n gamete donor that is related to the ‘Pisang
Madu’ and ‘Pisang Pipit’ accessions.
Beyond global ancestry estimates, local ancestry patterns along chromosomes provide more precise information on the genomic composition of hybrids and how they
were formed, as shown in Citrus sp. or cassava (Wu et al.,
2014; Bredeson et al., 2016). Banana cultivars – having low
fertility and being vegetatively propagated – are generally
believed to have resulted from a limited number of crosses
and thus meioses since the first inter(sub)specific events.
Their genomes are expected to be mosaics of large segments from different origins (i.e. ancestries). Such mosaics
are currently being unravelled at the interspecies resolution level for A/B interspecific hybrids (Baurens et al.,
2019), but they have yet to be characterized for A genome
based hybrids.
In this study, we used single nucleotide polymorphism
(SNP) data to characterize the ancestral origins of genome
segments along banana chromosomes for a set of 24
diploid banana accessions, including 15 wild (i.e. seedy)
banana accessions and nine diploid cultivars (i.e. parthenocarpic accessions) sampled across ‘AAcv’ diversity. The
results showed a variety of genome mosaics, sometimes
resulting from more than four ancestral contributors and
including unknown ancestry components. The mosaic
structure of the triploid ‘Grande Naine’ accession belonging to the dessert banana Cavendish subgroup was also
investigated.
RESULTS
Highly variable heterozygosity and accession-specific
allele proportions among accessions
RNA-seq data were obtained from a set of 14 wild and nine
diploid cultivated banana accessions (Table 1). The wild
accessions included representatives of M. acuminata subspecies reported to be involved in the origin of hybrid
‘AAcv’ cultivars. The diploid cultivars represented different
geographical origins and were selected among the ‘AAcv’
diversity described by Perrier et al. (2011). Genomic data
from the triploid ‘Grande Naine’ accession representing
the Cavendish cultivars were also used. M. balbisiana was
used as an outgroup with the draft genome data (Davey
et al., 2013) from the ‘Pisang Klutuk Wulung’ (hereafter
‘PKW’) accession.
Depending on the accessions, 13.9–94.4 mapped million
reads were obtained for polymorphism detection, representing 16.6 to 58.9-fold the M. acuminata predicted transcriptome or reference genome coverage per accession
(Table S1). A set of 191 876 high confidence nuclear SNP
sites, with a distribution reflecting gene density (Figure S1),
was selected from these sequences.
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Table 1 List of accessions used in the study
Species or group (subgroup)

Origin

Code

Accession name

Geographical origin

Status

Ploidy

M. balbisiana
M. acuminata
ssp. siamea
ssp. siamea
ssp. burmannicoides
ssp. burmannica
ssp. malaccensis
ssp. malaccensis
ssp. malaccensis
ssp. microcarpa
ssp. microcarpa
ssp. zebrina
ssp. zebrina
ssp. banksii
ssp. banksii
ssp. errans
AAcv
AAcv
AAcv (Figue/Sucrier)
AAcv
AAcv (Mchare)
AAcv
AAcv
AAcv
AAcv
AAAcv (Cavendish)

SRA

SRX339427

Pisang Klutuk Wulung

–

Wild

2x = 22

CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CARBAP
CARBAP
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CRB-PT
CARBAP
CARBAP
CRB-PT
CARBAP
CRB-PT

PT-BA-00147
PT-BA-00263
PT-BA-00051
PT-BA-00178
PT-BA-00267
PT-BA-00363
PT-BA-00390
PT-BA-00040
PT-BA-00204
PT-BA-00182
PT-BA-00212
CMR00429
CMR00427
PT-BA-00008
PT-BA-00190
PT-BA-00108
PT-BA-00154
PT-BA-00366
PT-BA-00056
GAL
GUY
PT-BA-00304
MALA
PT-BA-00104

Khae (Phrae)
Pa Rayong
Calcutta 4
Long Tavoy
PT-BA-00267
Selangor
THA 018
Borneo
Microcarpa
Maia Oa
Monyet
Banksii ITC0853
Banksii ITC0620
Agutay
Manang
Gu Nin Chiao
Kirun
SF 215
Chicame
Galeo
Guyod
Pisang Madu
Mala
Grande Naine

Thailand (collection)
Thailand (collection)
Botanical Garden India
Myanmar
–
Malaysia
Thailand (collection)
Borneo
Malaysia
Martinique
Indonesia
Papua New Guinea
Papua New Guinea
Philippines
Philippines
Singapore
Papua New Guinea
Papua New Guinea
Comoros
Papua New Guinea
Philippines
Sarawak, Malaysia
Papua New Guinea
–

Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar

2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
2x
3x

Heterozygous sites were generally found in higher proportions for cultivated versus wild accessions, in agreement with
their presumed hybrid origins. The percentage of heterozygous sites ranged from 7.2% for the ‘Guyod’ accession, up to
16.1% for ‘Pisang Madu’ and 16.4% for triploid ‘Grande Naine’
(Table S2 and Figure 1a). The proportions of heterozygous
sites for three of the wild accessions (‘Microcarpa’, ‘Agutay
PT-BA-00008’ and ‘PT-BA-00267’) were within the range of
those of cultivated hybrids, suggesting a hybrid status.
Heterozygosity levels were very low for ssp. banksii accessions (Table S2 and Figure 1a), in accordance with their preferentially autogamous reproduction mode, which differs from
the allogamy of other M. acuminata subspecies.
The proportion of accession-specific alleles ranged from
0.04% for ‘Chicame’ to 5.8% for ‘Pisang Madu’ within
M. acuminata accessions and reached 24.7% for M. balbisiana ‘PKW’ (Table S2 and Figure 1b). The extremely low
proportion of specific alleles in the ‘Chicame’ accession indicated that almost all of its alleles were shared with one or
more other accessions in this setting. Similarly, the two
M. acuminata ssp. banksii accessions shared almost all of
their alleles with each other and/or with other accessions in
this setting.
Global assessment of ancestral contributions to banana
accessions
A global genetic structure analysis of the 24 diploid accessions using the ADMIXTURE program (Alexander et al., 2009)

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
33

suggested that K = 6 was the best number of ancestries fitting our dataset (Table S3).
At K = 6, 14 accessions were homogeneous for one of
the six ancestries (Figure 1c). They corresponded to 13
of the 15 wild accessions and to cultivar ‘Pisang Madu’.
Unexpectedly, this cultivar was found to be homogenous for one ancestry that was detected only in cultivated accessions. The remaining ancestries generally
corresponded to current knowledge on the banana
genetic diversity represented here. M. balbisiana,
M. acuminata ssp. zebrina and ssp. malaccensis each
represented one ancestry, whereas ssp. burmannica, ssp.
burmannicoides and ssp. siamea belonged to a single
ancestry. The ssp. banksii accessions along with ssp. microcarpa ‘Borneo’ were found to be homogenous for
one common ancestry, while the ‘Microcarpa’ accession
was a hybrid. Surprisingly, the ‘Agutay’ accession –
which was chosen to represent ssp. errans and expected
to be closely associated with ssp. banksii (Carreel et al.,
1994; Perrier et al., 2009; Christelova et al., 2017) –
showed ‘malaccensis’, ‘zebrina’ and ‘burmannica/siamea’
ancestries.
Identification of ancestry informative alleles for six
predicted ancestral groups
Correspondence analysis (COA) was performed on the 14
accessions representative of the six ancestries (Figure 2
and Table S4).
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Figure 1. Global genotyping statistics.
(a) Heterozygosity levels among wild and cultivated banana accessions. Heterozygosity was calculated as the number of heterozygous sites within the accession
divided by the total number of single nucleotide polymorphism sites in the vcf file.
(b) Proportion of specific alleles in the studied accessions. This proportion was calculated as the percentage of polymorphic sites in which at least one allele
was not found in other accessions of the dataset.
(c) Global genetic structure of the dataset obtained via ADMIXTURE analysis with six ancestral populations.

Axes 1–5 allowed discrimination of M. balbisiana, of
the distinct M. acuminata subspecies and of ‘Pisang
Madu’ (Figure 2a,b and Table S4). A total of 74.5% inertia
was accumulated on these five axes, in line with the
structure found in the ADMIXTURE analysis (Figure 2c–e and

Table S4). Axis 6 identified a substructure within
M. acuminata ssp. malaccensis and M. acuminata ssp.
burmannica/siamea clusters, but this resolution level was
too fine to be taken into account given our sampling
(Figure 2f).

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1008–1025

1012 Guillaume Martin et al.

(a)

(c)

(b)

M.a. ssp. banksii

% inera

Musa acuminata

Musa balbisiana

Synthec variables
(d)

Axis 1 versus 2

Axis 2 versus 3
(f)

(e)

‘AA’ cv P. madu

M.a. ssp.
burmannica/siamea
M.a. ssp. zebrina

M.a. ssp. malaccensis

Axis 2 versus 4

Axis 2 versus 5

Axis 2 versus 6

Figure 2. Factorial analysis performed on diploid accessions representing six ancestries. Correspondence analysis was performed only on diploid accessions
identified as homogeneous according to ADMIXTURE analysis.
(a) Axis inertia.
(b) Projection of accessions along synthetic axes 1 and 2 discriminating Musa acuminata and M. balbisiana accessions.
(c) Projection of accessions along synthetic axes 2 and 3 discriminating M. a. ssp. banksii, M. a. ssp. zebrina and M. a. ssp. burmannica/siamea accessions.
(d) Projection of accessions along synthetic axes 2 and 4 discriminating the ‘Pisang Madu’ accession from other accessions.
(e) Projection of accessions along synthetic axes 2 and 5 discriminating M. a. ssp. malaccensis accessions from other accessions.
(f) Projection of accessions along synthetic axes 2 and 6.

To select representative alleles for the ancestral groups
discriminated by the COA analysis, alleles were clustered
on the first five axes based on their coordinates. Eight clustered allele groups were identified (Figure 3a and
Table S5).
Group 1 (53 287 alleles) corresponded to M. balbisiana
‘PKW’ alleles. Alleles of group 2 were mainly derived
from ssp. burmannica/burmannicoides/siamea accessions
(‘burmannica/siamea’ group; 33 464 alleles). Group 3
(20 067 alleles) corresponded to ssp. malaccensis alleles.
Group 4 (15 072 alleles) corresponded to ssp. banksii and
ssp. microcarpa ‘Borneo’ accession alleles. The ‘Borneo’
accession contributed 35% of the alleles of this group,
which we hereafter refer to as ‘banksii/Borneo’. Alleles of
group 5 (15 280 alleles) were derived from ‘Pisang Madu’.
Alleles of group 6 (11 640 alleles) corresponded to ssp.
zebrina. Group 7 (1887 alleles) comprised alleles shared by
‘Pisang Madu’ and M. balbisiana. Finally, group 0

corresponded to central alleles (Figure 3a) for which no
specific contribution to ancestral groups could be identified.
The relative proportions of alleles from groups 1 to 7 in
all of the studied accessions are presented in Figure 3(b).
The accessions selected to determine ancestral groups
were clearly defined by their corresponding clustered alleles, but some ssp. malaccensis accessions and ‘Pisang
Madu’ were not homogenous. In particular, the ‘Pisang
Madu’ accession showed, as expected, a strong contribution of alleles from group 5, but also carried ‘banksii/Borneo’ alleles and a lower proportion of ‘burmannica’ and
group 7 alleles. Group 7 alleles were low in number,
located at intermediate positions in the COA analysis (in
grey in Figure 3a) and their contribution was very limited.
This group was not considered in further analysis. Overall,
the distribution of six allele groups representing different
ancestral origins was congruent with the six ancestries
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Figure 3. Clustering of ancestry informative alleles.
(a) Alleles corresponding to variables of the correspondence analysis were projected along synthetic axes and clustered using a mean shift algorithm. Eight
groups (0, 1, 2, 3, 4, 5, 6 and 7) were identified.
(b) Proportions of alleles from each group in the 25 banana accessions. The proportion was calculated for each accession as the number of alleles specific to a
group divided by the total number of grouped alleles in the accession. The central group (0), which corresponded to non-informative alleles, was not used for
the proportion estimation.
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identified with ADMIXTURE, but it is refined for the different
banana hybrid accessions.
‘Pisang Madu’ local ancestry assignment
Clustered alleles representing groups 1–6 were used to
analyze local ancestry along chromosomes of the 25 Musa
accessions. The 13 accessions found to be the best representatives of the six ancestral groups (Figure 3b) were
used for statistical assessment of the expected allele frequency that supported the ancestry assignment along
chromosomes. For ancestral groups 1 to 4 and group 6,
this probability Pia was estimated by the observed frequency of the group a allele in representative accessions.
‘Pisang Madu’, although admixed, was the group 5 representative. In that case, we first arbitrarily set Pia = 1 if at
least one allele of group 5 was found in ‘Pisang Madu’,
and Pia = 0 in other cases. In this first round of evaluation
of local ancestry, no group 5 contribution was observed to
accessions other than ‘Pisang Madu’ (Figure S2) in contradiction with results presented in Figure 3(b). ‘Pisang Madu’
chromosome pairs generally showed a group 5 haplotype
associated with an unknown haplotype (grey in Figure 4a)
and a group 5 haplotype associated with a group 4 haplotype in some chromosome regions. However, as ‘Pisang
Madu’ was a representative of ancestral group 5 in the
COA analysis, group 5 alleles should have been present in
most of the ‘Pisang Madu’ genome, except for introgressed regions from other defined ancestral groups.
We considered that the obtained profile could have been
related to the high proportion of heterozygous sites in
‘Pisang Madu’. The frequencies of heterozygous grouped
alleles in all accessions representing ancestral groups were
compared (Figure 4b and Table S6). This revealed that
nearly all ‘Pisang Madu’ alleles with a group 5 origin (98%)
were in a heterozygous state and suggested that group 5
might represent two different ancestries. Therefore, the
local ancestry analysis was performed again on all accessions, taking into account the heterozygosity of group 5
alleles (see Experimental procedures). For ‘Pisang Madu’,
the results showed a group 5 origin for the majority of its
chromosome pairs, apart from a few regions that were
assigned to group 4 (‘Banksii/Borneo’) (Figure 4c). In addition, this revealed a contribution of the ‘Pisang Madu’
group to several cultivars (Figure S3).
Local ancestry patterns identify hybrid or locally admixed
genomes in some wild M. acuminata accessions
Local ancestry predictions for M. acuminata ssp. zebrina,
banksii, burmannica/siamea accessions (Figures 5 and S3)
confirmed the global ancestry results and the absence of
recent admixtures with other differentiated subspecies.
These accessions were therefore good representatives of
their corresponding subspecies. Two ssp. malaccensis
accessions were found to be admixed: ‘THA018’ displayed

segments assigned to ‘burmannica/siamea’ on all chromosome sets, and ‘PT-BA-00267’ had a few large segments
assigned to ‘banksii/Borneo’.
The ssp. microcarpa ‘Borneo’ accession had a homogeneous ancestry from the ‘banksii/Borneo’ group. In contrast, the local ancestry mosaic of the ssp. microcarpa
‘microcarpa’ accession revealed its hybrid nature with segments of three different origins: ‘zebrina’, ‘banksii/Borneo’
and, to a lesser extent, ‘malaccensis’.
The local ancestry mosaic of the ‘Agutay’ (PT-BA-00008)
accession suggested that it was a zebrina/burmannica/
malaccensis hybrid, not the expected M. acuminata ssp.
errans accession. This might be due to mislabelling of this
accession, which will hereafter be referred to as ‘PT-BA00008’. No segments of M. balbisiana origin were predicted in this accession although M. balbisiana alleles were
detected in the global analysis results (Figure 3b). Alleles
of this origin were spread throughout the ‘PT-BA-0008’
genome either due to the fact that it is a very ancient
admixture or due to sequence contamination (Ballenghien
et al., 2017). No contribution of the ‘balbisiana’ group was
detected in other accessions.
Local ancestry mosaics in diploid ‘AAcv’ cultivars
For diploid ‘AAcv’ cultivars, the local ancestry analysis
revealed a mosaic of segments from three to five main
ancestral groups (Figures 6 and S3). Based on our
approach in which contiguous regions assigned to the
same ancestral group were placed next to each other into
one ‘pseudo-haplotype’, large segments of ‘banksii/Borneo’ ancestry were found at different proportions in all cultivated accessions (including ‘Pisang Madu’). In ‘Mala’, ‘SF
215’ and ‘Guyod’ accessions, the ‘banksii/Borneo’ ancestry
was predominant and the second main contributor was
‘zebrina’, which were found to be present in most or all
chromosome sets (Figure 6a,b). In those accessions that
were predicted to be ‘banksii/zebrina’ hybrids based on
SSR data (Perrier et al., 2009, 2011), we also detected a few
regions from the ‘Pisang Madu’ and/or ‘malaccensis’
ancestral groups (Figures 6a,b and S3). For the ‘Galeo’
accession, two main contributors, that is ‘banksii/Borneo’
and ‘malaccensis’, were identified together with a few segments from the ‘zebrina’ and ‘Pisang Madu’ ancestral
groups.
The ‘banksii/Borneo’ and ‘zebrina’ ancestry, predicted
using SSRs (Perrier et al., 2009), was confirmed for the
‘Chicame’ accession representing the East African Mchare
subgroup, but a ‘malaccensis’ ancestry was also detected
here in almost all chromosome sets. In the remaining three
accessions (‘Gu Nin Chiao’, ‘Kirun’ and ‘Manang’), chromosome segments from ‘banksii/Borneo’, ‘malaccensis’,
‘zebrina’, and ‘Pisang Madu’ ancestral groups were found,
with the ‘malaccensis’ contribution being particularly predominant in ‘Gu Nin Chiao’. The ‘Manang’ accession was
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(a)
Figure 4. ‘Pisang Madu’ local ancestry
estimation.
(a) Local ancestry estimation for the
‘Pisang Madu’ accession based on the
first assumption that group 5 corresponded to a single ancestor.
(b) Frequency of heterozygous alleles of
the main ancestral group present in each
representative accession. For each representative accession, the frequency was
calculated as the number of sites having
exactly one allele of the group over the
number of sites with at least one allele of
the group. Very high heterozygous frequency for group 5 suggested the contribution of two different ancestries to this
group. This led to a new estimation of
group 5 ancestry in the studied genotypes.
(c) ‘Pisang Madu’ local ancestry mosaic
based on the assumption that group 5
consisted of two distinct genetic pools.
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Figure 5. Circular representation of the local ancestry mosaic in wild M. acuminata accessions. The outer circle represents the 11 chromosomes of the M. acuminata
reference genome with dark coloured centromeric regions. Inner circles represent, for each studied accession, the two predicted ancestry pseudo-‘haplotypes’.
Assigned ancestries are represented by coloured blocks: black, group 1 ‘balbisiana’ (M. balbisiana); yellow, group 2 ‘burmannica/siamea’; blue, group 3 ‘malaccensis’;
green, group 4 ‘Banksii/Borneo’; purple, group 5 ‘Pisang Madu’ and red, group 6 ‘zebrina’. Unassigned regions are in grey. Accession names are abbreviated: 008,
‘PT-BA-00008’; Mic, ‘Microcarpa’; Bor, ‘Borneo’; THA, ‘THA018’; 267, ‘PT-BA-00267’; Sel, ‘Selangor’; Mon, ‘Monyet’; MaO, ‘Maia Oa’; Ba6, ‘Banksii ITC0620’; Ba8, ‘Banksii ITC0853’; KhP, ‘Khae Phrae’; PaR, ‘Pa Rayong’; LoT, ‘Long Tavoy’; Ca4, ‘Calcutta 4’; and PKW, M. balbisiana, Pisang Klutuk Wulung’.

the only one that displayed several megabases from the
‘burmannica/siamea’ ancestral group on different chromosomes and a mosaic of segments from at least five distinct
ancestral groups (Figure 6c).
Some regions remained unassigned in all of these
accessions (grey in Figures 5–7 and S3). They were often,
yet not always, in centromeric regions where marker density was lower.

A ‘Mchare’ accession and the ‘Pisang madu’ ancestral
group contribute to the triploid ‘Grande Naine’ accession
genome
The local ancestry mosaic of the triploid ‘Grande Naine’
accession, representing Cavendish cultivars, showed the
contributions of four ancestral groups: ‘banksii/Borneo’,
‘zebrina’, ‘malaccensis’ and ‘Pisang Madu’ (Figure 7). Most
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chromosome sets showed contributions from all four of
these ancestral groups. The ‘Pisang Madu’ group contribution was predicted in large segments of several megabases
on chromosome sets 1, 6, 7 and 10, and in several discontinuous segments on other chromosomes sets, but it was
not detected on chromosome 11 (Figure 7).
To assess the previously proposed contribution of a
Mchare clonal group member such as ‘Chicame’ as 2n
donor of ‘Grande Naine’ and of ‘Pisang Madu’ as n donor
(Raboin et al., 2005; Perrier et al., 2009; Hippolyte et al.,
2012), the distributions of polymorphic alleles in these
accessions were compared (Figure 7). From 51 602 polymorphic sites among ‘Chicame’, ‘Grande Naine’ or ‘Pisang
Madu’, a total of 49 566 (95.9%) sites was consistent with a
2n contribution of ‘Chicame’ to the ‘Grande Naine’ genome, whereas 2036 (4.1%) sites were not consistent. These
results confirmed that a Mchare accession, highly similar
to ‘Chicame’, contributed a 2n gamete to the ‘Grande
Naine’ genome.
The remaining SNP distribution was consistent with a
‘Pisang Madu’ origin for chromosomes 1, 2, 7 and 10 (Figure 7). On other chromosomes, regions consistent with a
‘Pisang Madu’ origin were found together with large
regions of several megabases that were not consistent
with this origin (light grey bars in Figure 7).
DISCUSSION
We identified five ancestral groups involved in the origin
of the analyzed M. acuminata accessions based on
sequence data from 14 M. acuminata wild and nine ‘AAcv’
cultivated banana diploid accessions, one triploid ‘AAA’
cultivar and one diploid M. balbisiana accession as outgroup. Four of these ancestral groups corresponded to previously characterized M. acuminata subspecies, i.e. ssp.
banksii/ssp. microcarpa, ssp. malaccensis, ssp. zebrina and
ssp. burmannica/ssp. siamea. The fifth one, found only in
cultivars, corresponded to one or two new unknown origins. Our results revealed diverse and always more complex than anticipated inter(sub)specific chromosome
mosaic patterns, involving four to five ancestral groups for
some cultivars, and implying multiple hybridization steps.
Unknown contributor(s) to cultivated banana genomes
Among the five ancestral groups that we identified as
being involved in the origin of banana cultivars from our
setting, three (ssp. banksii, ssp. malaccensis, ssp. zebrina)
had already been proposed as main contributors to the A
genome of cultivated banana, and one (ssp. burmannica/
ssp. siamea) was proposed to be involved in very few cultivars (Carreel et al., 2002; Perrier et al., 2009, 2011; Christelova et al., 2017). The fifth ancestral group, present only
in cultivars, was defined based on one of these, i.e. ‘Pisang
Madu’. The approach we used enabled the assessment of
the contribution of this cryptic ancestry, which would have

been difficult to achieve with more conventional strategies
solely based on the use of fixed alleles.
We showed that this ‘Pisang Madu’ ancestral group was
present in several of the ‘AAcv’ analyzed here. It was also
present in the ‘Grande Naine’ accession, a representative
of the Cavendish dessert banana subgroup that accounts
for 50% of the bananas produced worldwide. This ancestral
group is thus an important contributor to modern-day cultivars and should be characterized to facilitate its use in
banana breeding programmes.
The ‘Pisang Madu’ accession is one of several apparently similar accessions that were surveyed in Sarawak
State on the island of Borneo (Malaysia) and in Perak State
in continental Malaysia in 1960/1961 (Rosales et al., 1999).
Based on available passport data (https://www.crop-dive
rsity.org/mgis/accession/01GLP005109, (Ruas et al., 2017),
(Rosales et al., 1999)), the accession studied here corresponded to one of the Sarawak State accessions. It was
described as a ‘microcarpa derivative’ (Rosales et al.,
1999), but the status of this subspecies is still unclear (see
below).
We found that the ‘Pisang Madu’ accession was highly
heterozygous, suggesting that it is a hybrid between divergent genetic pools rather than a representative of a population with unfixed alleles. Heterozygosity was noted
throughout its chromosomes that could not be explained
only by the ‘banksii/Borneo’ introgressed segments
detected in its genome. This suggests that at least two
other ancestors contributed to the ‘Pisang Madu’ genome.
The unknown ancestral contributors to the ‘Pisang Madu’
genome could correspond either to other M. acuminata
subspecies or to other Musa species. M. acuminata ssp. errans was previously proposed as a contributor to cultivated
bananas based on cytoplasmic markers of one representative accession (Carreel et al., 2002). The nuclear genome of
this accession was reported to be very close to that of ssp.
banksii (Carreel et al., 1994; Perrier et al., 2009; Christelova
et al., 2017), which was not the case for the ‘Pisang Madu’
ancestral group we identified. This excludes ssp. errans as
a major contributor to this ancestral group. The two
remaining described M. acuminata subspecies, ssp. truncata and ssp./var. sumatrana, have not been predicted
to contribute to cultivars and were not included in our
study. Their potential contribution is hard to assess as
they are poorly represented in accessible germplasm.
M. schizocarpa, a species that was recently predicted to
contribute to the triploid East African banana genome
based on internal transcribed spacer analysis (Nemeckova
et al., 2018), should be evaluated as a potential contributor
to the ‘Pisang Madu’ ancestral group.
Sardos et al. (2016) used DArT markers to analyze a sample of 576 accessions spanning most of the available banana
diversity and identified a large group of ‘AA’/’AAA’ cultivated
bananas, including the Cavendish subgroup, that did not
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Figure 6. Representation of the local ancestry mosaic in diploid ‘AAcv’ banana cultivars. Assigned ancestries are represented by coloured blocks: yellow, group
2 ‘burmannica/siamea’; blue, group 3 ‘malaccensis’; green, group 4 ‘Banksii/Borneo’; purple, group 5 ‘Pisang Madu’ and red, group 6 ‘zebrina’. Unassigned
regions are in grey.
(a) Circular representation of the ancestry moaic of diploid ‘AAcv’ banana cultivars. The outer circle represents the 11 chromosomes of the M. acuminata reference genome with dark coloured centromeric regions. Inner circles represent, for each studied accession, the two predicted ancestry pseudo-‘haplotypes’.
Accession names are abbreviated: Kir, ‘Kirun’; GuN, ‘Gu Nin Chiao’; Man, ‘Manang’; Chi, ‘Chicame’; Gal, ‘Galeo’; SF2, ‘SF.215’; Mal, ‘Mala’; Guy, ‘Guyod’; Mad,
‘Pisang Madu’.
(b) Linear representation of the relatively simple mosaic of the ‘Mala’ accession.
(c) Linear representation of the mosaic of the ‘Manang’ accession with at least five ancestral group contributions.

cluster with any of the represented M. acuminata subspecies.
These results suggested that one or more of the wild contributors to cultivated bananas may not be available in germplasm collections. This may include the cryptic contributor(s)
to the ‘Pisang Madu’ group we identified.
Characteristics of M. acuminata subspecies
representatives
The ancestry patterns of M. acuminata subspecies representatives provided information on the corresponding
subspecies. Alleles from ssp. burmannica, ssp.
burmannicoides and ssp. siamea accessions were clustered in one ancestral group and accessions from these
subspecies had a homogenous local ancestry profile. This
confirmed the idea of a single genetic group predicted by
SSR and large structural variation analyses (Perrier et al.,
2011; Dupouy et al., 2019). The malaccensis subspecies is
geographically close to ssp. burmannica/siamea. The existence of hybrids between these subspecies has been mentioned (Perrier et al., 2009). The ‘malaccensis’ and
‘burmannica/siamea’ hybrid ancestry mosaic of the
‘THA018’ accession from Thailand illustrated these genetic
contacts. Of the other two ssp. malaccensis accessions, the
‘PT-BA-000267’ accession (named ‘Pahang’ in the CRB
Plantes Tropicales collection) was admixed, which might
explain why it was recently found to differ slightly from
‘Pahang’ accessions of other sources (Noumbissie et al.,
2016). Local ancestry analysis could thus identify potential
mislabelling cases, as also shown here for the ‘PT-BA00008’ accession.
We defined one ancestral group that represented ssp.
banksii accessions and which also included a significant
contribution from the ssp. microcarpa ‘Borneo’ accession.
Here it was found that the two representatives of ssp. microcarpa, that is ‘Borneo’ and ‘Microcarpa’ were different,
in line with the findings of previous studies (Carreel et al.,
1994; Perrier et al., 2009). The hybrid status of the ‘Microcarpa’ accession was confirmed, but was found to be more
complex, with contributions from three different ancestral
groups. No evidence of admixture was found here for the
‘Borneo’ accession. It was confirmed as being close to ssp.
banksii (Carreel et al., 1994) with, however, a higher level
of heterozygosity than ssp. banksii accessions. This raised
questions about the status of ssp. microcarpa, as already
noted (Perrier et al., 2009).

Complex mosaic genomes of ‘AAcv’ cultivated bananas
The mosaic genome of the studied banana cultivars
revealed contributions of at least three and up to five
ancestral groups. It highlighted the diversity of genomic
constitutions in cultivars originating from different
regions. Previous diversity studies on banana accessions
had identified different genetic clusters for ‘AAcv’ (Perrier
et al., 2009, 2011; Sardos et al., 2016; Christelova et al.,
2017). They included accessions from New Guinea with a
dominant ‘banksii’ contribution, a range of clusters with
decreasing ‘banksii’ and increasing ‘zebrina/microcarpa’
contributions, and accessions from Southeast Asia that
were predicted to be mainly derived from ‘malaccensis’
and ‘zebrina/microcarpa’ (Perrier et al., 2009, 2011). We
refined these predictions via our approach. We found a
predominant ‘banksii/zebrina’ component in two accessions from Papua New Guinea and accession ‘Guyod’
from the southern Philippines, thus confirming the general predictions for these accessions. We also observed a
predominance of ‘malaccensis’ ancestry in the Southeast
Asian ‘Gu Nin Chiao’ accession (Singapore) that was consistent with the distribution range of ssp. malaccensis.
However, all of the analyzed cultivars also carried ancestries other than those previously predicted. Regions of
‘malaccensis’ or cryptic ‘Pisang Madu’ origin were found
in predicted ‘banksii/zebrina’ hybrids such as the ‘Mala’,
‘SF215’ and ‘Guyod’ accessions. In the ‘Chicame’ accession, of the diploid East African banana Mchare subgroup, large ‘malaccensis’ regions were revealed in
addition to the ‘banksii/zebrina’ ancestry. This suggests a
more complex hybridization scheme at their origin than
previously hypothesized. Similarly, the genome mosaic of
the ‘Kirun’ representative of the widely cultivated diploid
‘Sucrier’ subgroup, and the genome mosaics of ‘Galeo’
and ‘Gu Nin Chiao’, were found to have resulted from at
least four ancestries, while ‘Manang’ showed at least five
different ancestries, implying multiple hybridization
events. The mosaic of ‘Pisang Madu’ from the island of
Borneo represented a particular case in which two
unknown ancestries seemed to be the main contributors,
in addition to admixture with a characterized (‘banksii/
Borneo’) ancestry. Although limited in size, our setting
illustrated a high level of diversity and complexity of
banana genome composition.
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Figure 7. Circular representation of the local ancestry mosaic of the triploid ‘Grande Naine’ banana cultivar and comparison with candidate 2n and n gamete
donors.
From the outer circle to the inner circle: (a) M. acuminata reference chromosomes with dark coloured centromeric regions. (b) Predicted mosaic structure of the
diploid ‘Chicame’ accession. (c) Shared allele proportions along chromosomes, between ‘Grande Naine’ and ‘Chicame’ accessions. Green, blue and red curves
represent the proportion of variant sites in which both one and no ‘Chicame’ alleles, respectively, were found in ‘Grande Naine’. (d) Predicted mosaic structure
of the triploid ‘Grande Naine’ accession. (e) Shared allele proportions between the remaining haplotype of ‘Grande Naine’ and ‘Pisang Madu’ accession. Blue
and red curves represent the proportion of variant sites in which one and no ‘Pisang Madu’ alleles, respectively, were found in ‘Grande Naine’. (f) Predicted
mosaic structure of the ‘Pisang Madu’ accession. Assigned ancestries are represented by coloured blocks: blue, group 3 ‘malaccensis’; green, group 4 ‘Banksii/
Borneo’; purple, group 5 ‘Pisang Madu’ and red, group 6 ‘zebrina’. Unassigned regions are in grey.

Several accessions included chromosome segments of
various sizes that were not assigned to any ancestry. These
segments sometimes corresponded to centromeric regions
of reduced marker density. Moreover, unassigned regions

along the chromosomes may have resulted from: (i) incomplete representation of the diversity of known M. acuminata
groups; (ii) the presence of admixed representatives in our
setting, which might have affected the allele clustering

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1008–1025

Banana genome ancestry mosaic 1021
efficiency; (iii) underestimation of the complex ‘Pisang
Madu’ contribution; or (iv) the existence of other ancestries.
The observed genome mosaic of intraspecific cultivars
suggests that intermediate banana hybrids may have
retained fertility for several generations, leading to a combination of up to five different ancestral genetic pools.
These results supported the idea that the banana domestication process has involved more hybridization steps than
initially thought, as already proposed for A/B interspecific
hybrids (De Langhe et al., 2010; Baurens et al., 2019).

Information on the genome ancestry mosaic of current cultivars is essential to guide the choice of parents in these
breeding programmes. In addition, our results should help
focus future germplasm research on characterizing the
unknown contributor(s) we revealed. Finally, our findings
suggested that the domestication process of banana cultivars involved more hybridization steps and more ancestral
contributors than initially thought.

Origin of Cavendish bananas

Transcriptome dataset

The genome mosaic of the Cavendish triploid ‘Grande
Naine’ accession showed a contribution of four identified
ancestral groups, i.e. ‘malaccensis’, ‘zebrina’, ‘banksii/Borneo’ and ‘Pisang Madu’. The significant contribution of the
‘Pisang Madu’ group suggests that one or both genetic
components of this group are major contributors to this
commercially important banana cultivar.
The Mchare origin of the 2n gamete donor of Cavendish
hypothesized in previous studies (Raboin et al., 2005; Hippolyte et al., 2012) was supported by local ancestry patterns detected and polymorphic allele comparisons of
‘Chicame’ and ‘Grande Naine’. The low proportion (4.1%)
of SNPs that were in disagreement with this 2n origin
could be explained by possible somaclonal mutation accumulation in representatives of the Mchare and Cavendish
subgroups or errors in allele dosage estimations during
genotype calling of the triploid. The Mchare 2n gamete
donor predicted to contribute ‘zebrina’ and ‘banksii’ to the
Cavendish genome was also shown here to have contributed a large ‘malaccensis’ component. A translocation
involving chromosomes 1 and 4 present in ssp. malaccensis accessions and thought to have originated in ssp.
malaccensis was detected in Mchare accessions and in
Cavendish (Martin et al., 2017). ‘Chicame’ and ‘Grande
Naine’ bear large ‘malaccensis’ regions on both chromosomes 1 and 4; this is in line with the presence of these
structural variations.
Based on SSR markers, the n donor haplotype of Cavendish was suggested to correspond to a haplotype shared
between ‘Pisang Madu’ and ‘Pisang Pipit’ accessions (Perrier et al., 2009). Our analysis revealed, in Cavendish, large
chromosomal segments that were concordant with ‘Pisang
Madu’ as donor of the n gamete. However, other large
regions do not seem to derive from Pisang Madu. These
results suggested that a close relative of ‘Pisang Madu’ contributed the n gamete of Cavendish.
As banana cultivars are highly sterile, breeding cannot
efficiently build on several recurrent steps involving cultivars. Conventional banana breeding classically consisted
in the reconstruction of a triploid in one hybridization step,
whereas it has now evolved towards improvement of
diploid parents before reconstruction of a triploid product.

EXPERIMENTAL PROCEDURES

A set of 23 diploid M. acuminata accessions comprising 14 seedy
and nine parthenocarpic accessions (Table 1) was selected to represent the wild M. acuminata contributors to cultivated bananas and
different groups of diploid cultivars (‘AAcv’). Plant materials were
collected from field grown plants maintained in the CIRAD collection hosted by CRB Plantes Tropicales Antilles CIRAD-INRA in
Guadeloupe (France), except for five accessions that were from the
Collection Musacees of CARBAP in Cameroon. Leaf, flower and
fruit tissues from each accession were harvested and separately
stored in RNAlaterâ solution (QIAGEN, https://www.qiagen.com).
Total RNA was extracted as described in Jourda et al. (2014) with
lithium chloride 2 M precipitation for fruit samples. For each accession, one pool of 65% flower RNA, 20% fruit RNA and 15% leaf RNA
was used for library construction, except for the ‘Banksii ITC0620’
accession (for which only flowers and fruit were used) and ‘Khae
(Phrae)’ and ‘Pa Rayong’ accessions [for which flowers (80%) and
leaves (20%) were used]. RNA sequencing was performed using
the Illumina Tru-SEQ RNA Kit (Illumina Inc, https://www.illumina.c
om/) and the Illumina mRNA-seq paired-ends protocol on a
HiSeq2000 sequencer for 2 9 100 cycles. Sequence data for the
‘Mala’ accession were pooled from two sequencing experiments.
Data from 10 of the wild accessions were part of the study of Clement et al. (2017).

Genomic dataset
Raw reads from the draft B genome sequence of M. balbisiana
accession ‘Pisang Klutuk Wulung’ (Davey et al., 2013) were
retrieved from the NCBI Sequence Read Archive (ID: SRR956987).
Leaf material of the triploid ‘Grande Naine’ accession (Cavendish
subgroup, ‘AAA’ genome) was collected from field grown plants
hosted in the CRB Plantes Tropicales Antilles CIRAD-INRA collection in Guadeloupe. Total DNA was isolated using a modified
MATAB method (Risterucci et al., 2000) and was used to construct
a 5-kb insert mate-pair library that was sequenced with the Illumina
HiSeq platform at GENOSCOPE (http://www.genoscope.cns.fr) to
obtain 2 9 101 bp paired-end reads.

Read filtering
RNA-seq read filtering. For each library, adaptor sequences
were removed from raw paired-end reads using the Cutadapt program (Martin, 2011). Cutadapt was also used to remove the first
seven bases of each RNA-seq read in which nucleotide-specific
mismatch errors may occur (van Gurp et al., 2013). Reads were filtered based on a minimum length of 35 and a mean base quality
of 30 using arcad_hts_2_Filter_Fastq_On_Mean_Quality.pl and arcad_hts_3_compare_fastq_paired_v5.pl programs available on the
South Green Bioinformatics platform (https://github.com/South
GreenPlatform/arcad-hts).
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DNA-seq read filtering. For each library, reads were trimmed
from both ends until a base quality ≥20 was reached. Reads were
then truncated on the second N found in the sequence and only
reads of a minimum of 30 bases were kept.
Read mapping, processing, and variant calling
RNA-seq. Filtered RNA-seq reads were aligned to Musa reference genomes comprising the M. acuminata nuclear reference
sequence (D’Hont et al., 2012) version 2 (Martin et al., 2016), 12
mitochondrial scaffolds and the chloroplast genome sequence
(Martin et al., 2013) using the STAR v2.5 aligner software (Dobin
et al., 2013) with no more than 10 mismatches per paired-end
read, an intron size of between 20 bases and 50 kb and no multiple alignment. The mapping process was performed in three
steps: (i) first mapping of all paired reads from all libraries; (ii)
identification of all splicing sites; and (iii) second mapping of each
library independently using splicing site information. In this last
mapping step, for each accession, paired-end reads and singleend reads were aligned independently. Resulting ‘sam’ files were
merged using PICARD Tools v2.7.0 (http://broadinstitute.github.io/
picard).
For each accession, redundant reads were removed using
MARKDUPLICATE from PICARD Tools v2.7.0 and reads were split into
exon segments using the SPLITNCIGARREADS tool of GATK v3.3
(McKenna et al., 2010). Split reads were locally realigned around
indels using GATK INDELREALIGNER.
DNA-seq. Filtered DNA-seq reads were aligned to Musa reference genomes comprising the M. acuminata nuclear reference
sequence version 2 (Martin et al., 2016), 12 mitochondrial scaffolds and the chloroplast genome sequence (Martin et al., 2013)
using BWA v0.7.15 with the mem algorithm (Li, 2013). Reads aligning at several positions were removed using SAMTOOLS v1.3 (Li
et al., 2009).
For each accession, redundant reads were removed using
MarkDuplicate from PICARD Tools v2.7.0. Reads were locally realigned around indels using the GATK v3.3 INDELREALIGNER.
Variant calling. For each accession, at each covered position,
all mapped bases with a mapping quality ≥ 10 were counted
with the bam-readcount program (https://github.com/genome/
bam-readcount). Variant sites were filtered according to the
following criteria: (i) only data points covered by at least 10 reads
were considered; (ii) only variant alleles supported by at least
three reads and having a frequency ≥0.05 in at least one accession
were kept; and (iii) sites showing at least one variant were kept for
variant calling. For each accession and at each variant site, a genotype was called based on the maximum likelihood of all possible
genotypes, calculated based on a binomial distribution assuming
a sequencing error rate of 0.005. The resulting variant calling file
was formatted to vcf format. The complete process was performed using the custom python scripts process_RNAseq.1.0.py
process_reseq_1.0.py and VcfPreFilter.1.0 available at https://
github.com/SouthGreenPlatform/vcfHunter.
SNP filtering
The vcf file was filtered according to the following parameters: (i)
all genotype calls having less than 10-fold total coverage or less
than three-fold coverage for each allele were converted to missing
data and variant sites having a missing genotype call were filtered
out; (ii) SNP clusters of at least three SNPs in a window of 10

bases or two contiguous SNPs, identified using GATK v3.3, were
removed; and (iii) only di-allelic variant sites were kept.

Heterozygous sites and accession-specific alleles
The percentage of heterozygous sites for each accession (i.e. percentage of heterozygous sites/total number of sites in the vcf file)
and the percentage of accession-specific alleles (i.e. percentage of
sites having at least one allele present only in the accession)
were calculated on the final vcf file using the vcf2struct.1.0.py custom script available at https://github.com/SouthGreenPlatform/vcf
Hunter.

Global ancestry estimation
To detect genetic clusters, ADMIXTURE software v1.23 (Alexander
et al., 2009) was run unsupervised on the set of 24 diploid accessions. Seven values of K were tested (K = 2, 3, 4, 5, 6, 7 and 8)
with cv = 10 and four replicates corresponding to different seeds
(seed = 10, 100, 500, and 1000). The optimal cluster number was
determined by the lowest cross-validation error value. The ancestry fraction (Q) in each individual was plotted for the run with the
lowest cross-validation error value.

Identification of ancestry informative alleles
On the basis of the ADMIXTURE analysis, all accessions predicted as
homogeneous for a cluster for the best K value were selected to
attribute alleles to ancestral groups. Polymorphic SNPs for these
accessions were re-coded as follows: for each accession and each
allele at a variant site, two lines were generated, a first one in which
the allele presence state was coded as 0 or 1 and a second line in
which the allele absence state was coded as 0 or 1 (Figure S4). Alleles present or absent in all accessions were discarded. A COA was
then performed on the transposed matrix with R software v3.2.2
using the ADE4 package (Dray and Dufour, 2007).
Allele coordinates on the synthetic axes were clustered using
the mean shift algorithm implemented in SCIKIT-LEARN (Pedregosa
et al., 2011) with a bandwidth of 1.16. Allele grouping along synthetic axes was plotted using MATPLOTLIB (Hunter, 2007). After identification of allele groups that were informative on ancestry, the
relative contributions of each group to each of the 25 accessions
was checked by calculating grouped allele proportions (i.e. number of grouped alleles from a group/total number of grouped alleles in one accession).
The complete process was performed using custom python
scripts vcf2struct.1.0.py available at https://github.com/SouthGree
nPlatform/vcfHunter.

Local ancestry analysis
Accessions representative of each ancestral group were used to
infer, for each position (i) corresponding to an informative
grouped allele, the probability Pia of observing an allele from a
given ancestral group a if this position is representative of the
ancestral group a, and the probability Pia of observing an allele
from a given ancestral group a if this position is not representative
of the ancestral group a (corresponding to noise and/or wrong
allele assignment).
The probability Pia is estimated by the observed frequency of
the group a allele in accessions that are representative of this
group. When there is only one admixed representative of an
ancestral group, Pia = 1 if at least one allele of the group is found
in the admixed individual, Pia = 0 in other cases.
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The probability Pia was estimated by the observed frequency of
the group a allele in accessions representative of other groups.
The Pia probabilities were then used to estimate the expected
number of a specific alleles, mrka, on sliding windows of size n starting at position r [r,r + n]. This value mrka also depends on the number k of haplotypes of an origin a, with k = 1 or 2 in a diploid, 1, 2 or
3 in a triploid. The mrka value is calculated as follows:

mrka ¼

rþn
X

kPia

i¼r

And an associated variation parameter (Drka) around this value is
calculated as follows:

Drka

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u r þn
uX
¼ t kPia  ð1  pia Þ
i¼r

The variation parameter in ancestry attribution is estimated
based on accessions identified as representatives of the ancestral
group. This parameter might be underestimated for some ancestral groups as the sampling was limited here. Therefore, we used
a maximal estimation of the variation parameter Drkg defined as
the maximal value of all Drka in the given window.
The Pia probabilities were used to estimate the expected number of noise specific alleles (mra ) on sliding windows of size n
starting at position r [r, r + n]. This maximal value (mra ) depends
on the ploidy b of the accession. This noise expectation (mra ) is
calculated as follows:

mra ¼

rþN
X

bPia

i¼r

The associated variation parameter (Dra ) around this noise
expectation value is calculated as follows:

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ur þN
uX
Dra ¼ t bPia  ð1  Pia Þ
i¼r

A global noise variation value (Drg ) was then calculated as the
maximal value of all Dra in the given window.
All of these values were used to calculate the probability of having at least k haplotypes based on the observed number of alleles
from group a in a given window [r, r + n] for an accession (xra).
This probability (qrk⍺) was calculated as follows (Figure S5a):

if :

xra  mrka  Drkg then qrka ¼ 1:

2
xra ðmrka Drkg Þ
Drkg
ﬃﬃﬃ

2
ðmrka Drkg Þðmrka Drkg Þ
1

1
1p e 2
Drkg 2p

else: Prka ¼

ﬃﬃﬃ

1p
e
Drkg 2p

Drkg

2

which corresponded to the probability density of a normal distribution with a mean value lrka ¼ mrka  Drka and rrka ¼ Drka normalized so that the highest probability is equal to one. Similarly,
the probability (qra ) of having the observed number of alleles (xra)
from group a in a given window [r, r + n] in case of no haplotype
from this origin was calculated as follows (Figure S5b):

if :
else: qra ¼

xra  mra þ Drg then qra ¼ 1;



2
xra ðm þD Þ
ra rg
D
rg
ﬃﬃﬃ

2
ðmra þDrg Þðmra þDrg Þ
1

1
1p e 2
2p
D
rg

ﬃﬃﬃ

1p
e
D
2p
rg

2

D
rg

which corresponded to the probability density of a normal distribution with a mean value lra ¼ mra þ Drg and rrg ¼ Drg normalized, so that the highest probability is equal to 1.
These probabilities were calculated for each accession and along
each chromosome on sliding windows of n clustered SNPs sites
(Figure S6). The overlap between two windows was n  1. For our
analysis, the window was 301 clustered SNPs sites. The probabilities calculated for each window were attached to the central SNP
position of the window. Ancestries were assigned to the position
based on a major probability rule. Only probabilities >0.1 were considered. For each accession, as the SNPs were not phased, a minimum number of recombination was assumed and therefore
contiguous regions of the same ancestry were attributed to one of
the homologous chromosomes forming pseudo-haplotypes.
The complete process was performed using custom python
scripts vcf2linear.1.1 available at https://github.com/South
GreenPlatform/vcfHunter.

‘Pisang Madu’ local ancestry estimation
As a first round of local ancestry analysis did not allow the full
characterization of the ‘Pisang madu’ group contribution and,
given the high level of heterozygosity of group 5 alleles, the local
ancestry analysis was performed again on all accessions with a
new estimation of Pia for group 5 as follows: for all regions of
‘Pisang Madu’ displaying a group 5 haplotype and a second haplotype with no assigned ancestry in the first analysis, the probability of emitting a group 5 allele was Pia = 0.5 in heterozygous
states or 1 in (the rare) homozygous states. The other cases considered were regions with a group 5 haplotype and a haplotype
from another ancestral group (i.e. group 4) or those with no group
5 haplotype identified in ‘Pisang Madu’. In these regions, Pia = 1 if
one allele of group 5 was found in the admixed individual, Pia = 0
if no group 5 allele was found.

Ancestry analysis of the triploid ‘Grande Naine’ cultivar
Local ancestry analysis of the triploid ‘Grande Naine’ accession
was performed as described above with the ploidy level parameter set at 3. Polymorphic SNP sites among ‘Pisang Madu’, ‘Chicame’ and ‘Grande Naine’ were selected to verify the predicted
parentage of ‘Grande Naine’. Then, at each site, the proportion of
Chicame alleles also present in Cavendish (i.e. shared alleles) was
calculated along the 11 chromosomes, as in the following example: at a given site if the called genotype in ‘Grande Naine’ is CCT
and the ‘Chicame’ genotype is CC, the proportion of shared alleles
is 1 (for first allele C of ‘Chicame’) + 1 (for second allele C of ‘Chicame’)/2 (lower ploidy level) = 1; if the ‘Grande Naine’ genotype is
CCT and the ‘Chicame’ genotype is TT, the proportion of shared
alleles is (1 + 0)/2 = 0.5; similarly, the proportion of shared alleles
is 0 if ‘Chicame’ is TT and ‘Grande Naine’ is CCC.
In a second step, at sites in which the proportion of ‘Chicame’ alleles shared with ‘Grande Naine’ was equal to 1 (95.9% of sites), ‘Chicame’ alleles were subtracted from the ‘Grande Naine’ variant
calling (i.e. if at a site ‘Grande Naine’ was CCT and ‘Chicame’ was
CT, the remaining allele is C). This operation, under the hypothesis
that ‘Chicame’ is very close to the 2n gamete donor of ‘Grande
Naine’, allowed access to the n gamete donor alleles distributed
along ‘Grande Naine’ chromosomes. This n gamete allele distribution of ‘Grande Naine’ was then compared with ‘Pisang Madu’
according to the same procedure as for ‘Grande Naine’ and ‘Chicame’ (i.e. if ‘Pisang Madu’ is CT and ‘Grande Naine’ remaining
allele is C, the proportion of shared alleles is 1; if ‘Pisang Madu’ is
CC and the remaining ‘Grande Naine’ allele is T, the proportion of
shared alleles is 0).

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 102, 1008–1025

1024 Guillaume Martin et al.
The complete process was performed using custom python
scripts vcf2struct.1.0.py (for vcf filtering), vcfIdent.1.0.py (for comparison) and vcfRemove.1.0.py (for ‘Grande Naine’ n gamete
donor extraction) available at https://github.com/SouthGreenPlatf
orm/vcfHunter.
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